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Abstract
This thesis describes synthetic work undertaken towards the synthesis of the
neuroprotective natural products mescengricin (12), palmyrolide A (13) and sanctolide A
(14).
Investigations towards the synthesis of mescengricin (12) were initially directed towards
cyclisation of diarylamines 175. Attempts were made to elaborate diarylamines 175 with
a view to produce the tricyclic α-carboline core of 12 via cyclisation to form the central
pyrrole ring. Difficulties effecting the cyclisation of 175 led us to further investigate the
electronic properties of the diarylamines 175. Completion of an important model study
led to the synthesis of simplified α-carboline (15) by employing the photocyclisation of
diarylamine 167.

The total synthesis of the macrocyclic N-methyl enamide palmyrolide A (13f) is next
reported. This was achieved using of a unique ring closing metathesis (RCM)/olefin
isomerisation methodology that installed the key tertiary enamide functionality.

With the successful completion of the synthesis of palmyrolide A (13f) an analogous
RCM/olefin isomerisation strategy was used to effect the synthesis of the related
macrolide sanctolide A (14a).
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Chapter One: Introduction
1.1 Neuroprotection
1.1.1 Research on Neuroprotection – An Overview
As a therapeutic target the brain remains inaccessible to all but the most basic of
corrective surgeries, little can be performed beyond removal of tumours and repairing
some aneurysms. Even then, some parts of the brain remain unreachable or too sensitive
for such approaches. While symptomatic therapies exist for some neurodegenerative
diseases, drugs or other biological approaches capable of preventing neuronal loss or
reversing cellular damage are for all intents thus far non-existent.1 If excitotoxic
mechanisms identified in the literature are indeed causally involved in pathological nerve
cell loss, any intervention – pharmacological or otherwise – targeting the chain of events
leading to neurodegeneration should prevent or arrest the neuronal demise. Although this
conclusion seems trivial in hindsight, its therapeutic implications are substantial and have
guided many drug discovery programs and clinical strategies during the past decades.2
The aim of research into many neuroprotective compounds that have been identified, be
they protein-based or small molecule, is to provide some form of intervention at one of
the many steps identified in the excitotoxic cascade. Ideally, treatment would return the
cell to a fully functioning state, though pragmatically, minimising further damage or
preventing total cell destruction is the only realistic outcome. Unfortunately although
many compounds have made it to clinical trials most fail to reach the market due to
unfavourable toxicity, or lack of effectiveness in vivo.3,4
Once damage occurs to the brain, from episodes such as trauma, stroke or
neurodegenerative disease, reversibility of that damage is almost impossible. Recently,
research has shown potential for pharmacological agents to offer some protection from
various types of damage. Since most of these agents are small molecules, they can be
carried deeper towards inner regions of the brain and effect even individual neurons or
target certain regions of brain tissue. Maas5 (2001) and more recently Brimble et al.6
(2004) have reviewed a number of neuroprotective agents, identifying their potential
targets and summarising clinical trial data that has been reported. However, with such a
wide range of potential activity and the ever increasing impetus to combat
1

neurodegenerative diseases, more and more neuroactive compounds are reported every
month.
The effectiveness of many compounds to inhibit cell death has been tested in tissue
culture models of apoptosis, and in many cases these studies have been extended to in
vivo examples of neurodegeneration. Some agents offer protection against general
degeneration of neuronal cells, others have been found to specifically protect dopamine
neurons and the retina. The majority of neuroprotective agents are antioxidants, however,
immunosuppressive phosphatase inhibitors, nitric oxide synthase (NOS) inhibitors, σ-1
modulators for G-protein coupled receptors, α-amino-3-hydroxy-5-methyl-4-isopropionic
acid (AMPA) glutamate receptor antagonists and calcium channel blockers have all
shown neuroprotective activity. Many synthetic compounds investigated were not
specifically designed as neuroprotective agents but were serendipitously found to possess
neuroprotective activities during routine screening programs for drug discovery.
Alternatively an ideal reservoir for the discovery of neuroactive compounds exists in
biologically active natural products, either plant, bacterial, or marine extracts or
endogenous peptides and proteins.6

1.1.2 Alkaloids as Neuroprotectants
There are a number of indole derivatives which possess neuroprotective properties. Many
protect against damage related to reactive oxygen species (ROS) among other actions,
one such example is the carbazole, carvedilol (1) (Figure 1.1). Used clinically for
hypertension it is also an antioxidant and non-competitive N-methyl-D-aspartate (NMDA)
antagonist.7 ROS posses a deleterious nature and have been implicated as contributors to
cell damage in stroke, neurotrauma, chronic brain ischemia and some neurodegenerative
diseases.8,9 As such they present a potential therapeutic target and have generated an
interest in antioxidant compounds.7 NMDA receptors are an important class of ionotropic
glutamate receptors, inhibition of which is most commonly used to induce anesthesia.10

Figure 1.1: Structure of the carbazole natural product carvedilol (1).

2

Uncaria sinensis has been identified as the origin for the biological activity of the
traditional oriental medicine, Cho-to-ko, which has been used as a sedative,
anticonvulsive and analgesic.11 Geissoschizine methyl ether (2), hirsuteine (3) and
hirsutine (4) are all indole derived alkaloids isolated from Uncaria sinensis as described
by Sakakibara et al.11 (Figure 1.2). Shimada et al.13 have shown they all exhibit activity
protecting neurons from glutamate-induced death. The ability of these alkaloids to inhibit
calcium influx into the cells is believed to be their mechanism of action.6,12

Figure 1.2: Indole derived neuroactive natural products isolated from Uncaria sinensis.11
A group of oxyindoles also isolated from Uncaria sinensis have displayed similar
activity, again protecting against glutamate toxicity by blocking calcium influx (Figure
1.3). The isolated oxyindoles have also demonstrated promising vasodilative effects
mediated through their calcium-channel blocking activity13,14 and suppression of
glutamate induced convulsion.15 Corynoxiene (5), isocorynoxiene (7), rhynchophylline
(6), and isorhynchophylline (8) all belong to this biologically active class of oxyindole
alkaloids.

Figure 1.3: Oxyindole neuroprotective natural products isolated from Uncaria sinensis.11
A number of indole-piperidine derivatives have displayed antioxidant properties, these
include vinpocetine (9), stobadine (10), and the pyrimido-pyridoindoles 11 (Figure 1.4).16
Vinpocetine (9) is a semi-synthetic compound, synthesised from the alkaloid vincamine.
It inhibits voltage gated sodium channels, therefore effectively reducing influx of sodium
into the cell after an ischemic insult and controlling movement of calcium via opening
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voltage-dependant calcium channels. Vinpocetine (9) is also able to scavenge hydroxyl
radicals with similar efficiency to vitamin E.16 Stobadine (10) scavenges ROS, quenches
free

radicals

and

inhibits

lipid

peroxidation

and

protein

damage.

The

pyrimido-pyridoindoles 11 prevent lipid peroxidation and have exhibited neuroprotective
effects in a number of models associated with ischemia. 7,16

Figure 1.4: Indole derived neuroactive natural products vinpocetine (9), stobadine (10),
and the pyrimido-pyridoindoles 11.7,16

1.2 The Global Ageing Population
The World Health Organisation (WHO) has predicted that between the years 2000 and
2050, the proportion of the world’s population over sixty years will double from 11% to
22%. The number of people aged sixty years and over is expected to increase from 605
million to approximately two billion over the same period and by the year 2050 the world
will have almost 400 million people aged 80 years or older.17 Results of the latest national
census (2012) show that New Zealand’s population is expected to follow a similar trend,
Statistics New Zealand have forecasted an increase from 14% at the time of census, to
between 21 and 24% of the population by 2036, will be aged sixty-five years or older.18

1.3 Neurodegenerative Disease
1.3.1 Neurodegeneration and Age Based Relationship
Neurodegenerative diseases are incurable, debilitating conditions; they result in
progressive degeneration or death of nerve cells and have a strong link to age. They
include Alzheimer’s disease and other dementias, Parkinson’s disease, Huntington’s
disease, Amyotrophic Lateral Sclerosis (ALS), multiple sclerosis and Creutzfeldt-Jakob
disease. Of these, the dementias are responsible for the greatest burden of disease, with
Alzheimer’s disease representing over 60-70% of the cases.19 To compare the impact of
different diseases, the WHO estimates for each disease category the Disability Adjusted
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Life Years or DALYs – years of healthy life that are lost to disability as well as death. On
this measure, brain disorders emerge as a leading contributor to global disease burden.17
Alzheimer’s Disease International (ADI) stated in its 2013 report that worldwide 35.6
million people live with Alzheimer’s disease (AD), and that this will grow to more than
115 million people by the year 2050.20 For Parkinson’s disease (PD) worldwide numbers
are hard to obtain, but in industrialised countries the prevalence of PD is about 1% for
people over sixty years of age, with estimates of up to 4% for people in higher age
brackets. Although the prevalence of these diseases of age and many like them is
increasing, and will continue to do so as life expectancy lengthens, there remain few
effective treatments.21,22

1.3.2 Excitotoxicity
A. Glutamate
Excitotoxicity is thought to be a major mechanism contributing to neurodegeneration
during central nervous system ischemia, traumatic insult, and many neurological
disorders.23 Typically, excitotoxicity is encountered in neurons or myocytes following
receptor stimulation by excitatory neurotransmitters where the safe physiological range is
exceeded with respect to duration or intensity. In mammals the main excitatory
neurotransmitter is glutamate.21 Generally, excitotoxicity is induced by conditions
favouring glutamate accumulation in the extracellular space. Typical conditions leading
to increased extracellular glutamate are depolarisation of neurons, energy depletion due to
hypoglycemia or hypoxia, or defects in the glutamate reuptake systems.24 Glutamate
dependant signal transduction has been implicated at the heart of many degenerative
neurological disease states, and the neurotransmitter is often the root cause of neuronal
cell death via the calcium dependant mechanism.21 Depolarisation of a neuron involves
the passage of positively charged ions across the cell membrane. In healthy cells, if influx
of cations surpasses the required threshold an action potential will pass along the axon as
a wave of depolarisation until reaching the synaptic cleft where neurotransmitters such as
glutamate are released and carry the signal to connected neurons. Following a
depolarisation event a healthy cell will undergo repolarisation returning to its
physiological resting potential. However damaged or impaired neurons, such as those
found soon after an incident of

5

ischemia, may experience prolonged depolarisation and suffer the detrimental effects of
increased glutamate (Figure 1.5).26 While in this reduced state of function, cells are
without required levels of oxygen and glucose for normal operation and reuptake quickly
becomes over-burdened, leading to an elevated concentration of extracellular
glutamate.27,28
depolarisation
activate

the

Glutamate
of

the

and

membrane

ionotropic

(NMDA,

AMPA, and kinate) receptors which
are highly permeable to calcium and
allow movement of calcium into the
intracellular
calcium

space.27
levels

have

Elevated
been

hypothesised to cause cell death by
activating a number of enzymes such
as neuronal nitric oxide synthase
(nNOS), phospholipase A2 (PLA2),
proteases, lipases and endonucleases

Figure 1.5: Depolarisation-glutamate cascade.25

that cause extensive cell damage or
result in the formation of ROS.21,22,29 It is this cascade that predominates in cases of high,
short term glutamate exposure, such as ischemic insult (stroke), but has also been
identified as a result of low long term glutamate exposure such as that displayed in long
term illnesses such as AD, HD and ALS.27,30
B. Calcium
Glutamate activates a number of postsynaptic cell membrane receptors, which upon
activation open their associated ion channel pore to produce concentration-driven ion
efflux or influx. This leads to a disturbance of the intracellular ionic environment, and
transmembrane gradients, the best characterised of which are those of sodium, chloride,
and calcium ions. An excess of calcium leads to over-activation of proteases, lipases,
phosphatases and endonucleases. Uncontrolled activation of these enzymes may result in
the damage of cell structures and further oxidative stress. At concentrations well over
normal physiological levels the activation of intracellular calcium-dependant signalling
cascades will eventually lead to neuronal cell death.23
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Overall, three lines of evidence suggest the key role of calcium in excitotoxicity:
-

There is an obvious increase in intracellular calcium concentration ([Ca2+]i) in
both in vivo and in vitro models of excitotoxic cell death.8,23,31

-

Prevention of calcium entry into the cell by removal of extracellular calcium,
depletion of NMDA, or by pharmacological inhibition of glutamate receptors or
voltage-dependant calcium channels prevents neuronal cell death in many
paradigms of excitotoxicity.9,23,31

-

Prevention of neurotoxicity by inhibition of down-stream effects of calcium
overload strongly suggests a causal role of calcium in excitotoxicity.23,32,33

The exact pathways of calcium cytotoxicity remain controversial and are likely to occur
by various mechanisms, however two main archetypes linking calcium and neuronal cell
death have emerged. The “calcium overload hypothesis” originally suggested by Manev
et al.34 implies that neurodegeneration is simply a linear function of the quantity of
calcium entering the cell, and once above a threshold level cell death becomes imminent.
It was shown that in cortical neurons exposed to differing concentrations of glutamate or
calcium, or to a controlled concentration for various exposure durations, calcium
measurements could be precisely correlated with cell death.23 Conversely the “source
specific hypothesis” published first by Tymianski et al.33 linked cell death and
neurodegeneration to the route of calcium entry and the distinct second messenger
pathways activated by calcium, suggesting the activity of the calcium is the determining
factor in cell survival rather than simply ion concentration. It has been shown that during
normal cerebral activity calcium dependent processes, including synaptic plasticity and
gene expression, are separately regulated through distinct signalling pathways and linked
to specific routes of calcium influx.35 Through the use of pharmacological channel
blockers, Sattler et al.36 was able to add weight to the source-specific hypothesis by
demonstrating that neurotoxicity could be controlled or even halted by the restriction of
distinct pathways for movement of calcium into the intracellular space. Even with this
display of calcium specificity, research has implicated virtually all the members of the
glutamate receptor family (and hence their related signalling pathways) in mediating
excitotoxicity. By far the most important glutamate receptor class for both movement of
calcium and excitotoxicity are the ionotropic receptors (those directly associated with an
ion channel).31
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There are three main types of ionotropic glutamate receptors.
-

NMDA receptors
NMDA receptors are slow gating channels that are highly permeable to calcium
and sodium. Ion permeability contributes to membrane depolarisation and the
influx of exogenous calcium generates calcium gradients responsible for the
physiological effects of NMDA receptor signaling.37 The C-terminal domains of
NMDA receptor subunits mediate interactions with multiple intracellular synaptic
and cytoskeletal proteins. Such protein-protein interactions link NMDA receptors
to distinct downstream signaling molecules, including distinct pathways involved
with neurotoxicity.31,35

-

AMPA Receptors
AMPA receptors mediate the fast excitatory components of glutamate
neurotransmission. AMPA receptors are normally only permeable to potassium
and sodium rather than calcium. However, some AMPA channels have been
shown to be calcium permeable and emerging evidence supports the idea that it is
these channels, which are preferentially expressed on discrete populations of
neurons, are linked with neuronal injury and possible cell death. Calcium
permeable AMPA receptors also exhibit larger sodium currents which correlate
with their capacity to elicit neurotoxicity.35

-

Kinate receptors
Kinate receptors are comprised of subunits that are homologous in transmembrane
topology and stoichiometry to AMPA and NMDA receptor subunits. As a class,
kinate receptors can be further divided into two groups based on their high affinity
(KA1 or KA2) or low affinity (GluR5-7) binding to kainic acid. KA2 receptors
were shown to bind postsynaptic density (PSD) proteins that may participate in
the regulation and localization of kainite receptors, but which may also have a
role in excitotoxic cell death.35

Unchecked influx of calcium through any of the channels associated with the ionotropic
receptors can trigger apoptotic as well as necrotic cell death.35
In addition to excessive influx of calcium through membrane channels, a number of
internal sources of calcium have been identified as contributors to the build-up of [Ca2+]i.
Studies have indicated that a strong release of calcium from either the mitochondria or
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endoplasmic reticulum (ER) may play a central role in ischemia- or glutamate-mediated
cellular damage leading directly to neuronal cell death. Both the mitochondrial and
endoplasmic pathways involve two phases: first sequestering of calcium during periods of
prolonged depolarisation leads to over accumulation, subsequent release of this calcium
upon resumption of regular neural function leads to a large and rapid increase in [Ca2+]i.35
Nevertheless, under ordinary cellular function, even mitochondrial and ER calcium
release coupled with increased calcium influx into neurons cannot fully account for the
intense build-up of intracellular calcium after excitotoxic stimulation. Increase in cellular
calcium should be rectified over time, unless cellular calcium extrusion is inhibited.
When cytoplasmic calcium ion concentrations reach non-physiological levels, several
mechanisms are activated to remove calcium. However, such systems fail or are
insufficient during excitotoxicity or ischemia.24
C. Apoptosis and Necrosis
Neuronal demise and neurological dysfunction in brain ischemia are clearly due to several
components however, most incidence of neuronal cell death can be categorised as either
programmed cell death (PCD/apoptosis) or necrotic cell lysis (necrosis). Apoptosis and
necrosis, in their classical definition, are two fundamentally different modes of cell death.
The duration and extent of calcium influx may determine if neurons survive, die by
apoptosis, or undergo necrotic lysis. A continuous moderate increase in [Ca2+]i, such as
that produced by a sustained slow influx, may cause apoptosis, whereas exceedingly high
influx causes rapid cell necrosis.
PCD is critical for the proper development of all multicellular organisms and for the
maintenance of tissue homeostasis thereafter. Cells undergoing PCD do so by the
activation of an intrinsic molecular program.1 One of the best studied forms of PCD is
apoptosis, a morphological form of cell death that is characterised by cytoplasmic
shrinkage, nuclear and chromatin condensation, membrane blebbing, cell fragmentation,
and finally phagocytosis. Biochemical hallmarks of apoptosis are release of cytochrome c
from

mitochondria,

activation

of

caspases,

mitochondrial

depolarisation,

and

internucleosomal DNA fragmentation. Hallmarks of classic necrosis are cytoplasmic and
organelle swelling, cytolysis and disintegration of the nucleus and mitochondria
(Figure 1.6).1,38
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Figure 1.6: Morphological comparison of apoptosis and necrosis.39

Apoptosis as an active form of PCD has been traditionally distinguished from necrosis,
which is a form of non-programmed, caspase-independent cell death.38 Accordingly,
neuronal death in experimental stroke models is predominantly necrotic in the ischemic
core, but apoptosis occurs in the less severely compromised penumbra or border regions.
The same applies to several other neuropathological conditions in which apoptosis and
necrosis have been observed to occur simultaneously. A complete de-energisation of the
cell (e.g., failure of all mitochondria and of glycolysis) does not allow the ordered
sequence of changes required for the apoptotic demise. In such a case, other processes
result in rapid, uncontrolled cell lysis/necrosis. Therefore, under conditions of calcium
overload, apoptosis ensues when sufficient energy production adenosine triphosphate
(ATP) is available to execute the death program.24
While developmentally-regulated apoptosis is necessary for proper functioning of the
nervous system, pathogenic programmed neuronal cell death also occurs in a variety of
neurological conditions including Alzheimer’s disease, amyotrophic lateral sclerosis,
Parkinson’s disease, multiple sclerosis, ischemic stroke, traumatic brain injury, and
following exposure to chemical or biological neurotoxins.1
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1.3.3 Common Disease States
A. Alzheimer’s Disease (AD)
Alzheimer’s disease is a progressive neurodegenerative disease characterised by cognitive
deterioration attributed to diffuse neuronal loss. Amyloid-β peptide (Aβ), a normal
product of β-amyloid precursor protein (APP) metabolism, is elevated in the brains of
patients with AD and is believed to have a causative role in disease progression.
Pathologically, identified changes described in post-mortem brains include plaques,
tangles, inflammation, neuron loss and synapse loss seemingly caused by accumulation of
Aβ. On the other hand, there is evidence that the AD pathogenic cascade also includes an
excitotoxic component. In fact, recent findings demonstrate that non-toxic amounts of
secreted Aβ peptide can reduce synaptic plasticity and glutamatergic transmission.22 The
neurons of AD patients show inefficient metabolism and run short of energy, due to
accumulation of Aβ in mitochondria causing mitochondrial dysfunction and reduced ATP
synthesis. The reduced energy production makes it impossible for the cell to maintain
electrochemical gradients leading to depolarisation and a subsequent build-up of
extracellular glutamate. Prolonged depolarisation releases the magnesium ions
responsible for blocking of NMDA glutamate receptors and increases amounts of
intracellular sodium and calcium. Build-up of these ions triggers neuronal death and is
responsible for observed functional decline.6
B. Parkinson’s Disease (PD)
Parkinson’s disease is a progressive neurological disorder characterised by the
degeneration of dopaminergic neurons projecting into the striatum, which results in
dopamine deficiency. Early in the disease, dopamine containing neurons in the substantia
nigra pars compacta (SNc) degenerate, this leads to motor-control issues including slowed
movement,

rigidity,

rest

tremor

and

disturbances

in

balance.

Accordingly,

pharmacological dopamine replacement with L-3,4-dihydroxyphenylalanine (L-DOPA),
although only a symptomatic treatment, represents the most effective therapeutic option
to date.22 Examination of human post-mortem tissue indicates ROS and decrements in
mitochondrial complex I activity are important in the pathogenesis of sporadic PD.40
Studies performed on fibroblast from patients with inherited deficits in mitochondrial
complex I suggest a potential link between the mitochondrial sodium-calcium pump
(NCXmito) and PD.41 While the full extent of the role of NCXmito remains still largely
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unexplored, the idea that this serious neurological disorder is linked to a mitochondrial
dysfunction and intramolecular calcium levels is supported by a number of observable
results:6
-

Several proteins mutated in familial PD, such as parkin, have a mitochondrial
localisation.

-

Mitochondrial poisons such as rotenone are able to induce PD in experimental
animals.

-

The activity of complex I is profoundly reduced in post mortem samples of
substantia nigra from patients affected with this disease.

-

Mutations in genes encoding for proteins of complex I, which are usually
associated with neurodegenerative disorders at earlier onset like Leigh disease,
have been documented in PD.

Many potential pathways of dopamine neuronal cell death and therapeutic agents have
been proposed or identified through testing of candidate neuroprotective compounds and
genetically engineered mice. Most, if not all, known neuronal cell death pathways have
been

implicated

in

the

mitochondrial

complex

inhibitor

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model and hence PD, including
excitotoxicity, toxicity from ROS (super oxide anion, nitric oxide, hydroxyl radical),
apoptosis (caspase-dependant and –independent pathways), necrosis and glial
(inflammation)-induced injury.40
C. Amyotrophic Lateral Sclerosis (ALS)
Amyotrophic lateral sclerosis is one of the most common adult-onset neurodegenerative
diseases, with a prevalence of four to six per 100 000 population. The disease is
characterised by selective death of upper motor neurons in the cerebral cortex and lower
motor neurons in the brainstem and spinal cord which results in muscle atrophy, paralysis
and death.42. About 10% of cases are familial, with a fifth of these cases associated with
mutations in the gene encoding the free radical scavenging enzyme copper-zinc
superoxide dismutase (SOD1). The main hypotheses for the toxicity of SOD1 include:
altered free-radical handling resulting in increased formation of harmful hydroxyl radicals
and peroxynitrile derivatives as well as abnormal intracellular protein folding and
aggregation, mitochondrial dysfunction, excitotoxicity mediated by glutamate receptor
EAAT2 dysfunction, activation of the Fas-FADD caspase-8 apoptotic cascades, and
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abnormal axonal transport associated with neurofilament accumulation.43 Glutamatemediated excitotoxic effects have long been postulated to have an important role in motor
neuron degeneration in ALS.42
D. Huntington’s Disease (HD)
Huntington’s disease is a progressive, fatal neurodegenerative disorder caused by an
expanded trinucleotide (CAG) repeat in the huntingtin gene, which encodes an
abnormally long polyglutamine repeat in the huntingtin protein. Predictive genetic testing
and findings of neuro-imaging studies show that, as in some other neurodegenerative
disorders, neurodegeneration in affected individuals begins many years before onset of
diagnosable signs and symptoms of HD, and is accompanied by subtle cognitive, motor
and psychiatric changes.44
Excitotoxicity has long been postulated to be a non-cell-autonomous mechanism with a
role in pathogenesis of Huntington’s disease. The disease has now been linked to
excitotoxicity through an endogenous excitatory amino acid. The tryptophan metabolite
quinolinic acid (pyridine-2,3-dicarboxylic acid; QUIN) has been shown to lead to NMDA
receptor-mediated excitation and can result in excitotoxicity similar to that described for
glutamate activation. 2,22
E. Stroke
Stroke represents a major health problem in the ever aging populations of industrialised
nations. Each year, over three million people in the USA alone suffer from this affliction.
Stroke, which results from the obstruction of an intra- or extra-cerebral artery, induces
irreversible neuronal damage. Stroke is the third leading cause of death and the leading
cause of adult morbidity in developed countries. Since the 1980s, and based on the
development of rodent models of experimental cerebral ischemia, many deleterious
cellular pathways have been proposed to explain the expression of ischemic brain lesion.
These paradigms include excitotoxicity, free-radical generation, apoptosis and
inflammation.
An interruption of blood supply in the brain during an ischemic stroke insult results in
oxygen and glucose deprivation thus a reduction in energy essential to the normal
function of brain cells. Neurons in particular become unable to maintain the ionic
gradients necessary for regular function. This results in an extended neuronal
13

depolarisation, release of excitatory neurotransmitter, and reduced neurotransmitter
reuptake from the extra cellular space leading to excessive intracellular calcium and
subsequent cell death.35 So although not the underlying cause of stroke, excitotoxicity can
be considered a down-stream effect and result directly in ischemic brain lesion and cell
death.

1.4 Aim of the Current Project
With their range of biological activities and wealth of structural complexity, natural
products present the synthetic chemist with both challenging and potentially medically
useful target compounds. The focus of this thesis will be synthetic work towards a range
of neuroactive natural products, mescengricin (12), palmyrolide A (13) and sanctolide A
(14) (Figure 1.7) as well as a number of their diastereomeric analogues. Each natural
product will be introduced in detail in their corresponding chapter.

Figure 1.7: Target compounds mescengricin (12), palmyrolide A (13) and sanctolide A
(14).
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Chapter Two: Mescengricin
2.1 α-Carboline Natural Products
The α-carboline structure (pyrido[2,3-b]indole) 15 (Figure 2.1) is a tricyclic moiety which
is structurally related to the indole and carbazole compounds discussed previously
(Section 1.1.2) and has been found at the core of a number of natural products.45-48 While
not as common in nature as β- 16 and γ-carbolines 17, interest in the synthesis of natural
and synthetic α-carbolines has arisen due to their cytotoxicity, anticancer and CNS
activity.49,50

Figure 2.1: Core structure of simple α- (15), β- (16), and γ-carbolines (17).

2.1.1 Grossularine-1 and Grossularine-2
The originally proposed structure for the marine metabolite grossularine-1 (18) was
reported by Moquin et al.45 in 1984 (Figure 2.2). This compound was isolated from the
truncate Dendrodoa grossularia and originally was not thought to contain an α-carboline.
The group postulated that the compound was derived from indole and dimethylguanidine
to give structure 18.45 However, a short time later the structure was reconsidered based on
further investigations by the same group into other members of the grossularine family.46

Figure 2.2: Originally reported structure of grossularine-1 (18).45
During preliminary screening by the same research group it was found that the
dichloromethane extract of Dendrodoa grossularia exhibited marked cytotoxicity in the
L1210 leukaemia cell line.46 Further fractionation of this extract led to the isolation of a
second member of the grossularine family, grossularine-2 (19, Figure 2.3).46 The group
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reported difficulty establishing the structure of this new product. However, cocrystallisation with tetrahydrofuran allowed for X-ray crystal analysis thus elucidation of
the structure of grossularine-2 (19) was possible. This led to revision of the structure of
grossularine-1 (20), which potentially still derives form a combination of indole and
dimethylguanidine compounds however also contains the α-carboline core.46 The
structures of both grossularine compounds have since been confirmed via total syntheses
reported by Hibino et al.51,52

Figure 2.3: Structures of the α-carboline natural products grossularine-2 (19)
and revised grossulairine-1 (20).46
Although many synthetic approaches for the synthesis of α-carbolines have been
described, to date the only total synthesis of any pyrido[2,3-b]indole natural products has
been reported by Hibino et al. (Scheme 2.1).51,52 The group described use of a Stille
coupling between iodo-indole 21 and stannane 22. Hydrolysis of ester 23, and modified
Curtius rearrangement of subsequent acid 24 with diphenylphosphoryl azide (DPPA)
provided access to isocyanate 25. The key ring closing reaction for the synthesis of the
tetracyclic natural product core 26 was carried out by thermal electrocyclic reaction of
isocyanate 25. This common synthetic intermediate 26 was successfully carried through
to complete the first total synthesis of both grossularine-1 (20) and grossularine-2 (19) via
coupling of an indole derivative or a phenyl boronic acid derivative respectively.52
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Scheme 2.1: Synthesis of the tetracyclic α-carboline core for the total synthesis of natural
products grossularine-1 (20) and grossularine-2 (19).51,52
Both grossularine-1 (20) and grossularine-2 (19) exhibit cytotoxicity towards L1210
leukaemia cells with measured ID50 values of 6 and 4 μg/mL respectively. They also
exhibited higher cytotoxicity against solid human tumour cell lines. When tested against
WiDr (colon) and MCF7 (breast) tumour cell lines in a cloning system bioassay they
showed activity at concentrations as low as 10 ng/mL. It has been suggested that the
activity of these compounds can be attributed to the flat shape of the α-carbolines and
their ability to act as a mono-intercalating agents.46

2.1.2 N,N-Didesmethylgrossularine-1 (DDMG-1)
More recently N,N-didesmethylgrossularine-1 (DDMG-1) (27, Figure 2.4), was isolated
from an Indonesian ascidian Polycarpa aurata by Oda et al.47 The compound was isolated
using an assay that measured inhibitory activity against tumour necrosis factor (TNF-α)
production in lipopolysaccharide-stimulated murine macrophage-like cells.47
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Figure 2.4: Structure of the α-carboline natural product N,N-didesmethylgrossularine-1
(27).47
DDMG-1 (27) exhibited an inhibitory effect on the production of interleukin 8 (IL-8),
presenting itself as a promising lead compound for the treatment of chronic inflammatory
diseases such as rheumatoid arthritis. Moreover, DDMG-1 (27) inhibits TNF-α controlled
degradation of ‘nuclear factor of kappa light polypeptide gene enhancer in B-cells
inhibitor-alpha’ (IκB-α).47 With reduced breakdown of IκB-α, its substrate (NF-κB) is
restricted from binding to target DNA causing a loss in control of transcription. Incorrect
regulation of NF-κB has been identified in a number of disease states including improper
immune development, inflammatory and autoimmune diseases, cancer, septic shock and
some viral infections. Potentially, application of DDMG-1 (27) could limit the effect of
TNF-α and restore regulation of DNA transcription to safe homeostatic levels. Research
has also indicated the potential role of NF-κB in processes of synaptic plasticity and
memory.53-57

2.1.3 Mescengricin
First reported in 1997 by Kim et al.,48 mescengricin (12) is a natural α-carboline that was
extracted from a culture of Streptomyces griseoflavus. The compound was isolated during
routine screening for substances with the ability to protect chick primary mesencephalic
neuronal cells from L-glutamate toxicity similar to that displayed in a number of disease
states (Section 1.3). The structure of mescengricin (12, Figure 2.5) was determined via
partial degradation and a series of HMBC-NMR experiments, coupled with DQF-COSY
and

15

N-HMBC studies. It possesses an α-carboline core structure substituted at C-4 of

the pyridine ring with a glycerol-ester and a hydroxy-dihydropyranone at C-2.58
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Figure 2.5: Structure of the α-carboline natural product mescengricin (12).48
Chick mesencephalic neurons are susceptible to L-glutamate toxicity meaning that cell
death can be induced by the addition of 100 μM of L-glutamate. Mescengricin (12)
completely prevents this toxicity in chick primary mesencephalic neurons with an EC50 of
6.0 nM.48 As described in section 1.3, the mechanism of L-glutamate toxicity in neuronal
cells is not fully understood. Clarification of the mode of action of mescengricin (12)
could potentially help discover a novel mechanism of L-glutamate toxicity.58 While a
number of strategies for the synthesis of α-carbolines exist, to date no total synthesis of
mescengricin (12) has been reported. Thus, its interesting biological activity coupled with
its novel structure present mescengricin (12) as an ideal target for total synthesis.

2.2 Synthetic Strategies Towards α-Carbolines
Since the first reported synthesis of an α-carboline almost a century ago, there has been a
steady interest in the development of strategies towards this unique structural motif. This
interest can mainly be attributed to a range of biological activity displayed by the
α-carboline natural products including cytotoxicity, anticancer properties or CNS activity
(Section 2.1). Numerous studies have led to the development of a number of alternative
methods to prepare simple α-carbolines as well as a range of synthetic α-carboline
derived compounds. However, to our knowledge, no review currently exists in the
literature for the synthesis of α-carboline compounds.
The most common synthetic approaches for this class of compounds (Scheme 2.2) have
often been modelled off known routes to related carbazole compounds. For some time the
only reported syntheses of α-carbolines 28 involved a modification of the
Graebe-Ullmann carbazole synthesis from pyridine substituted triazoles 29 (route a,
Scheme 2.2)59-63 however, over time a number of viable strategies have been reported.
One method that has been described by a number of groups involves use of an
intramolecular Diels-Alder cyclisation that can be achieved using a number of acyclic
19

substrates 30 (route b).64-69 Central pyrrole ring construction via cross-coupling between
an appropriately substituted aniline 31 and pyridine 32 derivatives has also been used to
good effect in a number of cases (route c).70-75 One of the most common and widely
applied methods involves annulation of the pyridine ring onto appropriately substituted
2-amino indole derivatives 33 (route d).49,50,76-90 Finally less common but also potentially
useful methods include annulation of the benzene ring to a pyrrole[2,3-b]pyridine 34
(route e)91,92 or the photocyclisation of a diarylamine compound 35 (route e).93-95

Scheme 2.2: Common methods for the synthesis of α-carbolines 28.

2.2.1 Modified Graebe-Ullmann Method
The first reported synthesis of a simple α-carboline (15) was published in 1924 by
Lawson et al.59 The preparation of α-carboline (15) (Scheme 2.3) was based on a
modification of the Graebe-Ullmann carbazole synthesis. o-Phenylenediamine (36) and
2-chloropyridine (37) were coupled by heating in ethanol. Subsequent reaction with
nitrous acid gave diazonium salt that spontaneously converted to 1,2,3-triazole
intermediate 29. Heating of the triazole 29 in the presence of phosphoric acid delivers
carboline 15 with the release of nitrogen gas.

Scheme 2.3: Synthesis of α-carboline 15 via a modified Graebe-Ullmann method.59
This method has been exploited a number of times for the production of α-carbolines. The
same method was used by Freak et al.60 and Warburton et al.61 to access the simple
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α-carboline 15. More recently, Peczyńska-Czoch et al.62 employed a similar method for
the synthesis of α-carboline-derived DNA topoisomerase inhibitors (Scheme 2.4).
Heating of benzotriazole (38) with the corresponding quinolines 39 was used to prepare
triazole intermediate 40. Decomposition of triazole 40 in phosphoric acid yielded
indoloquinolines 41.62

Scheme 2.4: Synthesis of α-carboline derived DNA topoisomerase inhibitors 41
via modified Graebe-Ullmann method.62
Unfortunately, the same sequence was not successful when methyl-substituted triazoles
were used in place of simple triazole 38. Hence, an alternative route was established;
4-methyl-3 nitroaniline (42) was condensed with quinolines 43 to give adduct 44
(Scheme 2.5). Subsequent reduction of the nitro group of intermediates 44 was followed
by diazotization of the amine obtained to deliver triazoles 45. Decomposition of triazoles
45 in phosphoric acid was completed under the same conditions as for the previous
example to deliver methyl substituted indoloquinolines 46.

Scheme 2.5: Synthesis of methyl-substituted α-carboline derived DNA topoisomerase
inhibitors 46 via modified Graebe-Ullmann method.62
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The most recent modification of this method described optimisation of this reaction in
four different types of microwave apparatus. Vaquero et al.63 reported the modified
Graebe-Ullmann reaction between benzotriazole 38 and halo-pyridine 47 utilising
microwave irradiation (Scheme 2.6). A two-step process was developed. Initial heating to
access intermediate 48 followed by direct treatment with polyphosphoric acid, was used
to complete the synthesis of a simple α-carboline system 49 with shorter reaction times
and improved yields.

Scheme 2.6: Microwave assisted synthesis of α-carbolines via modified Graebe-Ullmann
method.63

2.2.2 Diels-Alder Methods
The Diels-Alder reaction is a powerful synthetic tool for the synthesis of both hetero- and
homo-aromatic systems by the formation of C-C bonds. As such, this reaction has been
incorporated as part of the strategy for a number of α-carboline syntheses.
Molina et al.64 reported the synthesis of α-carbolines from carbodiimides 50 which serve
as both the diene and the dienophile to undergo a tandem intramolecular hetero
Diels-Alder cycloaddition/aromatisation process (Scheme 2.7). The cyclisation of
carbodiimide 50 proceeds through intermediate 51 to give α-carbolines 52 via an
intramolecular [4 + 2] cycloaddition. A vinyl imine encompassing one cumulative
carbon-nitrogen double bond of the carbodiimide and the vinylic carbon-carbon double
bond functions as a diene, while the double bond of the o-vinyl substituent on the benzene
ring has taken the role of the dienophile. Spontaneous oxidative aromatisation of
cycloadduct 51 followed by a 1,3-proton shift furnished the pyridoindol 52.64

22

Scheme 2.7: Synthesis of α-carbolines 52 via tandem intramolecular hetero Diels-Alder
cycloaddition/aromatisation process.64
Inverse electron-demand Diels-Alder (IEDDA) cycloadditions employing electrondeficient heteroaromatic azadienes are well established for the synthesis of heterocyclic
compounds. Intramolecular IEDDA chemistry to prepare α-carbolines employing
2-N-(o-alkynylanilino)pyrimidine (53) systems as electron deficient azadienes have been
successful in a smaller number of examples.65,66 The key step in the α-carboline synthesis
reported by Johnson et al.65 is the transformation of the acetylenic adduct 53 to the
tricyclic system 54 via intramolecular IEDDA cyclisation followed by loss of hydrogen
cyanide (Scheme 2.8). It was shown that the presence of the electron-withdrawing
ethoxycarbonyl group on the bridging nitrogen, was required to activate the heterocyclic
diene for Diels-Alder cycloaddition. Hydrolysis of adduct 54 with one equivalent of base
selectively removed the N-ethoxycarbonyl group to give the target α-carboline 55 in good
yield.

Scheme 2.8: Synthesis of α-carboline 55 via inverse electron-demand
Diels-Alder cyclisation.65
In a similar approach, Hoornaert et al.67 employed heterocyclic pyrazinones 56 as dienes
(Scheme 2.9). The intramolecular IEDDA reactions proceed through the bicyclo[2.2.2]
23

intermediates 57 with loss of an isocyanate molecule to produce a small selection of
substituted α-carbolines 58.

Scheme 2.9: Pyrazinones as dienes in IEDDA for synthesis of α-carbolines 58.67
Intramolecular IEDDA reaction was also employed by Snyder et al.68 to prepare
compounds containing an α-carboline core (Scheme 2.10). This group showed that Lewis
acid mediated amidation of esters 59 with propargyl amines 60 could be used to produce
the Diels-Alder precursors 61. It was found that the IEDDA reaction proceeded smoothly
under microwave irradiation, to give the γ-lactam annulated α-carbolines 62 in excellent
yields.

Scheme 2.10: Microwave irradiated IEDDA reaction for the
synthesis of α-carboline 62.68
In all of the preceding examples the Diels-Alder reaction was used to construct both the
pyrrole and the pyridine rings in the α-carboline tricyclic system. Kusurkar et al.69 have
also described use of a Diels-Alder reaction driven by microwave irradiation for the
construction of the benzene ring (Scheme 2.11). The Diels-Alder reaction of diene 63
with maleimide 64 was carried out by adsorbing the reagents onto silica gel and
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irradiating with microwaves to afford cycloadduct 65 as a mixture of diastereomers.
Cycloadduct 65 was dehydrogenated using 10% Pd/C to furnish α-carbolines 66 without
further purification.

Scheme 2.11: α-Carboline 66 synthesis via Diels-Alder benzene formation.69

2.2.3 Transition Metal Catalysed Methods
The attributes of transition metals and their salts has led to their use as versatile catalysts
for a vast range of coupling and cyclisation reactions. Their ability to chaperone the
formation of C-C and C-N bonds has been utilised in a number of α-carboline syntheses,
allowing creation of strategies incorporating desirable substitution patterns and
functionalities.
Achab et al.70 have reported the preparation of a number of α-carbolines bearing different
substituents on the benzene ring 70 (Scheme 2.12). Using a Stille coupling, bromoaniline
derivatives 67 were coupled with stannane 68 in the presence of catalytic Pd0 to give
biaryl intermediates 69. Subsequent base-mediated intramolecular cyclisation of 69
delivered the substituted α-carbolines 70 in good yields.70

Scheme 2.12: Palladium-catalysed coupling and subsequent ring
closing to α-carbolines 70.70
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The synthesis of a number of carbazole compounds and unsubstituted α-carboline 15
catalysed by palladium (II) compounds and utilising carbon monoxide as a reductant was
reported by Smitrovich et al.71 (Scheme 2.13). The work focused on reaction with
catalytic palladium(II) salts and bidentate nitrogen ligands for the reduction of nitroarenes
to isocyanates and application of this system to carbazole/α-carboline synthesis.
Comprehensive screening and optimisation by the group revealed that higher conversion
could be achieved with an increase of temperature or pressure. The optimised conditions
were applied to 3-(2-nitrophenyl)pyridine (71) for the synthesis of simple α-carboline
(15).71

Scheme 2.13: Palladium (II) catalysed cyclisation for the synthesis of α-carboline (15).71
By utilising a Suzuki-Miyaura type cross-coupling of pyridine boronic acid 72 and
o-bromoaniline (73) Sapi et al.72 were able to gain access to the diaryl intermediate 74
(Scheme 2.14). Transformation of amine 74 to azide 75 was completed under standard
conditions.

Upon

heating,

diaryl

azide

75

was

transformed

into

4-pivaloyl-amino-α-carboline (77) in good yields via the corresponding nitrene
intermediate 76.

Scheme 2.14: Suzuki-Miyaura cross-coupling utilised for the
synthesis of α-carboline 77.72
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Palladium catalysts have also been utilised in oxidative cyclisation via modified Hecktype reactions for intramolecular arylation of diarylamines 80 as reported by Maes et al.
(Scheme 2.15).73 SNAr reaction of amine 78 and iodopyridine 79 gave biarylamine 80.
Cyclisation

of

intermediate

80

was

completed

in

the

presence

of

tris(dibenzylideneacetone)dipalladium(0) and tri-tert-butylphosphine ligand to give the
tricyclic compound 81. Synthesis of α-carboline 82 was completed via demethylation of
compound 81 using pyridine hydrochloride and sodium iodide.

Scheme 2.15: Palladium catalysed oxidative cyclisation strategy for
synthesis of α-carboline 82.73
A similar approach was utilised by Cuny et al.74 in a one pot variation (Scheme 2.16). In
this example palladium(II) was used to catalyse both the Buchwald-Hartwig coupling of
commercially available aniline derivatives 83 to dihalopyridine compounds 84 and the
final ring closing/intramolecular arylation to produce α-carboline compounds 85. While
this approach was able to produce a number of α-carbolines 85 in moderate to excellent
yields, not all substituents were tolerated. Poor yields were observed with 4-, 5-, or
6-substituted 2,3-dihalopyridines 84. Similarly poor results were obtained with anilines
83 containing electron-donating substituents in the 2,5- or 3,5-positions. In many
instances, these one-pot reactions produced the 2-anilino-3-halopyridine intermediates
from successful Buchwald-Hartwig coupling but failed to cyclise to α-carboline products
85.
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Scheme 2.16: One-pot synthesis of α-carbolines 85 via sequential palladium-catalysed
aryl amination and intramolecular arylation.74
During their synthesis of the α-carboline-derived, natural alkaloid neocryptolepine (89),
Basavaiah et al.75 designed a one-pot synthesis of the α-carboline framework 88
(Scheme 2.17). Their synthetic pathway focused on the transformation of Baylis-Hillman
acetates 87 into pyrido[2,3-b]indole structures 88. The first step in the reaction involved
SN2′ mono alkylation of 2-nitroarylacetonitriles 86 with Baylis-Hillman-acetates 87 under
basic conditions. Reduction of the nitro group with iron in refluxing acetic acid induced
two successive cyclisation reactions (firstly formation of the five membered ring, then
production of the six membered ring) to provide the desired α-carbolines 88.

Scheme 2.17: Utilisation of Baylis-Hillman acetates 87 for the synthesis of α-carbolines
88 in the synthesis of neocryptolepine (89).75

2.2.4 Annulation of Pyridine Ring to Indole Derivative
Indole compounds displaying various substitution patterns and a range of substituents on
either the benzene ring, the pyrrole ring or both are well documented in the literature.
Thus, a common strategy for the synthesis of α-carbolines therefore involves appendage
of a suitable functional group to an indole and subsequent annulation to form the pyridine
ring of the tricyclic pyrido[2,3-b]indole α-carboline structure.
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The group of Bourguignon et al. developed conditions for the synthesis of α-carboline 92
via the reaction of the N-methyl tosylindole 90 with cyano-enolate 91 (Scheme 2.18).76
A methanolic solution of enolate 91 was neutralised with an exact amount of hydrochloric
acid. Addition of the indole derivative 90 under reflux gives initial condensation of the
two compounds. Elimination of the a formyl group from the acetal leads to electrophilic
substitution which closes the pyridine ring and completes synthesis of α-carboline 92.77

Scheme 2.18: Formation of α-carboline 92 by formation of fused pyridine ring.76,77
A very similar method to that reported by Hibino et al.51,52 for the synthesis of the
grossularine natural products 19 and 20 (Section 2.1.1) was employed by Achab et al.78
for the synthesis of a group of structural analogues (Scheme 2.19). Stille coupling
between iodo-indole 93 and stannane 94 in the presence of catalytic palladium(II) salt
was used to access intermediate 95. A single-pot Curtius rearrangement-electrocyclisation
of deprotected 96 was used to produce oxypyridines 98 and proceeded through the acyl
azide 97. Finally, to produce oxypyridine 98, transformation of the amide functionality to
a triflate under standard conditions was used to deliver the common synthetic
intermediates 99. These α-carboline compounds 99 were used as building blocks for a
range of synthetic analogues.78
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Scheme 2.19: Use of a single-pot Curtius rearrangement-electrocyclisation reaction to
produce α-carbolines 99.78
Ring closure through the N-1/C-9a bond has been reported by a number of groups using a
range of reactions to effect final ring closure. In a synthesis reported by Abouabdellah
and Dodd79 N-methylated 2-bromoindole-3-carboxaldehyde (100) was reacted with the
enolate of butyrolactone 101 in the presence of stannic chloride to afford aldol product
102 (Scheme 2.20). Simultaneous deprotection of the amine Boc group and dehydration
produced cyclisation precursor 103. Finally, cyclisation using a palladium-catalysed
intramolecular Buchwald-Hartwig type reaction occurred to give the desired α-carboline
104.

Scheme 2.20: Synthesis of α-carboline 104 using palladium-catalysed ring closing.79
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Walton et al.80 produced a set of indolyl acyl oximes 105, derived from indolylalkanones
(Scheme 2.21). These compounds underwent a ring closure sequence during flash
vacuum pyrolysis (FVP) to afford a range of α-carbolines 106. Unlike UV light promoted
reactions of oxime esters, the reaction is believed not to be mediated by iminyl radicals
but is postulated to involve tautomerism, elimination of acetic acid and a final
electrocyclic ring closure.80

Scheme 2.21: FVP cyclisation of indolyl acyl oximes 105 to produce α-carbolines 106.80
Through optimisation of the reaction conditions, Bazgir et al.81 were able to develop a
one-pot,

four-component

synthesis

of

tetracyclic

α-carboline

derivative

111

(Scheme 2.22). Oxyindole (107), 3-oxo-3-phenylpropanenitrile (108), phenylhydrazine
(109) and benzaldehyde (110) were found to react in a single synthetic step in the
presence of p-toluenesulfonic acid to afford diazole substituted α-carboline 111.

Scheme 2.22: One-pot, four-component synthesis of α-carboline 111.81
The intermediate indole 112 and diazole 113 were isolated when the reaction was run for
only two hours (Scheme 2.23). Reaction of these intermediates under the reported
reaction conditions afforded heterocycle 111 in good yield. Overall, synthesis of
α-carboline 111 can be rationalised by initial formation of aryldieneindolin-2-one 112 via
condensation of oxyindole 107 and benzaldehyde 110. Subsequent Michael-type addition
of diazole 113 (formed in situ by reaction of nitrile 108 with hydrazine 109), leads to
intermediate 114 followed by cyclisation to afford tetracyclic 115. The α-carboline
product 111 was formed by final oxidation of intermediate 115.
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Scheme 2.23: Mechanistic investigation into the one-pot, four-component synthesis by
isolation of intermediate aryldieneindolin-2-one 112 and diazole 113.81
The Narasaka group has reported the synthesis of α-carboline 49 using starting materials
specially

designed

to

(Scheme

2.24).82

This

proceed
strategy

through
involves

radical

cyclisation

treatment

of

intermediate

β-(3-indolyl)

117

ketone

O-2,4-dinitrophenyloxime 116 with sodium hydride and sodium cyanoborohydride. The
proposed mechanism suggests the reaction may be initiated by the one electron reduction
of the 2,4-dinitrophenyl moiety of intermediate 117 by sodium hydride/sodium
cyanoborohydride. The cyclisation proceeds with elimination of dinitrophenolate and
finally oxidation to α-carboline 49 occurs during isolation.82

Scheme 2.24: Radical cylisation of β-(3-indolyl) ketone O-2,4-dinitrophenyloxime
116 to α-carboline 49.82
With the success of this approach attention turned to improvement of the radical
cyclisation reaction to produce a catalytic process. Recently, the Narasaka group reported
synthesis of α-carbolines 120 from β-(3-indolyl)ketone o-pentafluorobenzyoyloximes 118
(Scheme 2.25). This reaction proceeds in a similar manner via treatment with a catalytic
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amount of copper powder forming intermediate 119. Aromatisation of intermediate 119 in
the presence of the hydrogen acceptor chloranil proceeds to deliver the α-carboline 120.

Scheme 2.25: Copper-catalysed radical cylisation of β-(3-indolyl) ketone
O-pentafluorobenzoyloximes 118 to α-carbolines 120.83
Junjappa et al.84 reported construction of α-carbolines utilising easily accessible
α-oxoketene dithioacetals 122 and oxindole 121 starting materials (Scheme 2.26).
Oxyindole 121 was treated with the anion of ketene dithioacetal 122 to produce the
desired ring-closing precursor 123. In the key cyclisation step, ammonium acetate was
used to form both N-1/C-2 and N-1/C-9a bonds concurrently via condensation with both
ketone functionalities of diketone 123. Finally, dethiomethylation of tricyclic product 124
in the presence of Raney-Nickel afforded desired α-carbolines 125 in good yields. It was
found that the reaction conditions were effective for a number of substituted acyclic
ketene dithioacetals.84

Scheme 2.26: Synthesis of α-carbolines 125 from oxindole 121 and
α-oxoketene dithioacetal 122.84
Reports have been published describing construction of a pyridine ring onto an
electron-rich amino-heterocycle such as indole 128 (Scheme 2.27). Fluorine-containing
1,3-dielectrophiles act as a good source of required carbon atoms for the [3 +3] type
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addition. Using easily accessible 1H-indol-2-amine (128), Iaroshenko et al.85,86 were able
to construct both the N-1/C-2 and C-4/C-4a bonds of the α-carboline skeleton. By
exploiting a number of previously reported 1,3-dielectrophiles 127, 129 and 131 under
similar conditions they described the synthesis of a range of substituted α-carboline
compounds 126, 130 and 132.

Scheme 2.27: Construction of pyridine of α-carbolines 126, 130 and 132 using fluorine
containing 1,3-dielectrophiles 127, 129, and 131.85,86
Kundu et al.50 have reported a three-component synthetic strategy which involves the
reaction of acid chlorides 133 with terminal alkynes 134 for the generation of carbonyl
acetylenes 135 in situ (Scheme 2.28). These intermediate compounds readily undergo
cyclisation with 2-aminoindoles 136. The salient feature of this one-pot strategy involves
regioselective [3 + 3]-cyclocondensation and the requirement for the presence of water in
the reaction to facilitate the cyclisation. Although aqueous conditions and use of the
surfactant sodium dodecylsulfate are required to afford acceptable yields, the reaction has
been shown to be reasonably tolerant of a number of organic substituents and displays
excellent regioselectivity for substituents on the pyridine ring of the α-carbolines 137.
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Scheme 2.28: Synthesis of α-carboline derivatives 137 in aqueous conditions via threecomponent tandem reaction.50
Majumder and Bhuyan49 were able to produce a small library of novel annulated
α-carbolines 142 using a [3+2]-dipolar cycloaddition strategy (Scheme 2.29). Initial
Knoevenagel condensation of 2-chloro-3-formyl indoles 138 with alkyl nitriles 139 in the
presence of triethylamine gave intermediates 140. Addition of sodium azide lead to the
unstable ring-closing precursor 141 which underwent spontaneous [3+2]-dipolar
cycloaddition of the azide to the pendant cyano group to deliver the desired
α-carbolines 142.

Scheme 2.29: One-pot [3+2]-dipolar cycloaddition strategy for the synthesis
of α-carbolines 142.49
Erba et al.87 have demonstrated that 2-amidinylindole-3-carbaldehydes 143 are versatile
starting materials for the synthesis of α-carbolines displaying a number of substitution
patterns on the pyridine ring (Schemes 2.30, 2.31, and 2.32). By controlling the
conditions under which the pyridine ring is formed, the regioselectivity of substituents
can be predicted and controlled. Simple heating of 2-amidinylindole-3-carbaldehyde 143
in the presence of silica dioxide triggered an isomerisation/condensation sequence that
lead to the formation of the pyridine ring via amine 144 and the cyclised intermediate 145
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(Scheme 2.30). This sequence delivered

carbolines 146 bearing morpholine

functionalities at C-2 of the pyridine and neighbouring substituents at C-3.

Scheme 2.30: Synthesis of amino substituted α-carbolines 146.87
The group also investigated the potential for derivatisation of the α-carboline products by
altering the starting material 143 (Scheme 2.31). Condensation of the aldehyde
functionality in 143 with aryl methyl ketones 147 afforded another useful class of
compounds, the unsaturated ketones 148. Prolonged reaction of these intermediates with a
strong alkoxide base led to cyclisation via reaction of ketone and amine functionalities to
give intermediate 149. Elimination of morpholine amide 151 from intermediate 149
produced the 2-aryl-9H-α-carbolines 150 with an aromatic substituent occupying the C-2
position on the pyridine ring.87

Scheme 2.31: Synthesis of 2-aryl-9H-α-carbolines 150.87
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It was also shown that heating of unsaturated ketone intermediates 148 in the presence of
silica dioxide produced 2,9-dialkyl-3-aroyl-9H-α-carbolines 153 (Scheme 2.32). 87 It was
suspected that formation of carbolines 153 was achieved via electrocyclisation of
unsaturated ketone 148 to tricyclic intermediate 152. This transformation is subsequently
rendered irreversible upon elimination of morpholine and consequent aromatisation to
furnish the pyridine ring of α-carbolines 153.

Scheme 2.32: Synthesis of 2,9-dialkyl-3-aroyl-9H-α-carbolines 153.87
It has been shown that iminophosphoranes can be employed for the production of b-fused
pyridine compounds using an efficient tandem aza-Wittig-electrocyclisation.96-98
Application of this mild thermal aza-Wittig-electrocyclisation for the synthesis of
α-carbolines 157 has been described by Funicello et al.88 (Scheme 2.33). The
iminophosphoranes 154 derived from 2-azido-1-methylindole underwent aza-Wittig
reaction with olefin 155 to give unsaturated intermediates 156. Spontaneous
electrocyclisation then produced the α-carboline products 157.

Scheme 2.33: Mild thermal reaction of iminophosphoranes 154 to give α-carbolines 157
via a tandem aza-Wittig-electrocyclisation process.88
A final synthetic example of α-carbolines based on the annulation of pyridine to an indole
derivative was reported by Nagarajan et al.89,90 (Scheme 2.34). Their synthesis utilises a
palladium-catalysed Buchwald-Hartwig type coupling of 2-halo-3-ketoindole compounds
158 with an amide 159 to introduce the nitrogen of the pyridine ring. This was followed
by an intramolecular Vilsmeier-Haack type reaction for the final pyridine cyclisation of
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compound 160. Once optimised, the group was able to use these conditions to produce a
small library of α-carboline compounds 161.

Scheme 2.34: Synthesis of α-carbolines 161 via consecutive Buchwald-Hartwig and
Vilsmeier-Haack reactions.89,90

2.2.5 Annulation of the Benzene Ring
A single synthesis of α-carbolines utilising the completion of the tricyclic core by
annulation of the benzene ring onto a derivative of 7-azaindole has been reported
(Scheme 2.35).91 While not as common as appendage of a pyridine ring to an indole
moiety, this strategy displays potential for the synthesis of α-carbolines bearing
substituents or functionality on the benzene ring of the final pyrido[2,3-b]indole core.
Using a synthetic pathway described by Bringmann91 for the synthesis of the carbazole
clausine E, Joseph et al.92 successfully completed the synthesis of α-carboline 165.
1-(Benzenesulfonyl)-1H-pyrrolo[2,3-b]pyridine-3-carboxaldehyde (163) was engaged in
a Horner-Wadsworth-Emmons (HWE) reaction with diester phosphonate 162 to afford
the ring closing precursor 164. Acidic hydrolysis of tert-butyl ester 164 and subsequent
intramolecular cyclisation of the resulting acid gave substituted α-carboline 165.

Scheme 2.35: Synthesis of α-carboline 165 utilising a HWE reaction and
subsequent ring closing.92
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2.2.6 Photocyclisation of Anilinopyridines
A reasonably unexplored area of research, which has been used thus far to synthesise only
a small number of simple or unsubstituted α-carbolines, involves the use of
photocyclisation reactions.
The first report of photocyclisation for the synthesis of α-carbolines by Clark et al.93 was
based on previous research towards cyclisation of diphenylamines to form carbazoles
(Scheme 2.36). It was shown that, on irradiation in cyclohexane or tetrahydrofuran, 2anilinopyridine (167) underwent oxidative cyclisation to carboline 15 in good yields.

Scheme 2.36: Photocyclisation of diarylamine 167 to α-carboline (15).93
Similarly, an investigation into the photocyclisation of 3-nitro-2-phenylaminopyridine
168

by Gawinecki

et

al.94

was

based

on

reports

that

under

irradiation,

o-nitrodiphenylamine would also undergo cyclisation to form carbazoles (Scheme 2.37).
The reaction is suspected to proceed by cyclisation-elimination mechanism via formation
of a nitrohydrocarboline 169 and subsequent loss of a nitrous acid molecule. Although the
formation of α-carboline 15 was observed, yields were too low to render this approach a
viable route for further investigation.

Scheme 2.37: Photocyclisation of 3-nitro-2-phenylaminopyridine 168.94
The most recent photocyclisation based approach for the production of α-carbolines is
also the first to include any elaboration on the tricyclic core. When initial attempts to
develop a one-pot sequential aryl amination and intramolecular arylation delivered mixed
results (Section 2.2.3), Cuny and co-workers turned to finding a more robust method for
the synthesis of α-carbolines.95 Unimolecular radical substitution (SNR1) has been
employed previously to mediate aromatic nucleophilic substitutions in the preparation of
carbocycles and heterocycles. By exploiting this synthetically useful process for the
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cyclisation of 3-halo-N-phenylpyridin-2-amine compounds 170, Cuny et al.95 have
produced a number of substituted α-carbolines 171.

Scheme 2.38: Cyclisation via photo-initiated SNR1 reaction.95
With such a broad array of strategies for the synthesis of α-carbolines, it is surprising that
only one total synthesis for any of the α-carboline natural products has been reported.51,52
However, many of the syntheses of α-carbolines described are limited by low yields,
expensive reagents, starting materials that are difficult to prepare or obtain, or inflexibility
with regard to substituents and substitution patterns. With this in mind, our attention
turned to the synthesis of the natural product mescengricin (12) and the desire to create an
expedient route towards this interesting neuroactive natural product.

2.3 Retrosynthetic Analysis of Mescengricin
It was envisaged that a convergent synthesis of mescengricin 12 could be achieved via the
coupling of three main fragments: commercially available glycerol (172), α-carboline 173
and known lactone 17499 (Scheme 2.39). Disconnection of the α-carboline core 173
through the C-4a/C-4b bond reveals diaryl amine 175. Based on examples of the synthesis
of carbazoles reported by the Knölker group100-103 it was anticipated that double C-H
activation and oxidative ring closing of synthon 175 would provide access to the desired
α-carboline core 173. A number of reported strategies for the synthesis of α-carbolines
have employed ring closure through C-4a/C-4b of the pyrrole62,73,74,93-95 (Section 2.2).
However, all previous methods except the photocyclisation reported by Clark93 (Section
2.2.6) have employed functional groups on one or both of the C-4a/C-4b carbons for
effective bond formation. Based on previous work by our research group which focused
on Buchwald-Hartwig amination, diarylamine 175104 was further disconnected to
previously reported pyridyl halide 176104 and commercially available m-anisidine (177).
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Scheme 2.39: Retrosynthetic analysis of mescengricin (12).

2.4 Previous Synthetic Work Towards Diarylamines
With glycerol (172) commercially available and a previously reported route to lactone
17499 our initial synthetic target became the desired α-carboline core 173. The Brimble
group has previously reported the synthesis of diarylamines of the desired structure 175
with

a

view

towards

attempting

the

ring

closing

to

α-carboline

173.104

A brief description of the work undertaken by the group is now provided. Preliminary
conditions investigated were inspired by the palladium-catalysed coupling of aryl halides
178 with amines 179 under microwave conditions reported by Maes et al.105
(Scheme 2.40).

Scheme 2.40: Microwave irradiated Buchwald-Hartwig reaction.105
Initial attempts to employ the reported conditions in the mono-N-arylation of simple
aniline (182) with methyl 2,6-dichloroisonicotinate (183) gave encouraging results
(Scheme 2.41). However, when the amine coupling partner was changed to m-anisidine
(177), no reaction was observed and only starting material was recovered.
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Scheme 2.41: First attempts by our research group at Buchwald-Hartwig
mono-N-arylation.104
In order to find the most favourable conditions to be used for screening of possible amine
coupling partners, optimisation of the successful reaction conditions was undertaken.
After screening a number of ligands [XPhos, JohnPhos, (±)-BINAP, DPPF] it was found
that XPhos afforded the cleanest reaction. Toluene was found to be the best solvent.104
With these optimised conditions in hand, attention turned to identification of a suitable
amine coupling partner for the synthesis of mescengricin (12). Ideally for the synthesis of
the desired α-carboline 173, the reaction would be carried out with m-anisidine (177)
providing an intermediate with suitable functionality. It was also hoped that the
electron-donating nature of the methyl ether attached to the benzene ring would produce
an activating effect during later cyclisation. Unfortunately, when the coupling of
m-anisidine (177) and methyl 2,6-dichloroisonicotinate (183) was attempted again using
the newly optimised conditions the only product observed resulted from displacement of
the methyl ester rather than the chloro-substituent, affording amide 186 (Scheme 2.42). In
an attempt to encourage coupling at the correct position, a more hindered tert-butyl ester
185 was produced hoping to block attack at the ester carbonyl group. Unfortunately,
reaction of m-anisidine (177) with the tert-butyl ester 185 lead to the same undesired
amide product 186 (Scheme 2.42).

Scheme 2.42: Undesired coupling of anisidine 177 and dichloroisonicotinate 183 or
185.104
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It was hoped that use of a more robust carboxamide group would prevent the undesired
acyl substitution. To this end, reaction of 2,6-dichloro-N,N-diisopropylisonicotinamide
(187) with m-anisidine (177) was attempted (Scheme 2.43). The reaction was run in
toluene with excess sodium tert-butoxide and 5 mol% Pd(OAc)2 with 10 mol% XPhos.
Encouragingly, heating at 110 ºC for twenty-three hours produced the desired
mono-N-arylation product 188, albeit in a low 14% yield.104

Scheme 2.43: Successful Buchwald-Hartwig mono-arylation reaction.104
It was next envisaged that an increase in the reactivity of the nicotinamide compound
could be achieved through use of the dibromo derivative 189 (Scheme 2.44). Though
successful, the reaction yielded a significant amount of undesired diamine product 191
resulting from the Buchwald-Hartwig amination at both C-2 and C-6 of dibromo 189.
Further optimisation by varying catalyst, ligand, base and solvent was carried out.
Eventually, reaction with Pd(OAc)2 catalyst (10 mol%), (±)-BINAP ligand (10 mol%) and
potassium carbonate in toluene delivered a 70% yield of the desired product 190 with
minimal side reaction.104

Scheme 2.44: N-Arylation of m-anisidine (177) with 2,6-dibromo-N,Ndiisopropylisonictinamide (189).104

43

Unfortunately, no combination of reaction conditions was found that could be used to
exclusively deliver the mono-arylated product 190 with some diamination product 191
also being observed in all instances.104

2.5 Synthesis of Ring Closing Precursors
2.5.1 Synthesis of Methyl 2,6-dibromoisonicotinate (193) Coupling Partner
With a clear route to the diarylamine ring closing precursors 175 previously achieved by
our group104, our first synthetic target became the pyridyl coupling partner
2,6-dibromoisonicotinate (193). Synthesis of 2,6-dibromoisonicotinate (193) was carried
out from commercially available citrazinic acid (192) via literature methods106
(Scheme 2.45). Citrazinic acid (192) was brominated using phosphorous(V) oxybromide
at 120 ºC for two and a half hours followed by stirring with methanol at room temperature
for two hours. Notably, it was essential to prepare the phosphorus(V) oxybromide
freshly107 and purify it by distillation immediately before use.

Scheme 2.45: Synthesis of methyl 2,6-dibromoisonicotinate (193).104
The dibromination of citrazinic acid (192) proceeds by tautomerism of the starting lactim
form 192 to the corresponding lactam 194 which is trapped by reaction with
phosphorus(V) oxybromide (195) (Scheme 2.46). SN2 attack by bromine at C-2 releases
phosphenic bromide (197) and a free bromine anion. Deprotonation of the nitrogen in
intermediate 198 proceeds to yield monobrominated product 199. Use of excess
phosphorus(V) oxybromide (195) with heating resulted in the reaction proceeding readily
without the need for a base. Due to the symmetry of the compound, bromination of the
second hydroxyl group of monobrominated intermediate 199 proceeds through the same
mechanism to produce dibromocitrazinic acid derivative 200.
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Scheme 2.46: Mechanism for the bromination of citrazinic acid 192.
The reaction leads to evolution of hydrogen bromide and the acidity of the reaction
medium promotes esterification upon addition of methanol to give methyl
2,6-dibromoisonicotinate (193) (Scheme 2.47). Protonation of the carbonyl oxygen of
acid 200 leads to intermediate 201 and delocalisation of the positive charge allows the
attack of isomeric intermediate 202 by methanol. Tautomerisation allows transformation
between intermediates 203 and 204 and dehydration produces positively charged 205.
Final deprotonation of intermediate 205 delivers the desired ester product 193.

Scheme 2.47: Mechanism for the formation of methyl isonicotinate 193.
Use

of

alternative

pyridinyl

coupling

partner

2,6-dibromo-N,N-

diisopropylisonicotinamide (189) will be discussed in later sections as it was used for the
synthesis of ring closing precursor compounds. However, sufficient production the amide
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derivative 189 during our group’s investigations into Buchwald-Hartwig mono-arylation
of citrazinic acid derivatives (Section 2.4)104 meant that synthesis of amide 189 was not
repeated as part of the current project. The previous synthesis of amide 189 was achieved
via an analogous proceedure to that described for methyl 2,6-dibromoisonicotinate (193),
using diisopropylamine in place of methanol to produce amide 189 (Scheme 2.48).104

Scheme 2.48: Synthesis of 2,6-dibromo-N,N-diisopropylisonicotinamide (189).104

2.5.3 Buchwald-Hartwig Synthesis of Biaryl Ring Closing Precursors
A. Buchwald-Hartwig Reaction: Development and Mechanism
The first reports of palladium-catalysed C-N cross coupling reactions appeared as early as
1983,108 however development of this technique remained stagnant for almost a decade.
The independent and synonymous work of the Buchwald and Hartwig research groups
over the last twenty years has led to the development of versatile and reliable conditions
for the coupling of aryl halides 206 to a variety of amines 207 for the synthesis of aryl
amines 208 (Scheme 2.49).

Scheme 2.49: General scope of standard Buchwald-Hartwig reaction.
Migita et al.108 described the reaction of aryl bromides and N,N-diethylamino-tributyltin
using 1 mol% PdCl2[P(o-tolyl)3]2. It was these conditions that were first expanded upon
by Buchwald109 and Hartwig.110 Though their early iterations of the reaction still showed
poor substrate scope and relied on the use of highly toxic reagents they offered two major
improvements over the original work.
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1. Transamination of Bu3SnNEt2 followed by argon purge to remove volatile
diethylamine allowed use of primary amines and cyclic or acyclic secondary
amines.
2. The yield for electron rich and electron poor arenes was improved simply by
altering the reaction conditions (increased catalyst loading, increased temperature,
and increased reaction time).
The following year, consecutive reports from each lab showed that coupling of free
amines in presence of a bulky base (KOtBu (Buchwald),111 LiHMDS (Hartwig)112) were
possible, removing the need for toxic organotin substrates. While the scope of these
conditions was still limited, they are considered the first generation of the BuchwaldHartwig catalytic system and provided the starting point for development of more modern
conditions now used for a wide number of substrates.
One of the most important evolutions was the development of bidentate ligands such as
BINAP113 and DPPF.114 These ligands provided the first reliable extension of the
coupling reaction to primary amines as well as efficient coupling of aryl iodides and
triflates. These ligands typically produce coupled products at higher rates, in higher yields
than the first generation Buchwald-Hartwig catalytic systems. By occupation of extra
coordination sites, bidentate ligands also work to suppress undesired side reactions
observed in the coupling of some substrates.
While the proposed mechanism has evolved over time as the reaction was developed and
understanding of interactions between reaction components increased, it is currently
believed that the catalytic cycle is somewhat dependant on the nature of the reaction
conditions used and the substrates involved. The currently accepted reaction mechanism
for the Buchwald-Hartwig amination catalysed by palladium-bidentate ligand complex
first involves reduction of the palladium(II) salt 209 to an active palladium(0) species 210
(Scheme 2.50). Oxidative addition of the aryl halide 206 to the palladium(0) species 210
is followed by addition of the resulting complex 211 to amine 207. Deprotonation of the
palladium amine complex 212 is driven by the presence of base to give the penultimate
complex 213. Subsequent reductive elimination releases the freshly bonded arylamine
208 and reforms the active palladium(0) species 210.

47

Scheme 2.50: Buchwald-Hartwig catalytic cycle for chelating BINAP ligand.115
The scope of the reaction has continued to grow116-118 allowing for coupling of a wide
range of amines (1º, 2º, electron withdrawn, heterocyclic etc.) with aryl chlorides,
bromides, iodides and triflates. However, the conditions for any particular reaction are
still largely substrate dependent. The steric and electronic properties of both amine and
halide components must be taken into consideration.
B. Synthesis of Methyl 2-Bromo-6-((3-methoxyphenyl)amino)isonicotinate (214) and
N,N-Diisopropyl 2-bromo-6-(3′-methoxyphenylamino)isonicotinamide (190)
With the 2,6-dihaloisonicotinic acid derivatives 189 and 193 in hand, our focus turned to
Buchwald-Hartwig mono-N-arylation with m-anisidine (177) using the optimised
conditions previously described by our research group104 (Section 2.4). Using the reported
methodology, we first attempted the coupling of methyl 2,6-dibromoisonicotinate (193)
with m-anisidine (177) (Scheme 2.51). Palladium acetate and (±)-BINAP catalysts were
preincubated in toluene for ten minutes before addition of a solution of m-anisidine (177)
in toluene, followed by isonicotinate 193 and potassium carbonate. The reaction was
heated at 90 ºC for forty-eight hours to deliver the mono-N-arylated Buchwald-Hartwig
product 214 in 62% yield.
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Scheme 2.51: Synthesis of methyl 2-bromo-6((3-methoxyphenyl)amino)isonicotinate
(214).
Using

the

same

reaction

conditions,

the

coupling

of

N,N-diisopropyl

2,6-dibromoisonicotinamide (189) and m-anisidine (177) was carried out to give a second
desired mono-N-arylated Buchwald-Hartwig product 190 in 71% yield (Scheme 2.52).

Scheme 2.52: Synthesis of N,N-diisopropyl 2-bromo-6-(3′methoxyphenylamino)isonicotinamide (190).

2.6 Attempted Ring Closing to Produce Tricyclic α-Carboline Core
After preparation of the acyclic precursors 190 and 214, our attention turned to
completion of the tricyclic α-carboline core of mescengricin 173. It was hoped that this
key transformation could be effected through double C-H activation and oxidative ring
closing with a palladium based catalyst (Scheme 2.53). This synthetic pathway was based
mainly on reports from the Knölker research group, who have reported several examples
of palladium catalysed oxidative ring closure of carbazoles.100-103 (See section 2.6.1)

Scheme 2.53: Desired oxidative ring closing transformation.
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2.6.1 Synthesis of Carbazoles via Palladium Driven Pyrrole Ring Closure
The carbazoles 215 are a structurally related class of compounds with a similar tricyclic
core to that of the α-carbolines 15 (Figure 2.6), with the pyridine ring substituted for a
second benzene moiety.

Figure 2.6: Simple tricyclic core structures of α-carboline (15) and
carbazole (215) compounds.
Knölker et al.100-103 have reported a number of conditions for the synthesis of substituted
carbazoles via oxidative ring closing of a diphenylamine system such as amine 216
(Scheme 2.54). It has been shown the oxidative cyclisation step can be carried out using a
stoichiometric quantity of palladium acetate. Treatment of diaryl compound 216 with
palladium acetate in refluxing acetic acid was used to deliver the substituted carbazole
217.

Scheme 2.54: Ring closing of carbazoles with stoichiometric amounts of Pd(OAc)2.103
By addition of an oxidant such as copper/manganese acetate, tert-butyl peroxide or
molecular oxygen, the palladium acetate can be reoxidised, completing a catalytic cycle
and reducing the total amount of palladium salt required to catalytic amounts (Scheme
2.55).100,101 Amine 218 was heated under reflux in acetic acid with a catalytic amount of
palladium acetate and the stoichiometric oxidant copper acetate to produce carbazole 219
in good yield.
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Scheme 2.55: Catalytic palladium ring closing for the synthesis of substituted
carbazoles.100
More recently, good results have been reported using microwave irradiation to drive the
reaction, leading to good yields and reduced reaction times (Scheme 2.56).101 Catalytic
palladium acetate and oxidant copper acetate were added to diarylamine 220 in acetic
acid and the reaction was heated using microwave irradiation to produce the carbazole
221.

Scheme 2.56: Catalytic palladium ring closing of carbazoles utilising microwave
irradiation.101
The catalytic, microwave irradiated reaction has been carried out on diphenylamines
substituted with methoxy, ethoxy and nitro groups, indicating that the reaction conditions
are tolerant of moderately electron-donating and strongly electron-withdrawing groups
present on the aromatic ring.100-103 While a number of the strategies described for the
synthesis of α-carbolines have been shown to be effective for the synthesis of carbazoles,
the use of double C-H activation has not been reported in the literature to date. The work
of Knölker thus presents an interesting new avenue of investigation to effect the
transformation of ring closing precursors 190 or 214 to the tricyclic α-carboline core of
mescengricin 173.

2.6.2 Proposed Mechanism and Catalytic Cycle
The proposed mechanism involves electrophilic attack of palladium(II) acetate at C-2 of
diphenylamine (222) to afford the palladium(II)-complex 223 (Scheme 2.57). A second,
intramolecular C-H bond activation leads to the palladacycle 224, which upon formation
of the central C-C bond via migratory insertion, generates the carbazole framework 215.
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Scheme 2.57: Proposed mechanism of palladium(II)-catalysed oxidative cyclisation of
N,N-diarylamines 222 to carbazoles 215.100
As previously mentioned, Knölker postulated that a catalytic process could be developed
utilising reoxidation of palladium(0) to palladium(II).100 The well-known Wacker process
whereby a C-O bond is formed in the presence of catalytic palladium(II) involves
reoxidation of palladium(0) using a copper(II) salt. By using a similar reoxidation
process, Knölker was able to demonstrate the first palladium (II)-catalysed double C-H
bond activation to form the central C-C bond of carbazole using copper(II) as a
reoxidant.100 Optimisation of this process has led to the development of a sequence of
catalytic cycles, where finally air represents the oxidising agent for the cyclisation of
N,N-diarylamines 222 to a number of substituted carbazoles 215 (Scheme 2.58).100

Figure 2.7: Catalytic cycles proposed for the palladium(II)- and copper(II)-catalysed
oxidative cyclisation of N,N-diarylamines 222 to carbazoles 215.100
It has been suggested that initiation of the catalytic cycle involves direct nucleophilic
attack of the Pd(II)X2 complex by one of the benzene rings of the diarylamine 222
(Scheme 2.58).119 In a similar fashion, newly formed complex 223 can then participate in
traditional Pd(II) pathways such as successive intramolecular Friedel-Crafts type attack of
the second benzene ring to form palladacycle 224. Although different processes may be
observed, migratory insertion and reductive elimination sequences are likely to be the
final steps in the cycle prior to release of carbazole 215 and reoxidation of palladium by
the copper co-catalyst.119
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Scheme 2.58: Palladium catalytic cycle for cyclisation of diarylamines 222 to carbazoles
215.

2.6.3 Attempted Palladium Catalysed Microwave Assisted Cyclisation
A. Attempted Cyclisation of Methyl 2-bromo-6-((3-methoxyphenyl)amino)isonicotinate
(214)
It was decided to first attempt the ring closing of methyl 2-bromo-6-((3methoxyphenyl)amino)isonicotinate (214), considering that the methyl 2-bromo-7methoxy-9H-pyrido[2,3-b]indole-4-carboxylate (225) product would be a more
synthetically useful target. Disappointingly, although a number of solvents and reaction
time and temperature conditions were screened, with conditions based on those reported
by Knölker,101 no cyclisation was observed with only degraded or unreacted starting
material isolated (Table 2.1).
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Table 2.1: Attempted palladium catalysed cyclisation of diaryl 214 to α-carboline 225
with microwave irradiation.

#

Pd(OAc)2

Cu(OAc)2

Solvent

Additive

Temperature

Time

1

10 mol%

2.0 eq

AcOH

-

130 ºC

3 hours

2

20 mol%

2.0 eq

AcOH

-

130 ºC

6 hours

3

10 mol%

3.0 eq

DMF

K2CO3

140 ºC

4

10 mol%

3.0 eq

DMF

K2CO3

130 ºC

5

10 mol%

3.0 eq

DMF

K2CO3

140 ºC

6

10 mol%

3.0 eq

Dioxane

-

130 ºC

3 hours
1.5
hours
1.5
hours
12
hours

7

10 mol%

3.0 eq

Dioxane

-

130 ºC

6 hours

Result
Recovered
214
Recovered
214
Degraded
Recovered
214
Recovered
214
Degraded
Recovered
214

As previously mentioned (Section 2.6.2), when used to close the central ring of
carbazoles, the reaction proceeds in a similar fashion to the Heck reaction, involving
migratory insertion followed by reductive elimination.119 In this case, the electronwithdrawing nature of the bromoisonicotinate substrate 214 may be responsible for
hindering the cyclisation. The pyridine ring itself is electron-poor, a fact that is only
accentuated by the presence of further electron withdrawing ester and halide substituents,
potentially slowing the migratory insertion step.
B. Attempted Cyclisation of N,N-Diisopropyl-2-Bromo-6-(3′-methoxyphenylamino)
isonicotinamide (190)
Following the lack of success observed in the attempted cyclisation of compound 214 to
tricyclic

225,

attention

turned

to

cyclisation

of

N,N-diisopropyl

2-bromo-6-(3′-methoxyphenylamino)isonicotinamide (190). Again using the conditions
reported by Knölker101 as a starting point, a number of solvents and reaction times and
temperatures were screened (Table 2.2). Unfortunately, the reaction again resulted in only
recovery or degradation of the starting material 190.
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Table 2.2: Attempted palladium catalysed cyclisation of diaryl 190 to α-carboline 226
with microwave irradiation.

#
1
2
3
4

Pd(OAc)2
10 mol%
10 mol%
10 mol%
10 mol%

Cu(OAc)2
2.5 eq
3.0 eq
3.0 eq
3.0 eq

Solvent
Temperature
AcOH
130-150 ºC
AcOH
130 ºC
Dioxane/AcOH
130 ºC
Dioxane/AcOH
130 ºC

Time
1.5 hours
1.5 hours
3 hours
6 hours

Result
Degraded
Recovered 190
Recovered 190
Recovered 190

While the amide in compound 190 is relatively less electron withdrawing in nature than
the ester group of isonicotinate 214, the pyridine ring is potentially still too electron poor
for the migratory insertion step to take place rendering the cyclisation ineffective under
these conditions.

2.7 Activation of Pyridine Ring
Given the lack of success with the palladium cyclisation of standard diphenylamines 190
and 214, we next directed our efforts towards further activation of the pyridine ring. In an
attempt to activate the heterocycle, it was decided to focus on the use of pyridine N-oxide
derivative 227 as an alternative ring closing precursor (Scheme 2.59).

Scheme 2.59: Proposed activation of diarylamines 175 towards cyclisation via
formation of pyridine N-oxide 227.
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2.7.1 Pyridine N-Oxides
Pyridine N-oxides 229 are a common extension of the heterocyclic pyridine moiety,
possessing an oxygen atom directly attached to the nitrogen atom. This pyridine
derivative has received much attention due to the utility of N-oxides as synthetic
intermediates and their ability to activate the typically stable pyridine ring by charge
delocalisation (Figure 2.8).120 Pyridine N-oxides are also useful as protecting
groups,121,122 auxiliary agents,123,124 oxidants,125 ligands in metal complexes126,127 and
catalysts.125 Effectively, the N-O moiety of a pyridine N-oxide can act as both an
electron-donor and as an electron-acceptor, allowing for reaction with both donor and
acceptor groups.128 Normally in pyridine N-oxides the C-2 230, C-4 231 and C-6 232 sites
on the ring are activated due to resonance delocalisation of the negative charge around the
aromatic ring.120 However, in the present case all of these sites are occupied with
substituents so it was hoped that a general activating effect averaged over the ring would
be enough to encourage reaction at the desired C-3 site.

Figure 2.8: Charge delocalisation of pyridine N-oxides.120

2.7.2 Preparation of Pyridine N-Oxides via Direct Oxidation of Pyridine
There are many methods for the preparation of pyridine N-oxides 229 including ring
transformations,129 cycloadditions99,130-132 and by far the most common method, direct
oxidation of a pyridine ring 233.133-166 These are summarised in Scheme 2.60. Classically,
this direct oxidation is performed using peracid or peroxide compounds such as
m-chloroperoxybenzoic

acid

(m-CPBA),146-151,157

hydrogen

peroxide152-154

or

peroxymonosulphuric acid (Caro’s acid).156 More recently, limitations of substitution, low
yielding reactions and the requirement of potentially explosive reagents has led to the
development of metalloorganic oxidising agents that have shown promising results for
this transformation.133-143,145,155
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Scheme 2.60: Common methods for the formation of pyridine N-oxides via direct
oxidation.
One of the most common oxygen sources for the N-oxidation of pyridine rings is
hydrogen peroxide. Pyridines have been oxidised using 30% aqueous hydrogen peroxide
in the presence of catalytic amounts of methyltrioxorhenium (MTO).133,142,145 It was
reported that 3- and 4-substituted pyridines, regardless of their electronic nature, gave
good yields with lower catalyst loading than 2-substituted pyridine compounds.133-143 It
has also been found that the MTO catalyst can be replaced by cheaper and more readily
available inorganic rhenium derivatives such as perrhenic acid (HOReO3). In the reported
reaction, aqueous hydrogen peroxide was also replaced by bis(trimethylsilyl)peroxide as
the oxygen source (Route a, Scheme 2.60).145
Another common method for direct oxidation of pyridine involves addition of excess
dimethyldioxirane (DMDO) (Route b).132,153,154,156-162 This method has been used for
rapid conversion of a number of pyridines to their corresponding N-oxides.137,158,159,161-167
The oxidation of many pyridine heterocycles to their corresponding N-oxides using
m-CPBA (Route c) has been reported with generally good results.141-146,152 In a direct
comparison study by Bremner et al.146, m-CPBA was shown to produce better yields and
cleaner products than a number of other oxidising agents including hydrogen peroxide,
sodium

perborate

monohydrate,

potassium

peroxymonosulfate

or

magnesium

monoperoxyphthalate. Oxidation with 30% aqueous hydrogen peroxide in acetic acid at
reflux has been shown to produce some pyridine N-oxide products in good yields
(Route d).152-154 A variety of pyridine derivatives were converted into their corresponding
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N-oxides in good yields with high chemoselectivity in the presence of hydrogen peroxide
as

an

oxygen

donor,

using

catalytic

amount

of

manganese

tertrakis(2,6-dichlorophenyl)porphrin [Mn(TDCPP)Cl] and ammonium acetate as
co-catalyst in dichloromethane and acetonitrile (Route e).155 While not as common,
Caro’s acid (sulphuric acid with hydrogen peroxide) has provided two useful reaction
variants. With this reagent the oxidation reaction can be carried out over a wide pH range
and can be carried out in water (Route f).156
While Scheme 2.60 represents a selection of the most common methods for pyridine
N-oxide 229 synthesis by direct oxidation of pyridine compounds 233, it is far from an
exhaustive list. Many other oxidising agents have been used to complete this
transformation and reagents such as sodium perborate monohydrate,168 potassium
peroxymonosulfate146 and magnesium mono-peroxyphthalate can also be used.151
However, most of these alternatives have been shown to be less effective or not as
versatile as the common reagents discussed above.

2.7.3 Synthesis of N-Oxide Ring Closing Precursors
A. Synthesis of Methyl 2-bromo-4-(methoxycarbonyl)-6-((3-methoxyphenyl)amino)
pyridine-1-oxide (234) and Optimisation of Direct Oxidation Reaction
Our efforts were thus focused towards the synthesis of the pyridine 1-oxide intermediate
234 with the hope that oxygenation of the pyridine functionality would provide a more
favourable reaction profile towards cyclisation. With the reports of high yields achieved
under reasonably mild conditions, our first attempts focused on the conditions used by
Cartwright et al.150 to effect the conversion of isonicotinate 214 to its pyridine N-oxide
derivative

234

(Table

2.3).

However,

reaction

of

methyl

2-bromo-6-((3-methoxyphenyl)amino)isonicotinate (214) with m-CPBA in refluxing
chloroform

over

five

hours

only

returned

mostly

starting

material

214

(Entry 1, Table 2.3). Extension of reaction time to twelve hours also gave no reaction
(Entry 2, Table 2.3). More recently it was reported by Kwiatkowski et al.148 that m-CPBA
could be used in ethyl acetate to selectively oxidise the pyridine nitrogen of 7-azaindole.
Our next attempts to oxidise 214 used similar conditions. It was found when m-CPBA
was added to a solution of starting material 214 in ethyl acetate at 0 ºC and the reaction
was allowed to warm to room temperature overnight desired product 234 could be
obtained in a low 6% yield (Entry 3, Table 2.3). It was thought that solubility issues with
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the m-CPBA could be affecting the yield of the reaction. By using similar reaction
conditions in a range of solvents (Entries 4-7, Table 2.3) it was found that the best results
could be obtained by dissolving the m-CPBA in chloroform and cooling the solution to 0
ºC before addition of starting material 214 as a solution in chloroform. The reaction was
then allowed to warm to room temperature overnight to deliver the desired N-oxide 234 in
20% yield.
Table 2.3: Direct oxidation of the pyridine ring of isonicotinate 214 to effect the
synthesis of methyl 2-bromo-4-(methoxycarbonyl)-6-((3-methoxyphenyl)amino)pyridine
1-oxide (234).

#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Oxygen
Source
m-CPBA
m-CPBA
m-CPBA
m-CPBA
m-CPBA
m-CPBA
m-CPBA
m-CPBA
m-CPBA
m-CPBA
H2O2
H2O2
DMDO
TBHP
O2
MMPP
NaBO3·H2O

Catalyst

Solvent

Temp.

Time

Work-up

Yield 234

(C2H5)3N·3HF

CHCl3
CHCl3
EtOAc
CH2Cl2
Acetone
CHCl3
CHCl3
CHCl3
Acetone
MeOH/DMF
AcOH
CH2Cl2
CH2Cl2
CH3CN
DCE
AcOH
AcOH

Reflux
Reflux
0 ºC-rt
0 ºC-rt
0 ºC-rt
0 ºC-rt
0 ºC-rt
0 ºC-rt
0 ºC-rt
rt
Reflux
0 ºC-rt
0 ºC-rt
80 ºC
rt
80 ºC
40 ºC

5h
12 h
12 h
12 h
12 h
6h
12 h
12 h
12 h
5h
5h
12 h
2h
4h
12 h
12 h
12 h

Filter/silca
Filter/silca
Filter/silca
Filter/silca
Filter/silca
Filter/silca
Filter/silca
Na2S2O5/Na2CO3
Na2S2O5/Na2CO3
Recryst. H2O

Recovered 214
Recovered 214
6% 234
10% 234
18% 234
17% 234
20% 234
37% 234
25% 234
Recovered 214
Degraded
Recovered 214
Degraded
Recovered 214
Recovered 214
Recovered 214
Recovered 214

MTO(2mol%)
KI
RuCl3·H2O

It was observed that work-up of the reaction was important, as it was difficult to separate
unreacted m-CPBA and the by-product 3-chlorobenzoic acid from the desired product
234. Using the method for the work up of epoxidation reactions with m-CPBA described
by Bomnarda et al.169 (sequential washes with aqueous solutions of sodium metabisulfite,
sodium carbonate, and sodium chloride) the remaining m-CPBA was converted to
3-chlorobenzoic acid by sodium metabisulfite and subsequently removed using a sodium
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carbonate wash. Use of the optimised conditions in chloroform followed by adoption of
this work up procedure led to the best recorded yield for this transformation
(37%, Entry 8, Table 2.3).
In an attempt to further improve the yield other methods for direct oxidation of the
pyridine ring were investigated. Rhie et al.170 reported the synthesis of aromatic
heterocyclic N-oxides using m-CPBA under acidic conditions. However, in a methanolic
solution of m-CPBA, triethylamine trihydrofloride and DMF, no reaction of the starting
material 214 was observed (Entry 10, Table 2.3).
Other oxidants were also investigated. Use of hydrogen peroxide in refluxing acetic acid
served only to degrade the starting material 214 (Entry 11, Table 2.3) while hydrogen
peroxide with MTO142,143 at 0 ºC in dichloromethane gave no reaction at all
(Entry 12, Table 2.3). Conditions reported158,165 for the in situ formation of DMDO from
oxone and subsequent reaction at 0 ºC in water also degraded the starting material 214
(Entry 13, Table 2.3). Finally, use of

oxidants potassium iodide-tert-butyl

hydroperoxide,171 molecular oxygen with trichlororuthenium,172 MMPP146,151 or sodium
perborate168 (Entries 14-17, Table 2.3) did not affect the desired transformation and only
starting material 214 was recovered. At this stage it was decided to continue producing
the

desired

N-oxide product

234

using

the

optimised

m-CPBA

conditions

(Entry 8, Table 2.3) and advance with the remaining steps in the synthetic route.
B.

Synthesis

of

2-Bromo-4-(diisopropylcarbamoyl)-6-((3-methoxyphenyl)amino)

pyridine-1-oxide (235)
It was hoped that using the conditions optimised for the direct oxygenation of the pyridine
ring in compound 214 (Section 2.6.3), the pyridine N-oxide derivative of
N,N-diisopropyl 2-bromo-6-(3′-methoxyphenylamino)isonicotinamide (190) could also be
synthesised (Scheme 2.61). A solution of isonicotinamide 190 in chloroform was added to
a solution of m-CPBA in chloroform at 0 ºC and the reaction was allowed to warm to
room temperature overnight. Using the same work up conditions the reaction pleasingly
produced the desired 2-bromo-4-(diisopropylcarbamoyl)-6-((3-methoxyphenyl)amino)
pyridine-1-oxide (235) in an acceptable 35% yield.
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Scheme 2.61: m-CPBA oxidation of pyridine ring of amide 190.

2.7.4 Attempted Ring Closing With Activated Pyridine N-Oxides
The successful synthesis of pyridine N-oxides 234 and 235 enabled our attention to return
to the cyclisation of the central pyrrole ring to effect formation of the desired α-carboline
structure. Using the microwave irradiated conditions reported for the synthesis of
carbazoles (Section 2.6.1),101 attempts were made to cyclise the pyridine N-oxide
compounds 234 and 235. While some cyclisation of ester 234 was observed, the bromine
group from the C-2 position on the pyridine ring was also removed in the process, leading
to the less synthetically useful α-carboline 236. Disappointingly, this was the only
cyclisation product isolated from the reaction of substrate 234 and no formation of the
desired α-carboline 237 was observed. Attempts to cyclise the amide derivative 235 to
α-carboline 238 under similar conditions also proved fruitless, returning only unreacted
starting material 235 (Scheme 2.62).

Scheme 2.62: Attempted cyclisation of pyridine N-oxide substrates 234 and 235.
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2.8 Model study: Synthesis of Unsubstituted α-Carboline
At this stage it was decided to investigate the reactivity of the simplified model
compound N-phenylpyridin-2-amine (167) to gain some insight into the electronic effect
of substituents via synthesis of unsubstituted derivatives of our intermediates.

2.8.1 Synthesis of N-Phenylpyridin-2-amine (167)
It was envisaged that the Buchwald-Hartwig coupling of aniline (182) and
2-bromopyridine (239) would allow access to N-phenylpyridin-2-amine (167), in a
similar fashion to the synthesis of the substituted derivatives previously discussed
(Section 2.5.3). Coupling of aniline (182) and 2-bromopyridine (239) in toluene with
catalytic palladium acetate, (±)-BINAP as ligand and potassium carbonate as base gave a
surprisingly low yield of 12% (Scheme 2.63). In the previous examples, the yields were
often lower due to undesired diarylation side reaction. However, as the pyridine substrate
in this coupling bears only a single halogen moiety this side reaction is not possible and it
was expected that the yield would reflect this.

Scheme 2.63: Buchwald-Hartwig coupling of aniline (182) and 2-bromopyridine (239)
Liu et al.173 have reported good yields for the synthesis of a number of diarylamines
including N-phenylpyridin-2-amine (167) using copper-mediated N-arylation of
heteroarylamines. Under these conditions, bromobenzene (240) was coupled with
2-aminopyridine

(241)

in

dioxane

with

catalytic

copper

iodide,

N,N′-dimethylethylenediamine (DMEDA) as ligand and potassium carbonate as base.
Disappointingly, in our hands the copper mediated conditions for this coupling reaction
were not as efficient (Entry 1, Table 2.4). The coupling of these reactants was then
attempted using the optimised Buchwald-Hartwig conditions. Thus, reaction of
bromobenzene (240) and 2-aminopyridine (241) in the presence of catalytic palladium
acetate, (±)-BINAP as ligand and potassium carbonate as base, gave a marked increase in
yield (Entry 2, Table 2.4). It was also found use of the stronger base sodium tert-butoxide
(NaOt-Bu) delivered the desired compound 167 in an even higher 48% yield
(Entry 3, Table 2.4).
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Table 2.4: Coupling of bromobenzene (240) and 2-aminopyridine (241) for the synthesis
of N-phenylpyridin-2-amine (167).

#
1
2
3

Catalyst
CuI
Pd(OAc)2
Pd(OAc)2

Ligand
DMEDA
(±)-BINAP
(±)-BINAP

Base
K2CO3
K2CO3
NaOt-Bu

Solvent
Dioxane
Toluene
Toluene

Temp (ºC)
100
100
100

Time (h)
20
20
20

Yield 167
15%
26%
48%

2.8.2 Synthesis of 2-(Phenylamino)pyridine 1-oxide (242)
With N-phenylpyridin-2-amine (167) in hand, attention next turned to the direct oxidation
of the pyridine ring in an attempt to form the N-oxide derivative 2-(phenylamino)pyridine
1-oxide (242) (Table 2.5). Initial attempts to form N-oxide 242 were carried out using the
previously discussed optimised conditions for oxidation with m-CPBA followed by work
up with sodium metabisulfite and sodium carbonate washes (Section 2.7.3). However this
only delivered the desired product in a low 16% yield (Entry 1, Table 2.5). It was
previously observed that solvent had a noticeable effect on the yield of compound 234
(Section 2.7.3). However, when run in various solvents including chloroform,
dichloromethane and acetone we found the best results to be the reaction in chloroform
(Entries 2-5, Table 2.5). In an attempt to find a more effective oxidant, hydrogen peroxide
was also investigated. When carrying out the reaction in acetic acid under reflux
(Entry 6, Table 2.5) the product 242 was delivered in low 5% yield. Reaction with
hydrogen peroxide and catalytic MTO gave a marginal improvement over m-CPBA to
deliver 17% yield of desired product 242 (Entry 7, Table 2.5). Finally, addition of starting
material 167 to the oxidant sodium perborate and catalytic MTO in glacial acetic acid
only afforded starting material 167 (Entry 8, Table 2.5).
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Table 2.5: Direct oxidation of pyridine for the synthesis of 2-(phenylamino)
pyridine 1-oxide (242).

#
1
2
3
4
5
6
7
8

Oxygen Source
m-CPBA
m-CPBA
m-CPBA
m-CPBA
m-CPBA
H2O2
H2O2
NaBO3·H2O

Catalyst
MTO
MTO

Solvent
CHCl3
CH2Cl2
Acetone
CHCl3
CH2Cl2
AcOH
CH2Cl2
CH3CN

Temp (ºC)
0-rt
0-rt
0-rt
Reflux
Reflux
Reflux
0-rt
50

Time (h)
12
12
12
12
12
4
12
6

Yield 242
16%
15%
Recovered 167
6%
8%
5%
17%
Recovered 167

Disappointingly, with the maximum yield of pyridine N-oxide 242 achieved being only
17%, it was decided to continue synthetic investigations using model compound 242 that
had been produced thus far during investigations into N-oxide formation.

2.8.3 Attempted Cyclisation of 2-(Phenylamino)pyridine 1-oxide (242)
The next step in our investigations was to attempt cyclisation of the model compound 242
using the conditions that had previously been attempted with compounds 214 and 190 and
their N-oxide derivatives 234 and 235 (Sections 2.6.3 and 2.7.4, respectively).
Unsubstituted N-oxide 242 was mixed with catalytic palladium acetate and copper acetate
in dioxane. When heated to 130 ºC for three hours under microwave irradiation, no
reaction was observed (Entry 1, Table 2.6). When the reaction time was extended to six
hours at a slightly lower temperature of 90 ºC only partial degradation of the starting
material 242 was observed (Entry 2, Table 2.6). In a final attempt to effect the cyclisation
of substrate 242, the reaction was attempted in toluene with the addition of mild base
potassium carbonate. Unfortunately no cyclisation was observed and degradation of the
starting material 242 occurred before the reaction was halted at six hours
(Entry 3, Table 2.6).
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Table 2.6: Attempted cyclisation of unsubstituted model compound 2(phenylamino)pyridine-1-oxide (242).

# Pd(OAc)2 Cu(OAc)2
1 10 mol%
2.5 eq
2 10 mol%
2.5 eq
3 10 mol%
2.5 eq

Base
K2CO3

Solvent
Dioxane
Dioxane
Toluene

Temp (ºC)
130
90
90

Time (h)
3
6
6

Result
Recovered 242
Degraded
Degraded

The lack of reaction of this simplified substrate 242 would seem to indicate that the
substituents on the aromatic rings are not the only determinant for the lack of reactivity
displayed by our N-oxide substrates towards the desired cyclisation. If we examine the
highest occupied molecular orbital (HOMO) of a pyridine N-oxide when compared to that
of pyridine (Figure 2.9), we can see clearly the shift in electron density and thus the
activating effect at C-2, C-4 and C-6 brought about by the delocalisation of the oxygen
electrons as discussed in Section 2.6.1. While it was hoped that formation of the N-oxide
and subsequent rise in overall energy of the pyridine HOMO would have an activating
effect, it is also possible that the reverse effect is true and reaction at C-5 of the ring is
excluded due to a shift in electron density away from the site.

Figure 2.9: HOMO of unsubstituted pyridine (left) and pyridine N-oxide (right)
(generated using chem tube 3D software).174
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2.9 Photochemical Cyclisation
With no obvious improvement to the conditions we had investigated thus far to effect the
cyclisation of the α-carboline core, attention was turned to alternative methods to achieve
the key ring closing step. While many alternative strategies have been reported for the
synthesis of α-carbolines (Section 2.2), we were still interested in the application of our
mono-arylated Buchwald-Hartwig coupling products 190 and 214. As such, a synthetic
method for the synthesis of α-carbolines by the cyclisation of the central pyrrole ring was
required, with formation of C-4/C-4a bond where both carbons remain unsubstituted. To
date, only one synthetic method has been reported that fits this criteria: the
photocyclisation reaction of Clark et al.93 for the transformation of aniline-N-pyridine 167
to α-carboline (15) (Section 2.2.6) (Scheme 2.64).

Scheme 2.64: Photocyclisation of diarylamine 167 to α-carboline (15).93

2.9.1 Mechanism of Photochemical Oxidative Cyclisation
It has been proposed that photochemical oxidation of diarylamine 167 could lead to
radical cation 244 (Scheme 2.65). It is possible that such a cation could exist as a direct
result of delocalisation through one or both of the pendant aromatic substituents as in
structure 245. C-C bond formation to give intermediate 246 and rearomatisation via a
second oxidation with atmospheric oxygen, are thought to complete the cyclisation
process and deliver the α-carboline (15).93,175

Scheme 2.65: Mechanism for the photochemical oxidative
cyclisation of diarylamine 167.
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2.9.2 Photocyclisation of Unsubstituted Model Compound
Using previously synthesised N-phenylpyridin-2-amine (167), a reproduction of the
reaction reported by Clark et al.93 for the synthesis of simple unsubstituted α-carboline
(15)

was

attempted.

Following

the

literature

conditions,

a

solution

of

N-phenylpyridin-2-amine (167) in cyclohexane was irradiated with high intensity visible
and ultraviolet light with wavelengths in the range of 2537-3500 Å for a total of twelve
hours (Scheme 2.66). Pleasingly, the reaction produced pure α-carboline (15) as the only
discernable product in an excellent 93% yield.

Scheme 2.66: Photochemical cyclisation for the synthesis of α-carboline (15).

2.9.3 Attempted Photocyclisation of Diarylamines 190 and 214
With the successful cyclisation of our model compound 167, attention next turned to
cyclisation of the synthetic intermediates methyl-2-bromo-6-((3-methoxyphenyl)amino)
isonicotinate

(214)

and

N,N-diisopropyl

2-bromo-6-(3′-methoxyphenylamino)

isonicotinamide (190). The conditions for the photocyclisation reaction were repeated
using both substrates. Disappointingly, no cyclisation was observed with either compound
and only starting material was collected when reactions were halted after twelve hours
(Scheme 2.67).

Scheme 2.67: Attempted oxidative cyclisation of 214 and 190
via photochemical irradiation.
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Photochemical conditions have been used successfully by Dhanabal et al.176 to effect the
oxidative cyclisation of the carboline core of a number of indoloquinoline alkaloids. It
was found that use of a protic solvent mixture gave a marked increase in yield compared
to use of benzene alone and in the presence of iodine as a radical initiator, the cyclisation
of amine 247 proceeded in good yield to produce α-carboline 248 (Scheme 2.68).

Scheme 2.68: Photochemical oxidative cyclisation with iodine in protic solvent.176
In the current synthesis, the cyclisation of nicotinamide 190 was attempted under these
conditions.176 A mixture of benzene/methanol/sulphuric acid (60:30:1, v/v/v) was used
with the inclusion of iodine as a radical initiator (Scheme 2.69). Disappointingly, no
reaction was observed and even after forty-eight hours in the photoreactor apparatus
starting material 190 was recovered in near quantitative yields.

Scheme 2.69: Attempted cyclisation for the synthesis of α-carboline 226.
It is possible that the electron deficient nature of the substituted pyridine ring in
compound 190 prevents the formation or stabilisation of the radical cation intermediate
required for successful cyclisation. As previously mentioned, the pyridine is naturally
electron deficient, a characteristic that is only exacerbated by the addition of the electron
withdrawing substituents.

2.10 Summary
At this stage in our investigations it appeared that the Buchwald-Hartwig coupling
products

methyl-2-bromo-6-((3-methoxyphenyl)amino)isonicotinate

(214)

and

N,N-diisopropyl 2-bromo-6-(3′-methoxyphenylamino)isonicotinamide (190) would not
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serve as appropriate synthetic intermediates for the synthesis of mescengricin (12). It has
been demonstrated that the palladium catalysed cyclisation conditions reported for the
synthesis of carbazoles (Section 2.6.1)100-103 are not effective for cyclisation of the
isonicotinate 214 and isonicotinamide 190 intermediates synthesised (Scheme 2.70).

Scheme 2.70: Attempted cyclisation of Buchwald-Hartwig products 214 and 190.
We have demonstrated that under the same conditions, cyclisation of the pyridine N-oxide
derivatives 234 and 235 also display very limited reactivity and do not undergo the
desired transformation (2.7.4). This important model study has thus demonstrated that the
unsubstituted anilino-pyridine N-oxide 242 exhibits a similar lack of reactivity under the
described conditions (Scheme 2.71).

Scheme 2.71: Attempted cyclisation of pyridine N-oxide derivatives 234 and 235.
The successful reproduction of the photocyclisation of diarylamine 167 reported by Clark
et al.93 for the synthesis of simple α-carboline (15) was a promising result (Scheme 2.72).
However, application of these conditions to our substituted intermediates isonicotinate
214 and isonicotinamide 190 resulted in no reaction.
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Scheme 2.72: Successful photocyclisation of diarylamine 167 and attempted
photocyclisation of related intermediates 214 and 190.
The large difference in the results for the photocyclisation of the unsubstituted model
compound 167 and our Buchwald-Hartwig products 214 and 190 presents a gap in
α-carboline research. Potentially a study on the photocyclisation of a series of anilinopyridine derivatives could be used to establish the scope of the reaction for the synthesis
of substituted α-carbolines. A study of this nature could also help to establish further
insight into the electronic nature of α-carbolines and prove useful in further work towards
the synthesis of other natural and synthetic structures. To our knowledge no such study
has been reported to date.
The key step of our initial retrosynthetic analysis (Section 2.3) hinged on ring closure of
the Buchwald-Hartwig products 214 or 190. It was hoped that this step could be achieved
via oxidative cyclisation with double C-H activation at the C-4a and C-4b positions to
produce the α-carboline core. As it had become apparent that this objective was not
achievable, it was decided to focus on the total synthesis of a different neuroactive natural
product.
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Chapter Three: Palmyrolide A
3.1 N-Methyl Enamide Natural Products
The enamide functionality (Figure 3.1) can be considered as an unsaturated derivative of
an amide, where a carbon-carbon double bond is located in the vinylic position.
Chemically, enamide compounds feature reasonable nucleophilic reactivity by virtue of
their enamine character. However, this is curbed due to the electron-withdrawing
functionality of the carbonyl group next to the nitrogen, leading to significant chemical
stability.177 While secondary enamides 250 have been identified in a number of natural
products,178 tertiary enamides 251 are much less prevalent in nature. The most common
source from which natural products containing the rare N-methyl tertiary enamide moiety
251 have been isolated is from a small group of marine cyanobacteria.179

Figure 3.1: Structure of the 2º enamide 250 and 3º N-methyl enamide 251 moieties.
Cyanobacterial secondary metabolites belonging to a class of compounds named the
polyketide-nonribosomal peptide (PK-NRP) hybrids have been isolated from both
freshwater and marine cyanobacteria.180 The most common group of cyanobacterial
PK-NRP hybrids are the lipopeptides. These are linear or cyclic peptides containing at
least one lipophilic residue of polyketide origin such as β-amino acid or N-acyl residues.
However, a smaller subclass exists comprised of macrolides whose building blocks are
mainly acetals with one or more amino acids incorporated. This class encompasses all of
the macrocyclic N-methyl enamide natural products.181-185 The lipopeptide natural
products will be introduced in the following sections.

3.1.1 Somocystinamide A (252)
A. Isolation and Biological Activity
Somocystinamide A (252, Figure 3.2) was originally isolated by Gerwick et al.186 from
the marine cyanobacteria Lyngbya majuscula. The dimeric structure of somocystinamide
A (252) containing two N-methyl enamide moieties was elucidated through a series of
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mass spectrometric studies combined with one and two dimensional NMR techniques.186
The high bioactivity of this lipopeptide was later identified by Wrasidlo et al.187 during
routine screening of a library of compounds isolated from marine organisms.
Somocystinamide A (252) inhibits angiogenesis, tumour cell proliferation, as well as
inhibiting endothelial tubule formation during tumour progression. Successful in vitro
testing in zebrafish models has shown somocystinamide A (252) to be active at
concentrations as low as 80 nM while exhibiting no adverse effects even at concentrations
of up to 30 µM. This promising bioactivity has indicated potential for future development
of this and similar agents as anti-angiogenesis and anticancer drugs.187

Figure 3.2: Structure of neurotoxic dimeric lipopeptide natural product
somocystinamide A (252).
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B. Total Synthesis of Somocystinamide A (252)
In order to further investigate the bioactivity of somocystinamide A (252) Gerwick
et al.178 developed an efficient total synthesis from known aldehyde 253 (Scheme 3.1).

Scheme 3.1: Total synthesis of neuroactive N-methyl enamide
somocystinamide A (252).178
Starting with aldehyde 253, a Wittig reaction with the ylide of commercially available
methyl triphenyl phosphonium bromide was used to access the olefin 254. Cross
metathesis of intermediate 254 with olefin 255 in the presence of Hoyveda-Grubbs
second generation catalyst provided methyl ester 256, which was hydrolysed to acid 257
as a protective measure against reduction during subsequent steps. Concurrent cleavage of
the thioester and carbamate bonds of intermediate 257 was accomplished using sodium in
liquid ammonia, followed by sequential reprotection of the acid, deprotection of the
amine and diacetylation to deliver the monomeric compound 258. Simultaneous basic
hydrolysis of both the reformed methyl ester and the thioacetate in the presence of
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molecular oxygen effected smooth dimerisation to the disulfide somocystonic acid 259.
Finally, double amidation with methyl amine and subsequent condensation of the
resultant amide 260 with aldehyde 261 delivered somocystinamide A (252) in good
overall yield.178

3.1.2 Laingolides
Macrocycles are defined as molecules containing at least one large ring of twelve atoms
or more.188 Extensive research on both the isolation and synthesis of macrocycles over the
last two decades has led to a significant expansion of macrocyclic chemical diversity. As
a consequence, activity against a wide range of biological targets has been identified.
Historically, macrocyclic drug candidates have originated from two key sources: natural
products or synthetic peptides. The medicinal chemistry of macrocyclic natural products
has typically involved direct use as a therapeutic agent or functionalisation of the natural
product scaffold by semisynthesis.188
The laingolides are a small family of fifteen-membered macrocycles, each possessing an
N-methyl enamide moiety as well as an α-tert-butyl group adjacent to a lactone within the
ring structure (Figure 3.3).

Figure 3.3: Macrocyclic N-methyl enamide natural products laingolide (262),
laingolide A (263), and laingolide B (264).183,184,189
First identified in this series of compounds was laingolide (262), which was isolated by
Klein et al.184 from the Papua New Guinean cyanobacteria Lyngbya bouillonii. The
compound was isolated using bioassay guided extraction and separation based on
apparent toxicity against Artemia nauplii (brine shrimp).184 Further investigation by Klein
et al.183 of Lyngbya bouillonii from the same region led to the isolation of a second
member of the family, laingolide A (263). The new compound displayed a very similar
structure, the only difference being the absence of the methyl group at C-4. The final
member of the laingolide family, laingolide B (264), was isolated by Matthew et al.189
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from a sample of Lyngbya bouillonii collected in Guam. Laingolide B (264) possesses the
same macrocyclic structure reported for laingolide A (263) with a chlorinated alkene
group replacing the methyl substituent at C-7. Interestingly, extraction of the Guam
sample of cyanobacteria did not yield any laingolide (262) or laingolide A (263),
indicating a potential environmental effect on the biosynthesis of this class of compound.
Biosynthesis may be affected by ionic concentrations in the surrounding environment, or
the structure of the laingolides may have evolved to fulfil specific roles in the isolated but
related cyanobacterial colonies. The parent structures for all three compounds were
established using detailed high field one and two dimensional NMR studies. However, the
stereochemistry of all three compounds remains unassigned. An attempt to break the
structures into smaller identifiable fragments failed to provide useful results as the
α-tert-butyl lactone moiety was found to be exceedingly resistant to cleavage.183,184,189
No biological testing has been reported for these compounds beyond that used to guide
their isolation. Currently no total synthesis for any of the laingolides has been reported in
the literature.

3.1.3 Madangolide (265)
Madangolide (265) (Figure 3.4) was isolated from the cyanobacteria Lyngbya bouillonii
when laingolide A (263) was isolated. The seventeen-membered heterocycle shares a
number of structural features with the laingolides. Klein et al.183 determined the parent
structure of the compound utilising detailed high field one and two dimensional NMR
studies and concluded that the ring contained a similar N-methyl enamide and α-tert-butyl
lactone. Similarly, the stereochemistry of madangolide (263) remains unassigned and no
biological activity or synthetic investigations have been reported to date.183

Figure 3.4: Macrocyclic N-methyl enamide natural product madangolide (265).183
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3.1.4 Sanctolide A (14)
Using a similar bioactivity directed separation method (brine shrimp toxicity), Kang
et al.185 reported the isolation of the fourteen-membered macrocyclic N-methyl enamide
sanctolide A (14) (Figure 3.5) from a culture of cyanobacteria Oscillatoria sancta.
Determination of the parent cyclic structure of sanctolide A (14) was determined using a
combination of high resolution electron spray ionisation mass spectrometry (HRESIMS)
with one and two dimensional 1H and 13C NMR analyses. Configurational analysis based
on coupling constants using the method reported by Matsumori et al.,190 combined with
nuclear Overhauser effect (NOE) correlations were used to determine the relative
configuration between C-5 and C-7. The absolute configurations at C-5, C-7 and C-15
were established by Mosher ester derivatisation and chiral HPLC analysis. The
stereocenter at C-2 could not be assigned based on any of these methods. The compound
was evaluated for activity against a small selection of cancer cell lines as well as
antibiotic activity against E.coli and S.aureus, however no activity was exhibited at any
concentrations up to 25 µM.185

Figure 3.5: Reported structure of macrocyclic N-methyl enamide natural product
sanctolide A (14).185

3.1.5 Palmyrolide A (13)
A. Isolation and Structural Determination
Palmyrolide A (13) (Figure 3.6) was isolated from a cyanobacterial assemblage composed
of Leptolyngbya cf. and Oscillatoria spp by Pereira et al.182 The structure of palmyrolide
A (13) was assigned based on analysis of detailed high field one and two dimensional 1H
and

13

C NMR experiments. It was found to contain the same rare N-methyl enamide

moiety and α-tert-butyl lactone exhibited by other natural products in this group of
macrolides.
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Figure 3.6: Possible syn-configurations (13a and 13b) based on reported
structure of palmyrolide A.182
The relative configuration for the C-5/C-7 system was determined via coupling
constant-based configuration analysis. Using a number of vicinal (3JHH and 3JCH) and
geminal (2JCH) coupling constants, the dihedral relationships of substituents attached at
positions C-5, C-6, and C-7 were estimated and used to build a profile of the three
dimensional arrangement of the C-5/C-7 fragment. The coupling constants for the
relationship between H-7 and the two H-6 protons were well defined within the limits for
known dihedral arrangements.190 This made the assignment of the relative arrangement
between C-7 and C-6 substituents relatively straightforward. However, similar analysis of
the C-6/C-5 arrangement was made difficult by coupling constants of an intermediate
magnitude that were recorded for one homonuclear (3JH5,H6a) and four of the five
heteronuclear (3JH5,C7, 3JH6a,C4, 3JH6a,C12, 3JH6b,C12) coupling constants. These intermediate
coupling constants rendered it difficult to assign the dihedral relationships between the
C-5/C-6 substituents definitively as either anti or gauche and more than one possibility
was identified for the rotational arrangement about the C-6/C-5 fragment. Taking into
consideration the full arrangement of coupling constants as well as the observed NOE
interactions a syn configuration was proposed for the substituents at C-5 and C-7 of
palmyrolide A (13). Determination of the absolute configuration of palmyrolide A (13)
was challenging due to the remarkable resistance of the lactone group to undergo
hydrolysis. The unexpected stability of the ester is reasoned to be due to a combination of
steric and electronic effects provided by the contiguous tert-butyl substituent and perhaps
the methyl group at C-14. It has been speculated that cyanobacteria might produce
secondary metabolites exhibiting this architecture specifically to prevent cleavage of the
lactone ester bond and preserve the bioactive macrolide under a variety of environmental
conditions.
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B. Biological Activity
Palmyrolide A (13) exhibits a range of interesting neuroactive properties including
significant suppression of calcium oscillations in cultured mouse cerebrocortical neurons
with an IC50 of 3.70 μM. This bioassay has proven to be an extremely sensitive screening
method for the discovery of new neurotoxins. Additionally, during screening to detect
sodium channel blocking using mouse neuroblastoma, palmyrolide A (13) suppressed
chemo-induced sodium overload similar to that exhibited during excitotoxic insult
(IC50 = 5.2 μM). These results suggest that palmyrolide A (13) may function as a
voltage-gated sodium channel (VGSC) antagonist to suppress spontaneous calcium
oscillations and protect against calcium-induced sodium influx and increased nerve
excitability. Finally, when tested for activity against the H-460 human lung
adenocarcinoma cell line, palmyrolide A (13) exhibited no cytotoxicity at any
concentration up to 20μM.182
Due to this promising neurological activity, as well as the uncertainty surrounding the
stereochemical assignment, palmyrolide A (13) presents an interesting and potentially
medically useful synthetic target.

3.2 Retrosynthetic Analysis of syn-Palmyrolide A (13a)
As the absolute stereochemistry at C-5 and C-7 remained unknown our retrosynthesis
arbitrarily focused on production of the syn-(5R,7S)-enantiomer of palmyrolide A (13a).
Our initial key disconnection for the retrosynthetic analysis of palmyrolide A (13a)
(Scheme 3.3) involved disconnection of the enamide double bond. Thus, the key
macrocyclisation/enamide formation step in our synthetic route would be achieved via
macrocyclic ring closing metathesis (RCM) of ene-enamide 268. We had based this
strategy on similar methodology used by Evano et al.191 in their synthesis of a number of
macrocyclic secondary enamides.
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Scheme 3.3: Retrosynthetic disconnection of originally assigned syn-configured
palmyrolide A (13a).
The open chain diene 268 was next disconnected through the ester bond to expose alcohol
267 and known192 chiral acid 266a. The essential enamide functionality of synthon 267
was thought to be accessible by isomerisation of a terminal olefin which would move into
conjugation with the amide. Further disconnection through the amide bond gave acid
269a and commercially available N-methyl allyl amine (270). Synthesis of acid 269a
would be achieved via sequential hydrogenation and hydrolysis of the olefin and ester
bonds of unsaturated ester 271a, which would in turn be produced via the Horner
Wadsworth Emmons reaction of aldehyde 272a and commercially avaliable phosphonate
273. Aldehyde 272a would be synthesised via the reduction of lactone 274a which itself
would be accessed using enantioselective hydrogenation of dihydropyranone 275.
Stereoselectivity of the hydrogenation would be essential for installation of the required
syn-relationship between the C-5 and C-7 substituents in the target compound 13a.
Further disconnection of dihydropyranone 275 through its olefin and ester bonds gave
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alcohol 276 and commercially available acryloyl chloride (277). It was thought that the
required alcohol 276 could be accessed via Grignard ring opening of chiral epoxide 278a.
The stereochemistry for the tert-butyl group would be installed using an initial hydrolytic
kinetic resolution (HKR) of racemic epoxide 278.
For the purpose of assigning the absolute stereochemistry of the natural product it was
deemed a more efficient use of resources to make a single syn-diastereomer of alcohol
267 (Scheme 3.2). This would then be joined with both the (R)-266a and (S)-266b
enantiomers of the known acid coupling partner which could be accessed in fewer linear
steps.192 Comparison of the NMR signals and optical rotation measurements would then
allow assignment of the absolute stereochemistry of the natural product either through an
exact match or identification of the enantiomer of the natural product.

Scheme 3.2: Proposed synthesis of two syn-diastereomers 13b and 13c for assignment of
natural product stereochemistry.

3.3 Synthesis of Enamide Coupling Partner 267
Our initial efforts focused on the synthesis of enamide intermediate 267 from
commercially available racemic tert-butyl epoxide 278 (Scheme 3.4). Synthesis of this
coupling partner would involve installation of two of the final stereocenters, at C-5 and
C-7, as well as providing the highlighted Western hemisphere of palmyrolide A 13a.

80

Scheme 3.4: Proposed outline for the synthesis of enamide 267 as an intermediate in the
synthesis of palmyrolide A (13a).

3.3.1 Hydrolytic Kinetic Resolution of 2-(tert-butyl)oxirane (278)
Our synthesis of palmyrolide A (13a) thus began with the installation of the correct
stereochemistry at what would become C-7 in the final target compound 13a. High
enantiopurity of the key starting material 278a was essential as the steric bulk of the
tert-butyl group would later be used to direct the installation of a second stereocenter. To
obtain enantiopure (R)-epoxide 278a from (rac)-epoxide 278 the hydrolytic kinetic
resolution (HKR) procedure developed by Jacobsen et al.193 would be used.
HKR of terminal epoxides catalysed by the chiral SalenCoIII·OAc complex 280 affords
both the unreacted epoxide 281 and 1,2-diol products 282 in highly enantioenriched form
by selective reaction with one enantiomer (Scheme 3.5). As such, HKR has been used to
access highly enantioenriched chiral building blocks from inexpensive racemic materials
that are otherwise difficult to produce. The reaction has several appealing features from a
practical standpoint, including the use of non-toxic reactants (water) and low catalyst
loadings (0.2-2.0 mol%) which can generally be recovered by simple distillation for
recycling. In addition, HKR displays extraordinary scope, as a wide variety of sterically
and electronically varied epoxides can be resolved with very high chiral purity.

The (R)- and (S)- denotation given to the products assumes substituent-R is assigned third priority.

Scheme 3.5: Hydrolytic Kinetic Resolution (HKR).193
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The resolution of epoxides with catalyst 280 has been rationalised through a reasonably
complex reaction mechanism (Scheme 3.6).194 Kinetic investigations have shown that
both enantiomers of the epoxide bind to the catalyst 280 with similar affinity
(K′E(matched) ≈ K′E(mismatched)), indicating that the selectivity is a function of exclusive
reaction of water with a single enantiomer complex.194 The selectivity of the epoxide
HKR has been ascribed to the trans positioning of the counterion with respect to the
bound epoxide during selectivity-determining ring opening events. An interesting
counterion effect has been shown to control the rate of epoxide opening. This is due to
partitioning of the catalyst between two reactive species that are both required for the
bimetallic rate determining step (RDS).194 280·OH formed through the irreversible
addition of counterion X to the epoxide, represents the dominant active species in the
reaction and is important for coordination of the nucleophilic water molecule in the RDS.
However, stronger binding of the epoxide (K′E) is achieved by catalyst bearing a more
electronegative counterion (X e.g. OAc) which also results in faster opening of the bound
epoxide by OH·280·H2O (k′cat). The best counterions are therefore more nucleophilic than
OH and also display a moderate reactivity for addition to the epoxide so as to provide
good K′E as well as relatively equal partitioning of catalyst.194

Scheme 3.6: Proposed mechanism of epoxide HKR.194
Under standard conditions, activation by oxidation of commercially available
salen-cobalt(II) precatalyst 283 to the active acetyl Co(III) complex 280 is required
(Scheme 3.7). This is achieved by stirring 283a in toluene with acetic acid open to the air.
Excess acetic acid and toluene were removed under reduced pressure to afford the
activated catalyst 280a.
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Scheme 3.7: Activation of the salen-cobalt(II) precatalyst 283 by acetylation.194
The standard procedure193 for HKR was used for resolution of (rac)-epoxide 278. This
involved stirring the activated catalyst 280a with neat racemic epoxide 278 in the
presence of water (Scheme 3.8). The (R,R)-catalyst 280a selectively hydrolyses the
(S)-enantiomer of epoxide 278 to (S)-diol 284 while the (R)-epoxide 278a remains
unreacted. Synthesis of (R)-2-(tert-butyl)oxirane (278a) via the HKR of racemic
2-(tert-butyl)oxirane (278) has previously been reported by Pouységu et al.195 The success
of the reaction in our hands was confirmed by comparison of the specific rotation value
measured for our product 278a to that reported in the literature ([α] = −13.9 (c 2.1, PhH);
lit. [α] = −14.6 (c 2.2, PhH)195).

Scheme 3.8: HKR of racemic epoxide 278 in the presence of activated catalyst 280a.

3.3.2 Grignard Ring Opening of Epoxide 278a
Grignard reagents (RMgX) function as strong nucleophiles in the presence of terminal
epoxides 281 to open the ring via attack at the least substituted carbon (Scheme 3.9). One
common potential side reaction first reported by Tiefenthal and Huston196 is the
production of undesired halohydrin product 286. This side reaction involves nucleophilic
attack by the halogen substituent of the Grignard at the least substituted carbon.
Formation of the halohydrin 286 is promoted by Lewis acid magnesium bromide (MgBr2)
which is an artefact from the production of the Grignard reagent. Use of a catalytic
amount of copper(I) salt in the reaction has been shown to suppress the halohydrin 286
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formation producing only the desired alcohol product 285 from Grignard alkyl
transfer.197,198

Scheme 3.9: Copper catalysed suppression of halohydrin 286 formation.171,172
Unsaturated alcohol 276 was thus formed by reaction of epoxide 278a with commercially
available Grignard reagent 287 in the presence of catalytic copper iodide (10%)
(Scheme 3.10) using conditions reported by Porco et al.199 for their synthesis of
spirocyclic oxyindoles. (R)-2-(tert-Butyl)oxirane (278a) was added to a premixed
solution of 2-propenylmagnesium bromide (287) and 10 mol% copper iodide in
tetrahydrofuran to give the desired alcohol 276 in an acceptable 66% yield. The resultant
(S)-alcohol 276 was found to be of high enantiopurity by comparison of the measured
optical rotation value ([α] 20
D +9.6 (c 1.35, CHCl3)) to that reported for the (R)-enantiomer
200
(Lit. [α] 28
D −11.3 (c 1.25, CHCl3).

Scheme 3.10: Nucleophilic ring opening for the synthesis of alcohol 276.

3.3.3 Synthesis of Dihydropyranone 275
With alcohol 276 in hand, our attention next turned to coupling with acryloyl chloride
277 and subsequent ring closing metathesis for the synthesis of dihydropyranone
intermediate 275 (Scheme 3.11). This strategy is common for the synthesis of unsaturated
lactones and has been used by Jennings et al.201 to good effect for the synthesis of
dihydropyranone 290 as part of their formal synthesis of (−)-neopeltolide (291).
Esterification of the unsaturated alcohol 288 with acryloyl chloride 277 was used to
produce the diene ring closing precursor 289. RCM of diene 289 in the presence of
Grubbs second generation catalyst 292 delivered the dihydropyranone 290 which was
subsequently used for the completion of the formal synthesis of (−)-neopeltolide (291).201

84

Scheme 3.11: Synthesis of dihydropyranone 290 for the formal synthesis of
(−)-neopeltolide (292).201
When appropriate, ester formation via coupling of an alcohol with an acyl chloride is
preferable to coupling of an alcohol with a carboxylic acid as the latter reaction is
reversible, can be sluggish and requires the addition of a Lewis acid catalyst or harsh
reaction conditions.202-207 Addition of base to the acyl chloride reaction leads to
sequestering of the hydrochloric acid side product and subsequent increased rate of the
reaction.208 Alcohol 276 was therefore reacted with acryloyl chloride 277 in the presence
of

diisopropylethylamine

(DIPEA)

and

4-dimethylaminopyridine

(DMAP)

in

dichlormethane for the preparation of previously unreported ester 293 in a very good 87%
yield (Scheme 3.12).

Scheme 3.12: Esterification of alcohol 276 with acryloyl chloride (277).
With the successful synthesis of diene 293 in hand, our attention turned to the key ring
closing metathesis (RCM) to form unsaturated lactone 275. The olefin metathesis reaction
was first reported by Ziegler et al.209 in 1955 for the synthesis of long chain polymers.
When an intramolecular variant is used it can be referred to as a ring closing metathesis
and is a common method to affect cyclisation to provide a wide variety of ring sizes. With
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the publication of the Chauvian mechanism210 (Scheme 3.13) in 1971 understanding of
metathesis reactions began to increase and catalysts were developed that displayed much
wider scope and higher reactivity. Many catalysts have been designed for use with a wide
range of substrates but perhaps the most versatile and well-studied are the rutheniumbased metathesis catalysts bearing the N-heterocyclic carbene ligand 294 (Figure 3.7).211
Ligands of this type have a propensity to act as typical σ-donors, yet also display a slight
π-back bonding tendency and a strong Lewis base character allowing generation of stable
metal-carbon bonds.212 Some of the most commonly used catalysts for metathesis
reactions belong to this class of compound, including the commercially available second
generation Grubbs (292)213 and Hoveyda-Grubbs (295)214 catalysts.

Figure 3.7: Second generation ruthenium-based N-heterocyclic carbene catalysts.
For the purposes of our reaction it was decided to employ the Grubbs 2nd generation
catalyst (292) as the second generation catalysts are less sensitive to moisture and
temperature effects than the first generation catalysts. This choice would enable our ring
closing reaction to be carried out at higher temperatures for longer periods of time. The
yield would also not be affected by the higher dilutions required to avoid polymerisation
of diene reactant 293, as the catalyst should remain active for a longer period of time.
By examining the catalytic cycle for RCM with Grubbs 2nd generation catalyst (292), it
can be seen that during the first turnover (initiation, blue steps) one molecule of styrene is
released for each part catalyst used (Scheme 3.13). In subsequent turnovers it is possible
to drive the reaction by increasing temperatures to remove the volatile side product
ethylene (propagation, red steps). Thus the equilibrium is shifted towards the ring closed
product and improved yield can be achieved at high temperatures.215 Every turnover of
the reaction proceeds through a series of [2 + 2] cycloadditions and retro [2 + 2]
cycloadditions. The ruthenium catalyst attaches to one olefin of the starting diene 296
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using a [2 + 2] mechanism to form the 4-membered ruthenium heterocyclic intermediate
297. The first retro [2 + 2] cycloaddition occurs to produce ruthenium carbene
intermediate 298 with the release of an alkene side product. Intramolecular interaction
between the ruthenium carbene and pendant olefin of intermediate 298 results in a second
[2 + 2] cycloaddition. This closes the ring via formation of a bridging σ-bond which also
forms part of the 4-membered ruthenium heterocycle in intermediate 299. A final retro
[2 + 2] cycloaddition provides the formation of the π-bond of the olefin product 300
which is released from the reactivated catalyst.

Scheme 3.13: Catalytic cycle for RCM with Grubbs 2nd generation catalyst 292.212
The ring closing metathesis of diene 293 was completed using conditions similar to those
reported by Jennings et al.201 (Scheme 3.14). A solution containing 2 mol% of Grubbs
second generation catalyst 292 in dichloromethane was added to a refluxing solution of
diene 293 in dichloromethane. The reaction was run for twenty-four hours before a
second 2 mol% portion of catalyst 292 was added. It was found that although the second
generation catalyst had an acceptable level of activity, refreshing it in this manner gave
the best yield of 83% for the desired dihydropyranone 275 after forty-eight hours.
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Scheme 3.14: Synthesis of dihydropyranone 275.

3.3.4 Installation of C-5 Stereochemistry
The next step in our synthetic plan required the installation of the second stereocenter.
Diastereomeric control was paramount as this would lead to the targeted
syn-conformation of our final product.

Diastereoselective hydrogenation of an

α,β-unsaturated lactone 290 has been reported by Jennings et al.201 as part of their formal
synthesis of (−)-neopeltolide (291) (Scheme 3.15). Hydrogenation of the double bond in
lactone 290 using palladium on carbon was reported to proceed with excellent
stereoselectivity producing the syn-lactone 301 in quantitative yield.

Scheme 3.15: Diastereoselective hydrogenation of dihydropyranone 290 as part of the
total synthesis of (−)-neopeltolide (291).216
Examination of the events taking place during the hydrogenation reaction displays the
elegant and simple nature of control that the pre-existing bulky substituents exhibit over
the diastereoselectivity (Figure 3.8). The sterically demanding substituent directs the
approach of the lactone so that the double bond becomes bound to the metal catalyst from
a single face. Hydrogen transfer thus occurs onto the face of closest proximity to the
surface of the catalyst. As the hydrogen atoms are added, the β-substituent is moved into
a syn-relationship with the tert-butyl group in our example providing good diastereomeric
selectivity in the final saturated product.
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Figure 3.8: syn-Addition of hydrogen to selected face of unsaturated
lactone to give desired syn-product.217
Traditional batch hydrogenation protocols pose an operational hazard due to the use of
large quantities of hydrogen gas, often requiring high pressure reactors and specialised
equipment. These reactions are also exothermic in nature, which leads to the need for
effective heat removal.218 Flow chemistry has emerged over recent years as a technology
that can provide an enhanced safety profile for a number of reactions involving hazardous
or explosive reagents, or for processes which involve high temperatures or pressures.219
Additionally, use of flow reactors often facilitates rapid reactions with decreased waste
production and simplified purification.220 For these reasons, the use of continuous-flow
hydrogenation protocols employing immobilised metal catalysts has increased
significantly over the past few years.221 Reactants are introduced continuously, react on
contact within a smaller reaction space with better defined temperature and flow fields,
and are removed continuously from the reaction space allowing for precise control of
process variables.218 Thus the hydrogenation of unsaturated lactone 275 was performed
using an H-cube® flow reactor (Scheme 3.16). The reactor was fitted with a 10 mol%
palladium on carbon catalyst cartridge and the substrate 275 dissolved in methanol was
passed through the reaction chamber. Gratifyingly, this process gave the desired lactone
product 274a as a single diastereomer in quantitative yield.

89

Scheme 3.16: Hydrogenation of dihydropyranone 275 to lactone 274a.
The relative stereochemical arrangement of lactone 274a was confirmed using 2D
homonuclear NOESY NMR via correlation of the 1,3-diaxial protons attached at
positions C-4 and C-6 of the lactone ring. The characterisation data was also compared to
data previously reported for the anti-diastereomer.222,223 Further confirmation was
provided later in our synthetic investigations when we were required to synthesise the
anti-diastereomer 274b (Section 3.10.2). This allowed for much more detailed direct
comparison of the 1H NMR of both diastereomers (Figure 3.9). Differences in the
δ values were noted for the resonances of all of the protons attached directly to the
lactone ring which were all were moved up- or down-field to varying degrees. The most
obvious difference observed was a downfield shift seen for the signal related to the proton
attached at C-4 and one of the protons attached at C-3 whose signals were observed to
overlap in both spectra. This distinct signal moved from δ = 1.99 ppm in the syn-274a
1

H NMR spectrum to δ = 2.18 ppm in the anti-274b 1H NMR spectrum. The smallest

difference was exhibited by the doublet representing the methyl substituent which
displayed a slight downfield shift between the syn- and anti-spectra.
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Figure 3.9: Comparison of the 1H NMR of syn-274a and anti-274b.

3.3.5 DIBAL Reduction of Lactone 274a
Reduction of lactone intermediate 274a would next be used to access lactol 302a with the
intention of using its open chain tautomer 272a as the aldehyde substrate for a subsequent
Horner-Wadsworth-Emmons (HWE) olefination.
Diisobutylaluminium hydride (DIBAL, 303) is a strong reducing agent. The extent to
which a substrate may be reduced by DIBAL (303) is often reliant on stoichiometry and
conditions used for the reaction. There are a number of examples in the literature
highlighting the use of DIBAL (303) for the reduction of lactones.223-229 Synthetically,
lactones provide a useful method for preventing over-reduction as the closed ring lactol
tautomer 302a masks the aldehyde functionality of hydroxy-aldehyde 272a. The ability of
DIBAL (303) to effect the partial reduction of a lactone presented it as the perfect reagent
for reduction of our lactone 274a to lactol 302a. DIBAL (303) reduction of lactone 274a
was undertaken using conditions reported by Núñez et al.229 Thus, lactone 274a was
treated with DIBAL (303) in toluene at −78 °C for four hours (Scheme 3.17). The desired
lactol 302a was delivered as a 3:2 mixture of epimers at C-2 as determined by two sets of
diastereomeric signals in both the 1H NMR and

13

C NMR spectra. As discussed, lactol

302a exists in equilibrium with the open chain hydroxy-aldehyde 272a. However, only
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the cyclic structure 302a was present as determined by spectral characterisation of the
product.

Scheme 3.17: Diisobutylaluminium hydride reduction of lactone 274a to lactol 272a.
The mechanism for reduction exhibited by DIBAL (303) is somewhat different to other
metal hydride reagents, primarily due to the Lewis acid nature of the reagent (Scheme
3.18).230

Scheme 3.18: Mechanism for the DIBAL (303) reduction of lactone 274a to lactol 272a.
Delivery of the hydride functionality of DIBAL (303) proceeds in an intramolecular
fashion through intermediate 304 following co-ordination from the nucleophilic carbonyl
functionality of lactone 274a. Reaction proceeds with elimination of the oxidised
aluminium reagent from intermediate 305 to deliver aldehyde 272a and its closed ring
tautomer lactol 302a.
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3.3.6 Horner-Wadsworth-Emmons Olefination of Aldehyde 272a
The Horner-Wadsworth-Emmons231 (HWE) olefination is a modification of the Wittig
reaction, designed to selectively produce (E)-alkenes (Scheme 3.19).

Scheme 3.19: Mechanism for the Horner-Wadsworth-Emmons olefination explaining the
observed (E)-selectivity.232
The reaction begins with deprotonation of a phosphonate 306 to give carbanion 308,
which is stabilised through the resonance structures 307 and 309. Nucleophilic addition of
carbanion 308 to carbonyl 310 produces the oxyanion intermediates 311a or 311b in the
rate limiting step of the overall reaction.232 The (E)-selectivity results from the fact that
under thermodynamic conditions formation of the oxaphosphetane intermediates 312a
and 312b is reversible and that the trans-oxaphosphetane intermediate 312b exhibits a
lower level of steric strain compared to that of the cis-alternative 312a.233 This allows
equilibration of the system through the lower energy intermediate 312b and results in the
observed selectivity to deliver the (E)-alkene 313b with elimination of phosphate 314.234
On the other hand, the Wittig reaction of unstabilised phosphonium ylids with aldehydes
is known to almost exclusively produce (Z)-alkenes. For this reason, the (E)-selectivity of
the HWE modification renders it an important synthetic tool. For the purpose of our
synthetic pathway the stereochemistry of the olefin is not important as it will be removed
in subsequent steps. Rather, use of the HWE modification was attractive due to the more
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easily handled phosphonate-stabilised carbanion reagents. The HWE reaction has another
important advantage: the dialkylphosphate salt by-products can be easily removed from
the reaction mixture via simple aqueous extraction as opposed to the phosphine oxide side
products of the Wittig reaction which are generally soluble in most organic solvents.233
Lactol compounds are capable of undergoing the HWE olefination as they exist in
equilibrium with an open chain hydroxy-aldehyde tautomer 272a. Using conditions
reported previously by our research group,235 the HWE olefination was carried out
between the open chain tautomer 272a of lactol 302a and commercially available methyl
diethylphosphonoacetate (273) (Scheme 3.20).

Scheme 3.20: Horner-Wadsworth-Emmons olefination of aldehyde
272a with phosphonate 273.
Preliminary deprotonation of the phosphonate 273 was carried out with sodium hydride at
−78 ºC in THF, followed by addition of aldehyde 272a. Warming of the reaction to room
temperature gradually over twenty-four hours delivered the desired olefin product 271a in
an acceptable 57% yield.

3.3.7 Synthesis of Carboxylic Acid 269a
As previously mentioned, the stereochemistry about the double bond of olefin 271a was
not of primary concern as the next step of our synthesis involved removing it by
hydrogenation (Scheme 3.21). The reaction was run using similar conditions to the
hydrogenation of unsaturated lactone 275 (Section 3.3.4). The H-cube® flow reactor was
again fitted with a 10 mol% palladium on carbon catalyst cartridge and reaction was run
in methanol to effect smooth saturation of ester 271a to the desired product 316a in
quantitative yield. Conditions reported by Theodorou et al.236 were employed for the
saponification of the methyl ester 316a. Treatment with sodium hydroxide in a mixture of
dichloromethane and methanol followed by an acidic work-up using dilute hydrochloric
acid afforded carboxylic acid 269a in an excellent 94% yield.
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Scheme 3.21: Sequential hydrogenation and saponification of unsaturated ester 271a for
the synthesis of carboxylic acid 269a.

3.3.8 Synthesis of N-Methyl-N-allyl Amide 267
With the successful synthesis of carboxylic acid 269a, in hand the final steps in the
planned synthesis of the N-methyl enamide coupling partner 267 required amide coupling
with commercially available N-methyl allylamine (270) to access allylamide 317a and
subsequent isomerisation of the allylic double bond to produce enamide 267 (Scheme
3.22).

Scheme 3.22: Proposed synthesis of enamide coupling fragment 267.
A. Common Carbodiimide Reagents
The large number of amide-containing natural products and biologically active
peptide-based drug targets has led to high interest in coupling strategies for the
production of amide functionalities. The most traditional approach to peptide bond
formation is through use of the carbodiimide coupling reagents (Figure 3.10).237

Figure 3.10: Structure of some common carbodiimide peptide coupling reagents.
Carbodiimide compounds possess two weakly alkaline nitrogen atoms and act as
dehydrating agents for activation of carboxylic acids in the preparation of amides or
esters. With the wide range of amide bonds and peptide couplings that have been
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investigated a large number of carbodiimide reagents have been developed, some of the
defining characteristics are shared by all, while some are more appropriate for certain
types of reaction such as solid phase peptide synthesis (SPPS)238 or reaction in aqueous or
organic solution phase.239 N,N′-Dicyclohexylcarbodiimide (DCC, 318) was one of the
first carbodiimide reagents developed for the synthesis of penicillin.237 It has gained wide
appeal for amide bond formation due to its high yields and low cost. DCC does, however,
have the drawback of producing N,N′-dicyclohexylurea (DCU) during the coupling
reaction. This solid by-product displays very low solubility and presents difficulty during
separation especially for traditional SPPS.238 A popular alternative to DCC is N,N′diisopropylcarbodiimide (DIC, 319). While it shares DCC’s high level of reactivity, the
urea by-product of reaction with DIC is soluble in most organic solvents, making it a very
useful reagent for SPPS.239 Another variation of the carbodiimide reagents is 1-ethyl-3-(3dimethylaminopropyl)carbodiimide (EDC, 320). This reagent has been developed for its
solubility in aqueous media and is commercially available as its hydrochloric salt.239 The
solubility profile of EDC (320) and its urea by-product make it very useful for synthetic
application, as both can be removed from the reaction with a simple aqueous wash.
B. Carbodiimide Amide Bond Formation
The formation of an amide using a carbodiimide is relatively straightforward, although
potential for side reactions is high and synthetic conditions should be tailored to the
desired reaction. By reviewing the mechanism of carbodiimide-driven amide bond
formation, we can gain a better insight as to how these reagents work and how the
reaction might be altered to our advantage (Scheme 3.23).
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Scheme 3.23: Mechanism for carbodiimide amide bond formation.238
Reaction of acid 321 with the carbodiimide 322 leads to the key intermediate
O-acylisourea 323, which can be viewed as a carboxylic ester with an activated leaving
group. Under ideal reaction conditions this intermediate will react with the amine 324 to
give desired amide 325 and a urea compound 326 (black). Known side reactions of the
O-acylisourea 323 compound have been shown to produce both desired and undesired
products. In one alternative reaction pathway the O-acylisourea 323 can react with an
additional equivalent of acid 321 to give acid anhydride 327, which further reacts with
amine 324 to deliver desired amide 325 (blue). In an undesired reaction pathway (red)
O-acylisourea 323 undergoes intramolecular rearrangement to form a stable N-acylurea
compound 328.238 The best method for avoiding this undesired reaction pathway is the
addition of an activating agent such as one of the well-known benzotriazoles.240-242
It has now become common practice to include an activating agent. In most cases these
additives act as acyl transfer agents to increase reaction rate, help avoid undesired
reaction pathways and, in some cases, diminish racemisation.238 The most commonly
reported activating agents for the carbodiimide formation of amide bonds is the family of
benzotriazoles,

specifically

hydroxybenzotriazole

(HOBt,

329)241

and

1-hydroxy-7-azabenzotriazole (HOAt, 330).240 The beneficial effect of these compounds
is believed to stem from their ability to block the intramolecular pathway via protonation
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of the O-acylisourea intermediate 323 and sequestering of the acyl group to form the
corresponding active esters 331 (Scheme 3.24).

Scheme 3.24: Use of activating agent HOAt (330) for the formation of amide bonds.
By comparison to other benzotriazoles, HOAt (330) forms superior active esters 331 in
terms of yield and control of racemisation.242 The nitrogen atom located at position N-7
of the HOAt (330) has been described as integral for the observed activity. The nitrogen
contributes in two distinct ways. Firstly, the electron-withdrawing nature of the nitrogen
improves the leaving group capacity of HOAt (330). Secondly, the positioning of the
nitrogen plays an important role by providing a neighbouring group effect, co-ordinating
the incoming amine, improving reactivity and retaining pre-existing stereochemistry.240
C. Synthesis of N-Methylallylamide 317a
Amide

coupling

of

carboxylic

acid

269a

and

the

commercially

available

N-methylallylamine (270) for the synthesis of N-methylallylamide 317a was first
attempted employing the carbodiimide reagent DIC (319) with the activating agent HOAt
(330) (Entry 1, Table 3.1). While the coupling reaction was successful and some amide
product 317a was collected (73%), purification of the product 317a required multiple
chromatographic separations on silica gel to remove the urea side product. In an attempt
to increase the yield and simplify the purification process we next attempted the amide
coupling employing the related carbodiimide EDC (320). We were pleased to find that
not only did EDC (320) provide an improved yield but also waste material could easily be
separated from the crude product via simple purification on silica gel (Entry 2). It has
been reported that the presence of a tertiary amine base favours formation of the active
ester intermediate and that the pyridine ring of HOAt can function in such a capacity.241
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However, we were pleased to find that addition of an extra two equivalents of DIPEA
provided the product in a good 80% yield (Entry 3).
Table 3.1: Carbodiimide driven amide bond formation for the synthesis
of N-methylallylamide 317a.

#
1
2
3

Carbodiimide
DIC
EDC
EDC

Activator
HOAt
HOAt
HOAt

Base
DIPEA

Solvent
CH2Cl2
CH2Cl2
CH2Cl2

Temp (ºC)
25
25
25

Time (h)
2
12
12

Yield (%)
73
76
80

3.3.9 Synthesis of Enamide Coupling Partner 267
A. N-Allylated Amide Olefin Isomerisation
The final step in our synthesis of enamide coupling partner 267 was the migration of the
terminal double bond in amide 317a to form the conjugated vinylic enamide functionality
(Scheme 3.25).

Scheme 3.25: Proposed isomerisation of N-allylamide 317a for the synthesis of enamide
267.
Double bond migration of N-allyl derivatives including amines, amides, imines, imides,
carbamates and oximes has been studied extensively.243 The proposed mechanism focuses
on the use of a metal hydride or equivalent transition metal complex to effect the
transformation. A large number of suitable catalysts have been identified including
rhodium,244-246 cobalt,247 osmium,248 iridium,249 iron244,245,250-252 and ruthenium244,250,253-258
complexes. Standard conditions for isomerisation of an allylamide 332 are predicted to
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favour the formation of the (E)-isomer 335a, because the most stable six-membered
transition state 334a will possess the methyl substituent in an equatorial position
(Scheme 3.26). In reality, however, a mixture of (E)-335a and (Z)-335b isomers are
commonly formed especially at increased temperatures.243,244,251

Scheme 3.26: Mechanism for transition metal catalysed N-allylamide
double bond migration. 196,203
One of the most common catalysts used for this kind of transformation is
carbonylchlorohydridotris(triphenylphosphine)ruthenium(II) ((PPh3)3Ru(CO)Cl)H, 336).
This complex has been reported for use with many allyl compounds and has shown good
results with a wide range of substrates.196,202,205-210 While the complex is commercially
available it can also be prepared using the method described by Levison et al.259
(Scheme 3.27). Hydrated ruthenium chloride is heated at reflux with triphenylphosphine
and aqueous formaldehyde (30%) in 2-methoxyethanol for two hours. The catalyst 336
then precipitates on cooling in an ice bath.

Scheme 3.27: Preparation of Ru(II) olefin isomerisation catalyst 336.259
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B.

Completion

of

(5R,7S)-7-Hydroxy-N,5,8,8-tetramethyl-N-(I-prop-1-en-1-yl)

nonanamide (267) Enamide Coupling Partner
As part of Kasaya et al.’s258 work with enamides, catalyst 336 was used to deliver
enamide 338 via migration of the allylic double bond in compound 337 (Scheme 3.27).

Scheme 3.27: (PPh3)3RuH(CO)(Cl) (336) catalysed olefin isomerisation.258
Based on these results, a solution of N-methylallylamide 317a with (PPh3)3RuH(CO)(Cl)
(336) in toluene was heated at reflux overnight and the desired N-methylenamide 267 was
collected as the only product in an excellent 98% yield.

Scheme 3.28: (PPh3)3RuH(CO)(Cl) (336) catalysed double bond migration for
synthesis of enamide 267.

3.4 Synthesis of chiral acid coupling partner 266a
Upon successful completion of the Western hemisphere of palmyrolide A (13a), our
focus next turned to synthesis of the chiral acid 266a which would provide the remainder
of the macrocyclic structure that includes the final stereocenter at C-14 (Scheme 3.29).
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Scheme 3.29: Outline for the proposed synthesis of chiral acid 266a.
The design for the proposed synthetic route focused on the synthesis of an Evans
oxazolidinone auxiliary 340.260 This would be used to install the desired stereochemistry
through N-acylation of the auxiliary and subsequent diastereoselective allylation to form
the extended oxazolidinone 341a. Finally saponification to remove the auxiliary 340
would deliver acid 266a for use in the final coupling and ring closing steps with alcohol
267 where it would form the highlighted Eastern hemisphere of palmyrolide A (13a).

3.4.1 Evans’ Oxazolidinone Auxiliaries
2-Oxazolidinones 340 are one of the most versatile and widely used classes of chiral
auxiliaries in organic chemistry.261 Originally developed by Evans et al.260 for use in
diastereoselective enolate reactions, these auxiliaries can be easily produced from readily
available amino acid starting materials.262 Introduction into the substrate can be achieved
in a variety of ways192,263 making them useful for a range of synthetic applications
including

aldol

additions,260,264

halogenations,265

and alkylations.266

The high

diastereoselectivity offered by oxazolidinones, together with their low molecular weight
and their recyclable nature has made these compounds an attractive choice of auxiliary in
synthesis.267 The initial step in the synthesis of oxazolidinones from amino acids 339
involves reduction to the corresponding amino alcohols 342. Recently, the reduction of
amino acids 339 to the corresponding alcohols 342 using sodium borohydride and iodine
in THF was reported (Scheme 3.30).268
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Scheme 3.30: Direct sodium borohydride reduction of amino acids 339 to corresponding
amino alcohol 342.268
In the synthesis of oxazolidinones by Wu and Shen,262 the amino alcohols 343 and 344
were directly submitted to an alkoxycarbonylation using ethyl chloroformate (EtO2CCl),
affording the intermediate carbamates 345 and 346 in near quantitative yields
(Scheme 3.31).

Scheme 3.31: Synthesis of oxazolidinones 347 and 348a from amino alcohols 343 and
344.262
The crude carbamates 345 and 346 were then heated with potassium carbonate
(0.2-0.5 mol%) under an aspirator vacuum to effect clean conversion to the desired
oxazolidinones 347 and 344 in near quantitative yields in 15-20 minutes depending on the
amount of K2CO3 added. The oxazolidinones obtained 347 and 348a could be directly
used as chiral auxiliaries without any further purification. It was shown that the use of a
vacuum was necessary to overcome competing hydrolysis, especially at higher
concentrations of carbonate.262 The proposed alkoxide cycle responsible for the
cyclisation of carbamate 346 is shown in scheme 3.32.
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Scheme 3.32: Proposed alkoxide cycle for the synthesis of oxazolidinone 348a.262
The ethoxide 350 formed in the ring closure must generate alkoxide 349 for the starting
carbamate 346 to complete the cycle and sustain the reaction. The solvent-free procedure
reported by Wu262 is designed to optimise the interaction of generated alkoxide 349 and
starting carbamate 346 to ensure maximal reaction rate and completion. Complete
cessation of the reaction was observed in the presence of boron derived impurities from
the reduction step. The authors surmised that this was due to destruction of the ethoxide
(350) by boronic acids, terminating the alkoxide cycle.262 The authors emphasised the
need to ensure complete hydrolysis of the boron esters derived from sodium borohydride
and clean isolation of the carbamate 346 through aqueous work up in order to ensure
successful cyclisation to oxazolidinone product 348a.

3.4.2 Synthesis of Oxazolidinone 353
As previously mentioned, the first step for the synthesis of the oxazolidinones is the
reduction of the appropriate amino acids. The most useful amino acids for this purpose
are those possessing a substituent at the alpha position which is both bulky and
conformationally rigid to help maximise steric interactions. Amino acids that have
generally been identified as felicitous for this application include valine 343 and
phenylalanine 344, as well as the unnatural amino acids phenylglycine 351 and
tert-leucine 352 (Figure 3.11). However, while the tert-butyl group of tert-leucine 352 is
ideal for this application its use is somewhat less common as the unnatural amino acid is
prohibitively expensive.267
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Figure 3.11: A selection of useful natural (343, 344) and unnatural (351, 352) amino
acids and their respective oxazolidinone auxiliaries 347, 348a, 353 and 354.
Due to amenability of oxazolidinone synthesis to large scale reactions as well as the
recyclability of the auxiliaries, the (S)-benzyl 348a and (S)-iso-propyl 347 auxiliaries
produced from

L-phenylalanine

(344) and

L-valine

(343) respectively, were readily

available from previous syntheses in our group.269 However, synthesis of the (S)-phenyl
auxiliary 353 was undertaken (Scheme 3.33) to allow comparison between the auxiliaries
for the synthesis of chiral acid 266a. Initial reduction of L-phenylglycine (351) was
undertaken using reaction conditions reported by McKennon and Meyers. 268 Amino acid
351 was heated at reflux in tetrahydrofuran with sodium borohydride and iodine to effect
smooth reduction to amino alcohol 355. Alkoxycarbonylation of crude alcohol 355 using
ethyl chloroformate with triethylamine in tetrahydrofuran gave carbamate 356 in 63%
over two steps. Carbamate 356 was subsequently cyclised by heating at reflux in the
presence of sodium hydride while attached to a water aspirator vacuum line to deliver
desired (S)-phenyl oxazolidinone (353) in 58% total yield from amino acid 351.

Scheme 3.33: Synthesis of (S)-phenyl oxazolidinone 353 from the unnatural amino
acid L-phenylglycine (351).

105

3.4.3. Use of Oxazolidinones as Chiral Auxiliaries for Diastereoselective
Conjugate Allylation
Asymmetric 1,4-addition of organometallic reagents to α,β-unsaturated compounds has
been extensively studied over the last few decades.270 As a result there are a range of
synthetic strategies available for stereoselective carbon-carbon bond formation employing
organometallic reagents (Figure 3.12).271-274 Use of substrate-controlled diastereoselective
addition to auxiliary-bound unsaturated systems has proven to be a viable route to access
enantiomerically enriched conjugate addition products.275

Figure 3.12: Asymmetric conjugate addition of organometallic reagents.270-274
Hosomi and Sakurai first reported the introduction of a nucleophilic allyl-species to an
electrophilic carbonyl in 1976, employing allylalkylsilane compounds in 1,2-conjugate
additions with aldehydes and ketones for the synthesis of allylic alcohols 360.276 The
scope of the Hosomi-Sakurai allylation was further expanded soon after when
1,4-conjugate addition of allyltrimethylsilane (357) to α,β-unsaturated carbonyl systems
358 was subsequently reported in 1977 by the same group (Scheme 3.34).277 Isolation of
the 1,4-addition products 359 in high yields was reported, with excellent chemoselectivity
observed for the 1,4-addition products 359 over the 1,2-addition products 360 when the
reaction was run at low temperature with Lewis acid titanium tetrachloride. This titanium
tetrachloride-promoted allylation tolerates a range of substrates including terminal
alkenes, aliphatic and aromatic α,β-unsaturated enones.277

Scheme 3.34: Hosomi-Sakurai 1,4-allylation.277
The Hosomi-Sakurai allylation was developed further by Wu and co-workers for the
auxiliary-controlled diastereoselective allylation of unsaturated N-acyl oxazolidinone 361
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(Scheme 3.35).278 Stoichiometric amounts of titanium tetrachloride were required to
promote the reaction with allyltrimethylsilane 357 employing (S)-benzyloxazolidinone
348a as the auxiliary. The reaction was attempted with the alternative Lewis acids boron
trifluoride diethyl etherate and tin tetrachloride, however, these resulted in low
diastereoselectivity or reduced reactivity, respectively.

Scheme 3.35: Use of oxazolidinone auxiliary for the synthesis of chiral acid 363.278
While the diastereomeric excess of the desired syn-product 362a reportedly ranged from
34-78%, chromatographic separation of the diastereomers 362a and 362b was possible to
deliver both compounds with 99:1 d.r. Saponification was used to remove the auxiliary to
deliver the free acid 363 in 84% yield.278 The nucleophilicity of the allylic organometallic
compound can be improved by changing the metal from silicon to tin. By using
allyltributylstannane, Williams et al.279 found the addition reaction could be completed
with safer Lewis acids such as scandium triflate, zirconium tetrachloride or samarium
triflate, while maintaining good diastereoselectivity and high yields with a range of
conjugate acceptors.
A general mechanism for Hosomi-Sakurai-type conjugate allylation is depicted in
Scheme 3.36 using titanium tetrachloride as a Lewis acid.
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Scheme 3.36: Mechanism for the diastereoselective allylation of
α-substituted-α,β-unsaturated N-acyloxazolidinone 365.
In the reaction with α-substituted-α,β-unsaturated N-acyloxazolidinone 365, the
titanium(IV) Lewis acid serves a dual role working to coordinate to the carbonyl group of
the auxiliary increasing conformational rigidity, as well as activating the conjugate
acceptor 365. Thus, pre-complexation of the conjugate acceptor 365 with the Lewis acid,
prior to addition of the organometallic reagent 364 can help to achieve superior
diastereoselectivity.279 This interaction with the Lewis acid allows the carbon-carbon
bond formation to occur from C-3 of the allylic organometallic compound 364 through an
open transition state, producing stabilised secondary carbocation intermediate 366. The
stabilisation of the carbocation provided via hyperconjugation with the metal is essential
for reactivity.280 Cleavage of the carbon-metal bond of intermediate 366 regenerates the
carbon-carbon double bond and subsequent protonation of enolate 367 occurs during
aqueous work up to produce the allylated products 368a and 368b. Protonation from the
Si-face is favoured in this example as directed by the (S)-stereochemistry of the
oxazolidinone auxiliary to form the syn-diastereomer 368a selectively.278

3.4.4 Synthesis of (R)-2-Methylhex-5-enoic acid (266a)
The synthesis of α-chiral terminally unsaturated carboxylic acids has been reported by
Wu

and

co-workers.192

methacryloyl
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of
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produced

(2R)-methyl-5-hexanoic acid (266a) in good yield and excellent stereoselectivity (Scheme
3.37).

Scheme 3.37: Reported chiral synthesis of (R)-methyl-5-hexanoic acid (266a).192
In the current synthesis, due to access to a small range of oxazolidinone auxiliaries
(347, 348a and 353) it was decided to employ the conditions reported by Wu et al.192 to
find which auxiliary would provide the greatest diastereoselectivity and yield for the
synthesis of acid 266a.
Firstly, methacryloyl chloride (369) was required for the initial acylation of the
oxazolidinones. A selection of reported conditions were screened to find the best method
to effect preparation of the reagent from commercially available methacrylic acid (372)
(Table 3.2).
Table 3.2: Transformation of methacrylic acid (372) to methacryloyl chloride (369).

#

Reagent

Catalyst

Solvent

1
2
3

SOCl2
(COCl)2
(COCl)2

DMF

CH2Cl2
CH2Cl2

Temperature
(ºC)
80
rt
0-rt
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Time (h)

Result

3
12
12

Contamination
79%
98%

Welsch et al.281 reported good results for the formation of acid chlorides using thionyl
chloride. Addition of neat thionyl chloride to methacrylic acid (372) at reflux did produce
the desired methacryloyl chloride (369) (Entry 1, Table 3.2), however, purification issues
during distillation led to contamination of the product 369 with the remaining reagent.
Reaction of methacrylic acid (372) with oxalyl chloride in dichloromethane at room
temperature,282 delivered clean methacryloyl chloride (369) in good yield (Entry 2).
However, the best results were found using conditions reported by Ahad et al.283 as
employed for their synthesis of the biologically active flavolipids. Use of oxalyl chloride
with a catalytic amount of DMF in dichloromethane gave rapid and exothermic
transformation of methacrylic acid (372) to methacryloyl chloride (369) and purification
via distillation delivered the product in excellent 98% yield (Entry 3).
Under the conditions reported by Wu et al.192 freshly prepared and distilled methacryloyl
chloride (369) was used for the acylation of all three oxazolidinones 347, 348a and 353
(Scheme 3.38). Deprotonation of the oxazolidinones 347, 348a and 353 in THF with
hydroquinone using n-butyl lithium, followed by addition of an excess of acid chloride
369 gave the N-acyl oxazolidinone products 373, 374 and 370 in disappointingly low
yields (10%, 20% and 12% respectively). However, the unreacted starting oxazolidinone
could be recovered and recycled allowing cycling of larger scale reactions to provide
access to a useful amount of material.
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Scheme 3.38: Acylation of the oxazolidinone auxiliaries 347, 348a, and 353 with
methacryloyl chloride (369).
1,4-Conjugate allylation of these α,β-unsaturated N-acyl oxazolidinone compounds 373,
374 and 370 was undertaken using the Lewis acid titanium tetrachloride and
allyl-organometallic compounds as described in Section 3.4.3278,279 (Table 3.3).
Table 3.3: Allylation of α,β-unsaturated N-acyl oxazolidinones 373, 374, and 370.

#
1
2
3
4
5

R
i-Pr (373)
Bn (374)
Bn (374)
Ph (370)
Ph (370)

Lewis acid
TiCl4
TiCl4
TiCl4
TiCl4
TiCl4

Allyl-Organometal
(Allyl)Sn(Bu)3
(Allyl)Si(Me)3
(Allyl)Sn(Bu)3
(Allyl)Si(Me)3
(Allyl)Sn(Bu)3
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341a (%)
39
42
52
28
87

341b (%)
10
31
24
18
11

d.e. (%)
29
11
28
10
76

Selective asymmetric addition was observed to varying degrees in all examples although,
none of the conditions attempted provided the desired syn-diastereomer exclusively
(Entries 1-5, Table 3.3). While none of the allylations provided complete stereochemical
selectivity, diastereomers 341a and 341b could be easily separated via simple
chromatographic methods to deliver the single desired syn-diastereomer 341a with >99%
d.e. as indicated by 1H NMR. Allyltributylstannane (Entries 1, 3 and 5, Table 3.3)
generally displayed a higher level of reactivity compared to allyltrimethylsilane
(Entries 2 and 4, Table 3.3) and in all cases provided better diastereoselectivity. It was
found that reaction of (4S)-3-methacryloyl-4-phenyl-2-oxazolidinone (370) with
allyltributylstannane provided both the best yield and the best diastereoselectivity
(341a:341b, 87%:11%, 76% d.e. Entry 5, Table 3.3).
With the various syn-oxazolidinone allylation products 341a in hand, the final step in the
synthesis of chiral acid (R)-methyl-5-hexenoic acid (266a) was to remove the chiral
auxiliaries via a saponification reaction. All of the auxiliaries 347, 348a and 353 could be
removed smoothly in the presence of lithium hydroxide under aqueous conditions to
provide the desired chiral acid 266a (Table 3.4).
Table 3.4: Saponification reaction for removal of chiral auxiliaries.

#
1
2
3

341a
R = i-Pr
R = Bn
R = Ph

Yield acid 266a
72%
66%
81%

Overall, the synthesis of (R)-methyl-5-hexenoic acid (266a) was best completed in three
steps from (S)-2-phenyloxazolidinone (Scheme 3.39). Acylation of the oxazolidinone
353, diastereoselective allylation with allyltributylstannane and subsequent saponification
delivered chiral acid 266a, albeit in a low 8% yield over the three steps due to the poor
yield for the methacryloyl chloride (369) coupling.
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Scheme 3.39: Best conditions for synthesis of (R)-methyl-5-hexenoic acid (266a).

3.5 Coupling of Acid 266a with Hydroxy-enamide 267 and Final
Macrocyclic Ring Closing Metathesis
With the synthesis of both coupling partners, hydroxy-enamide 267 and acid 266a,
completed our attention turned to the last stages of our original synthetic plan: the
coupling of the two fragments and final macrocyclic ring closing metathesis
(Scheme 3.40).

Scheme 3.40: Proposed synthesis of the final macrocyclic structure of
(5R,7S,14R)-palmyrolide A (13a).

3.5.1 Coupling of Acid 266a and Hydroxy-enamide 267
A. Carbodiimide-based Coupling Agents for the Formation of Ester Bonds
As discussed in Section 3.3.8, the carbodiimide reagents were developed and have mainly
been employed for the construction of amide bonds in the synthesis of peptides.
Carbodiimides have also shown utility in an analogous capacity for the synthesis of ester
bonds by coupling alcohols with carboxylic acid derivatives. The mechanism for this
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reaction is the same as that described in Section 3.3.8 (Scheme 3.23), with an alcohol
assuming the role of the previously described amine functionality.
Steglich and Neises reported a method for the esterification of carboxylic acids
employing the coupling reagent DCC in the presence of catalytic DMAP
(Scheme 3.41).284 They found that addition of DMAP accelerated the reaction of
carboxylic acids 321 with alcohols 375 to such an extent that suppression of all
undesirable side reactions was observed and even sterically hindered esters could be
accessed in acceptable yields.284

Scheme 3.41: Synthesis of esters 376 via DCC coupling of carboxylic acids 321 and
alcohols 375.284
With the sterically bulky tert-butyl group located so close to the reactive centre of alcohol
267, the results reported by Steglich and Neises284 for the synthesis of sterically
challenging esters were encouraging. However in our hands, attempted esterification of
acid 266a with alcohol 267 using these conditions failed to deliver any product and only
starting material was recovered (Scheme 3.42). In a further attempt to effect the coupling
reaction in the presence of a carbodiimide reagent, conditions similar to those employed
for the synthesis of amide 317a (Section 3.3.8) were employed. Acid 266a was mixed
with EDC in the presence of DIPEA to form an o-acylisourea reactive intermediate. Next,
DMAP was added as an activator followed by alcohol 267. Disappointingly, when the
reaction was halted after forty-eight hours only alcohol starting material 267 was
recollected and no evidence of coupling was observed (Scheme 3.42).
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Scheme 3.42: Attempted coupling of alcohol 267 and acid 266a using carbodiimide
coupling reagents DCC or EDCI.
Due to the disappointing results, an alternative coupling agent was sought.
B. N,N′-Carbonyldiimidazole for the Formation of Ester Bonds
The use of N,N′-carbonyldiimidazole (377) for the synthesis of esters 376 from carboxylic
acids 321 and alcohols 375 has been described by Ohta et al.285 (Scheme 3.43).

Scheme 3.43: Synthesis of esters 376 via N,N′-carbonyldiimidazole (377) coupling of
carboxylic acids 321 and alcohols 375.285
N,N′-Carbonyldiimidazole (377) converts carboxylic acids 321 into the corresponding
acylimidazoles 378. In most cases, alcohol 375 cleavage of the acylimidazole
intermediate 378 to the desired ester product 376 is somewhat sluggish, but can be
accelerated via conversion of alcohol 375 to its corresponding alkoxide using a base such
as sodium amide.285
In the current synthesis, coupling of acid 266a and alcohol 267 was attempted under these
conditions (Scheme 3.44).285 Acid 266a was mixed with N,N′-carbonyldiimidazole (377)
in DMF. The reaction was left until evolution of carbon dioxide gas was no longer
observed, at which stage a premixed solution of alcohol 267 and sodium amide in
dimethylformamide

was

added. The reaction was

monitored by thin layer

chromatography, however after forty-eight hours no change was observed and the
reaction was halted to recover alcohol starting material 267.
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Scheme 3.44: Attempted coupling of alcohol 267 and acid 266a using
N,N′-carbonyldiimidazole (377).
C. Uronium and Guanidinium-based Coupling Agents for the Formation of Ester
Bonds
Grindley et al.286 have reported the use of uronium (379) based coupling agents
2-(1H-benzotriazole-1-yl)1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU, 381),
2-(1H-7-azabenzotriazole-1-yl)-1,1,3,3-tetramethyluronium

tetrafluoroborate

(TATU,

382), and 1-[(1-(cyano-2-ethoxy-2-oxoethylideneaminooxy)dimethylaminomorpholino
methylene)]methanaminium hexafluorophosphate (COMU, 383) for the synthesis of a
range of esters (Figure 3.13). When originally reported it was thought that the C(NMe2)2
unit of TBTU (381) and TATU (382) was connected to the bicyclic core through the
oxygen atom as a uronium 379 salt (O-form).287 The structures have since been reassessed
via X-ray crystallography and solid state NMR analysis and it has been shown that the
C(NMe2)2 unit in fact connects through the triazole nitrogen to form a guanidinium 380
salt (N-form)286,288 as shown in Figure 3.13.

Figure 3.13: Structures of the guanidinium- and uronium-based coupling agents.
The general reaction procedure employed involved mixing acid 321 with the coupling
reagent (381, 382 or 383) and base in DMF at room temperature (Scheme 3.45). The
reaction mixture was stirred for thirty minutes to effect pre-activation before addition of
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the alcohol 375, after which the reaction was left for up to five hours to provide the ester
376 in generally good yields.

Scheme 3.45: Use of the uronium- or guanidinium-based coupling reagents 381, 382
or 383 for the synthesis of esters 376.
The reagents were found to work equally well in either dimethylformamide or
acetonitrile, however much longer reaction times were required when the reactions were
carried out in tetrahydrofuran. Phenols and primary alcohols were found to react rapidly
and in good yields, while secondary alcohols required longer reaction times to produce
equivalent yields. Only COMU (383) was found to promote the reaction of tertiary
alcohols.286 It was also reported that the benzotriazole-derived coupling agents 381 and
382 required at least thirty minutes activation time with the acid before addition of
alcohol and that for reaction with secondary alcohols it was important that the stronger
base DBU was used in place of DIPEA. The proposed mechanism for the activation of
acid 321 and subsequent alcohol 375 coupling promoted by benzotriazole-uronium based
reagents is shown in scheme 3.46.

Scheme 3.46: Mechanism for the formation of ester bonds with TBTU (381).286
Initial nucleophilic attack by carboxylate anion 321a at the guanidinium carbon of TATU
(381) forms the unstable tetrahedral intermediate 384. Decomposition of intermediate 384
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releases the benzotriazole anion 385 which attacks the carbonyl carbon of the
complementary cation 386 to undergo acyl transfer and release urea 388. Finally, addition
of deprotonated alcohol 375a to the activated carbonyl 387 delivers the coupled ester 376
and benzotriazole-1-ol (389). Base sensitivity for the reaction of secondary alcohols with
TBTU (381) or TATU (382) suggests that the final step is the rate determining step.286
In an effort to complete the coupling of acid 266a and the secondary alcohol 267,
conditions for TBTU (381) driven coupling as reported by Grindley and co-workers286
were applied. Acid 266a was stirred with TBTU (381) in DMF for one hour to allow
pre-activation (Scheme 3.47). Alcohol 267 and 1,8-diazabicycloundec-7-ene (DBU) were
added and the reaction was monitored for twelve hours, during which time no reaction
was observed. Consequently, the reaction was halted and the starting alcohol 267 was
recollected.

Scheme 3.47: Attempted coupling of alcohol 267 and acid 266a using TBTU (381).
D. 2,4,6-Trichlorobenzoyl Chloride for the Formation of Ester Bonds
Yamaguchi et al.289 first reported the application of 2,4,6-trichlorobenzoyl chloride (390)
for the synthesis of esters 376 via the coupling of corresponding acids 321 and alcohols
375. Initially, their interest was in the development of a method for the synthesis of
macrocyclic lactone compounds which would be rapid enough to overcome unfavourable
entropy issues that inevitably lead to polymerisation of open chain hydroxy-acid
compounds. This method has since found application as a useful synthetic tool for the
synthesis

of

aliphatic

ester

compounds223,290-292

as

well

as

cyclise

lactone

variants.289,293,294 The strategy designed by Yamaguchi and co-workers focuses on the
application of DMAP (393) as an acyl transfer agent and makes use of its remarkably
high catalytic activity with mixed anhydrides 391 (Scheme 3.48).289 Formation of the
reactive anhydride intermediate 391 proceeds by nucleophilic attack of carboxylate anion
321a at the carbonyl carbon of 2,4,6-trichlorobenzoyl chloride (390). Acyl transfer occurs
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from the mixed anhydride 391 to DMAP (393). Addition of the alcohol 375 allows
formation of the desired ester 376 and recycling of DMAP (393).295

Scheme 3.48: Mechanism for the synthesis of esters 376 with 2,4,6-trichlorobenzoyl
chloride (390) and DMAP (393).289,295
This method has recently been used by Ma et al.223 for the formation of ester bonds in
their total synthesis of the natural product apratoxin A (397) (Scheme 3.49).
2,4,6-Trichlorobenzoyl chloride (390) and DMAP (393) were used to couple Fmoc
protected L-proline (395) and the secondary alcohol 394. The reaction was run in benzene
at room temperature for twelve hours to deliver the desired ester product 396.

Scheme 3.49: Use of 2,4,6-trichlorobenzoyl chloride (390) for the formation of ester
bond as part of the total synthesis of apratoxin A (397).223
With the obvious structural similarities to our secondary alcohol 267 and the high
reported yield for ester formation with 2,4,6-trichlorobenzoyl chloride (390), the
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conditions reported by Ma et al.223 presented a very appealing option. Pleasingly, the
coupling of acid 266a and alcohol 267 was completed successfully using a reproduction
of the conditions described (Scheme 3.50). 2,4,6-Trichlorobenzoyl chloride (390) was
added to a solution of acid 266a in benzene followed by addition of DIPEA, alcohol 267
and finally DMAP. The reaction was left at room temperature overnight to deliver the
desired ester 268 in a satisfying 90% yield.

Scheme 3.50: Synthesis of ring closing precursor 268 via 2,4,6-trichlorobenzoyl chloride
(390) esterification.

3.5.2 Macrocyclic Ring Closing Metathesis
Successful coupling of the alcohol 267 and acid 266a fragments for the synthesis of diene
268 meant completion of the targeted (5R,7S,14R)-palmyrolide A (13a) now required
only macrocyclic RCM as the final transformation (Scheme 3.51).

Scheme 3.51: Proposed macrocyclic RCM for the synthesis of
(5R,7S,14R)-palmyrolide A (13a).
Mechanistically, the RCM reaction for the synthesis of macrocyclic compounds is
identical to that for smaller sized rings (Scheme 3.13, Section 3.3.3). Realistically,
however, a number of factors should be taken into account including concentration of
substrate and catalyst,208,288 solvent type, temperature208 and reaction duration.
Macrocyclic ring closing metathesis reactions are usually run at higher dilution with
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regard to the diene substrate to avoid polymerisation via cross metathesis.215,296 This is
especially important when one of the olefin active sites is more reactive than the other or
if conformational issues prevent reactive sites from coming into proximity for successful
reaction.215 However, lower concentrations can affect the probability for a successful
reactive interaction between the substrate and catalyst. For this reason, higher catalyst
loadings or multiple additions may be implemented.215 Another method to increase the
reaction rate is to increase the temperature and the kinetic energy. This may increase the
flexibility of long chain molecules by providing energy to overcome bond rotational
thresholds.215 Although the family of Grubbs methathesis catalysts is small, they exhibit a
range of thermal stabilities and moisture sensitivities.211 Thus, when increasing the
temperature of any metathesis reaction, attention needs to be given to the combination of
solvent and catalyst employed. Yet, despite all these factors macrocyclic RCM presents a
powerful method for the formation of C-C bonds in large cyclic structures. As such,
macrocyclic RCM has been employed in the total synthesis of a number of natural
products and large ring molecules such as paliurine E (398),297 BILN 2061 (399),298
radicicol (400) and epthilone (401)215 (Figure 3.14).

Figure 3.14: Macrocyclic compounds accessed through macrocyclic RCM.215,297-299
The total synthesis of natural product paliurine E (398) was reported by Evano et al.297
Access to the thirteen-membered ring structure 403 was achieved utilising a late stage
RCM of ene-enamide intermediate 402 (Scheme 3.52). It was also noted by the authors
that disubstitution of the enamide double bond was important for the yield of macrocycle
402. When the ring closing was attempted using the substrate 405, which possesses two
terminal olefins, amide 404 was produced as the major product over the desired cyclic
enamide 403.
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Scheme 3.52: Macrocyclic RCM reported in the total synthesis of paliurine E (398).297

3.5.3 Attempted RCM of ene-enamide 268
With our key ene-enamide ring closing precursor 268 in hand, our attention was turned to
the final step in the planned synthesis of (5R,7S,14R)-palmyrolide A (13a) (Table 3.5).
Table 3.5: Attempted ring closing of ene-enamide 268 with simple solvent, catalyst
system.

#
1
2
3
4
5
6

Catalyst
GII (292)
GII (292)
GII (292)
GII (292)
GII (292)
HGII (295)

Cat. loading
10 mol%
20 mol%
20 mol%
30 mol%
20 mol%
20 mol%

Solvent
CH2Cl2
CH2Cl2
1,2-DCE
1,2-DCE
Toluene
1,2-DCE

Temp (°C)
45
45
90
90
120
90

Our initial attempts to cyclise compound 268 used conditions similar to those reported by
Evano et al.297 Ene-enamide 268 was dissolved in dichloromethane at a concentration of
0.5 mM, this solution was heated to reflux and 10 mol% of Grubbs second generation
catalyst (GII) 292 was added. The reaction was monitored by thin layer chromatography
and when no change was observed after forty-eight hours the reaction was halted to
recollect starting material 268 (Entry 1, Table 3.5). Subsequent attempts were made to
produce the desired RCM by altering elements of the conditions employed
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(Entries 2-5, Table 3.5). The catalyst loading was increased from the initial 10 mol% to
20 mol% without changing the dilution of substrate in an attempt to increase interaction
of catalyst with the substrate (Entry 2, Table 3.5). Solvent was changed to
1,2-dichloroethane allowing an increase in the temperature of reflux (Entry 3, Table 3.5).
The catalyst loading was increased further to a maximum of 30 mol% added in 10 mol%
portions every twelve hours to overcome any possible degradation of the catalyst over the
duration of reaction (Entry 4, Table 3.5). Finally the solvent was changed to toluene to
allow the temperature of reflux to be raised further still (Entry 5, Table 3.5).
Disappointingly, none of these changes produced the desired RCM product 13a and
starting diene 268 was recovered after each attempt.
To ensure that the reactivity problems observed were not an effect of the chosen catalyst
the next attempt to produce the ring closing of substrate 268 was run in the presence of 20
mol% of the Hoveyda-Grubbs second generation catalyst (HGII) 295 (Entry 6, Table 3.5).
The chelating oxygen atom in HGII 295 replaces a phosphine ligand present in GII 292,
to give a completely phosphine-free structure.214 The Hoveyda–Grubbs catalysts can be
slower to initiate than the Grubbs catalyst from which they are derived but display an
improved stability.212 The HGII 295 catalyst was used to confirm that failure of the RCM
could not be attributed to catalyst stability. Under the conditions employed it was thought
HGII 295 would potentially be more resilient, allowing the catalyst to remain active for
longer to induce ring closing of diene 268. Again, no reaction was observed and after
allowing the mixture to reflux for forty-eight hours the starting material 268 was
recovered unchanged.
The lack of reactivity with the Grubbs catalysts could be due to undesired chelating
effects. The presence of a carbonyl containing functional group in the structure of the
acyclic starting material has been shown to be useful, and in some cases essential, for
successful RCM to occur. The distance between this key structural element and the
olefins involved in the reaction can also play a deciding role in the success of the reaction
(Figure 3.15).300,301
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Figure 3.15: Chelating effect of carbonyl group in macrocyclic RCM reactions.302
It has been suggested that there may exist a ligating effect of the carbonyl oxygen through
formation of an intermediate complex with the structure 406. The polar carbonyl group
acts as a relay point by coordinating to the evolving metal-carbene species. This works to
draw the reacting sites into closer proximity with the central metal atom and each other.
Once both double bonds are within the coordination sphere of the catalyst, the second
[2 + 2] cycloaddition may proceed and allow completion of the RCM.302 While this
intramolecular coordination can grant an obvious advantage to the progression of the
reaction, the same internal chelation can have a detrimental effect. Five- or six-membered
chelate structures 407 or 408 can be formed as highly stable reaction intermediates,
causing sequestering of the catalyst in such a way that cyclisation will not take place.
Inspection of the ene-enamide ring closing precursor 268 presents potential examples of
both potentially useful and non-reactive internal chelation effects (Figure 3.16).

Figure 3.16: Potentially useful 409, 410 and non-reactive 411 internal chelation
complexes of ene-enamide 268.
The carbonyl oxygen of the ester or the enamide functionalities could potentially provide
an excellent relay point to bring the olefins into proximity with each other and the catalyst
such as in complexes 409 or 410. However, the positioning of the oxygen atom of the
enamide also potentially allows formation of the unreactive five-membered complex 411
which could account for the observed lack of reactivity.
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It has been reported that the formation of these stable intramolecular ruthenium carbene
chelates can be avoided or minimised through addition of a suitable Lewis acid.302-305 The
Lewis acid is added to compete with the ruthenium carbene for coordination onto the
carbonyl oxygen effectively destabilising the unproductive chelate. Such an additive must
be compatible with the RCM catalyst, should provoke a minimum of undesirable
acid-induced side reactions and has to undergo a kinetically labile coordination with the
polar substituent.302 A number of Lewis acids have been identified that match the required
criteria. Strong Lewis acids such as titanium- or tin-tetrachloride are not suitable as they
decompose the RCM catalysts and lithium bromide has been shown to retard rather than
promote the ring closing reaction.302 It is well established that titanium(IV) alkoxides can
coordinate weakly to esters and that in many cases this is a requirement for successful
titanium(IV) catalytic function.306,307 This behaviour of the titanium alkoxides presents
them as ideal candidates for the use in RCM reactions where chelation of the ruthenium
carbene intermediate is a concern. Indeed, titanium tetraisopropoxide (Ti(Oi-Pr)4) has
proven to be useful as an additive not only in RCM reactions302 but also in
cross-metathesis reactions of a similar nature.304 Fürstner and Langemann302 reported the
use of a macrocyclic RCM reaction as part of their total synthesis of (−)-gloeosporone
(414) (Scheme 3.53). Initial attempts to effect the ring closing of compound 412 with
Grubbs first generation catalyst 415 produced no cyclisation. However, in the presence of
titanium tetraisopropoxide, the RCM proceeded smoothly to give ring closed product 413
in 80% yield.

Scheme 3.53: Macrocyclic RCM in the synthesis of (−)-gloeosporone (414).302
Other Lewis acids have also been reported as suitable additives in RCM reactions to
suppress the formation of the ruthenium chelate with a proximate polar functional group.
Abell and co-workers303 described a major increase in yield for the ring closing of dienes
in the presence of chlorodicyclohexyl borane for their synthesis of macrocyclic β-strand
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templates. Lithium chloride has also been used to good effect by Robinson et al.305 during
microwave-assisted RCM for the synthesis of carbocyclic peptides.
It was hoped that the addition of a Lewis acid to the conditions attempted previously for
the ring closing of our substrate 268 would result in successful RCM (Table 3.6).
Table 3.6: Attempted RCM of ene-enamide 268 with Lewis acid additive.

#

Lewis Acid

Aldehyde 416 (%)

1
2
3

Ti(OiPr)4
(C6H11)2BCl
LiCl

50
98
30

Returned
Ene-enamide 268 (%)
36
62

Ring closing was attempted separately with each of the three Lewis acids previously
discussed using the same conditions for each. The general reaction was run as follows:
ene-enamide 268 was preincubated with the Lewis acid additive in 1,2-dichlorethane for a
period of one hour before reaction was heated to reflux and 5 mol% of Grubbs second
generation catalyst was added. In all examples, a new compound was indicated by thin
layer chromatography after twenty-four hours. However a significant amount of starting
material remained and a second portion of the catalyst was added to the reaction mixture
bringing the total loading to 10 mol%. All reactions were halted after a total of forty-eight
hours to allow isolation of the newly formed compound and any remaining ene-enamide
268. Disappointingly, the isolated compound was not the desired cyclisation product 13a
but rather aldehyde 416 as identified by a characteristic aldehyde proton resonance at
δ = 9.77 ppm and little change in the resonances for the enamide protons in the 1H NMR
spectrum. This was further confirmed by measurement of the HR-ESI-MS m/z [M + Na]+
calcd. for [C22H39NO4 + Na]+: 404.2771; found: 404.2770.
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Evano et al.297 reported a similar aldehyde side product 420 during their synthesis of
paliurine E (398) when RCM was attempted with tertiary enamide-ene 417
(Scheme 3.54). The N-benzyl protecting group was added to the enamide after
decomposition of secondary enamide 402 was observed to produce amide 404, previously
discussed in Section 3.5.2 (Scheme 3.52). It was expected that formation of the N-benzyl
tertiary enamide 417 would provide stabilisation and allow reaction with the ruthenium
catalyst before degradation of the enamide. Evidently, stabilisation of the enamide was
achieved as no amide side product was produced, however it has been suggested that
addition of the benzyl group also prevented the second [2 + 2] cycloaddition of RCM
from occurring through steric hindrance.297 The authors reasoned that instead of
completing the RCM, the metal carbene intermediate 418 undergoes reaction with an
atmospheric water molecule (Scheme 3.54).297 A potential mechanism for the formation
of aldehyde 420 was proposed, involving internal coordination of the bound ruthenium
catalyst to an oxygen atom of the intermediate 418. Addition of water followed by the
release of the catalyst and hydrogen gas occurs to deliver the observed aldehyde
product 420.

Scheme 3.54: Proposed mechanism for the formation of undesired
aldehyde product 420.297
It was not expected that the N-methyl group of tertiary enamide 268 would convey much
in the way of steric hindrance. However, the observed lack of reactivity and formation of
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aldehyde 416 indicated an elevated stability for the enamide functionality. It is possible
that a similar mechanism to that described by Evano et al.297 could occur for diene 268 in
place of RCM resulting in production of aldehyde 416 (Scheme 3.55). Internal
coordination of the ruthenium carbene may be accomplished by the carbonyl oxygen of
the ester functionality, such as in intermediate 421. Subsequent addition of water via the
proposed mechanism presents a potential route for the production of the observed
aldehyde 416.

Scheme 3.55: Proposed mechanism for the formation of observed
aldehyde product 416.
As discussed previously (Section 3.1) the enamide functionality possesses significant
chemical stability due to the electron withdrawing nature of the carbonyl group and
conjugation of the double bond. The carbonyl reduces the nucleophilicity of the π-bond
and subsequently lowers reactivity of the enamide. This lack of reactivity may impede the
second [2 + 2] cycloaddition required for RCM and is potentially compounded by
formation of a stable five-membered ruthenium-carbene chelate 411 (Figure 3.16). While
the exact reason for the failure of RCM could not be determined, it became clear
(5R,7S,14R)-palmyrolide A (13a) would not be accessed from the RCM of diene 268. It
was thought that a different diene substrate could potentially be made more reactive
towards RCM by movement of the enamide double bond out of conjugation and
attempted RCM between two terminal olefins.
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3.6 Alternate Approach to the Synthesis of (5R,7S,14R)-Palmyrolide A
(13a)
3.6.1 Reassessment of Synthetic Route
With the failure of ene-enamide 268 to undergo the key RCM we thought an alternative
approach could involve making the enamide double bond more labile towards cyclisation
through a reordering of the final stages of the synthesis (Scheme 3.56).

Scheme 3.56: Reordering of synthetic route towards
(5R,7S,14R)-palmyrolide A (13a).
Despite previous lack of success, RCM was still thought to be the most accessible method
for cyclisation as it would also provide the carbon-carbon double bond present in
palmyrolide A (13a). Olefin isomerisation had proven to be a very successful
transformation in our acyclic intermediate 317a (Section 3.3.9) presumably due to the
production of the stable enamide functionality. We postulated that when repeated with a
cyclic substrate 425a the reaction would be driven to produce enamide 13a by a similar
enthalpically favourable transformation. It was also predicted that the terminal olefin of
N-allyl amide 424a would be more suitable for the desired RCM as the stabilising effect
of conjugation would no longer be present. By attempting the RCM of diene 424a before
olefin isomerisation of closed ring 425a we would minimise any steric hindrance
provided by the N-methyl group by relocating the reactive site further from the interfering
methyl group during RCM. The potential for formation of a stable six membered chelate
between the ruthenium-carbene and the amide carbonyl was noted, but it was hoped the
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increased reactivity of the terminal olefin would be enough to provide successful RCM.
The synthesis of alcohol coupling partner 317a would remain the same with admission of
the final olefin isomerisation step. A shorter acid coupling partner 423a would be
required to produce the correct sized fifteen-membered ring through RCM.

3.6.2 Synthesis of acid 423 using pseudoephedrine as a chiral auxiliary
Although the oxazolidinone auxiliaries had provided access to the previous acid coupling
partner (R)-2-methyl-hex-5-enoic acid (266a) (Section 3.4), the yields of the reactions
involved had been less than satisfactory. It was therefore decided to investigate a different
approach

for

the

synthesis

of

the

new

chiral

acid

coupling

partner

(R)-2-methyl-pent-4-enoic acid (423a) by employing an alternate chiral auxiliary,
pseudoephedrine (426a) (Scheme 3.57).

Scheme 3.57: Proposed synthesis of desired chiral acid 423a using
(+)-pseudoephedrine 426a.
Pseudoephedrine (426) was first described as a chiral auxiliary by Myers et al.308 in 1994.
Use of pseudoephedrine (426) as an auxiliary has since been the focus of numerous
studies and its applications are now well understood.308-310 In general, selective
N-acylation using an acid anhydride or acid chloride is used to form an amide 429
(Scheme 3.58). Diastereoselective alkylation of the pseudoephedrine alkoxide 430 formed
in the presence of lithium diisopropylamide (LDA) is usually completed with an alkyl
halide308,309 but other electrophiles such as epoxides310 have also been utilised to good
effect. Facial attack of the alkoxide 430 and subsequently stereochemistry in the product
431 is controlled by the existing stereochemistry, specifically of the secondary lithium
alkoxide at C-1 and as such, can depend on the amount of reagent applied.301
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Scheme 3.58: Synthesis and asymmetric alkylation of pseudoephedrine amides 429.309
By varying the conditions for separation of the pseudoephedrine auxiliary the
functionality of the newly formed chiral product can be controlled (Scheme 3.59).
Removal of the auxiliary can be completed by acidic or basic hydrolysis (Route a),
reduction with lithium-pyrrolidide borane complex 436 (Route b), reduction with
alkoxyaluminium hydride (Route c) or through substitution with alkyl lithium (Route d).
Each method provides access to a different functional group and the synthesis of acids
432 (Route a), alcohols 433 (Route b), aldehydes 434 (Route c) or ketones 435 (Route d)
are all possible.308,309

Scheme 3.59: Synthesis of chiral acids 432, alcohols 433, aldehydes 434 and ketones 435
using pseudoephedrine as a chiral auxiliary.308,309

3.6.3 Synthesis of (R)-2-methylpent-4-enoic acid (423a)
Using

the

synthetic

(R)-2-methylpent-4-enoic

method
acid

described
(423a)

by

was

Myers

et

synthesised

al.309
in

3

the
steps

desired
from

(+)-pseudoephedrine (426a) in excellent yields (84% over 3 steps) and enantiopurity
([α] −9.6 (c 1.13, CHCl3); lit.311 [α] −8.0, no concentration or solvent was reported but
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combined with comparison to magnitude of enantiomer (S)-423b [α]

+9.7 (c 0.4,

CHCl3) indicates good enantiopurity) (Scheme 3.60).

Scheme 3.60: Synthesis of (R)-2-methylpent-4-enoic acid (423a).
Acylation of (1S,2S)-(+)-pseudoephedrine (426a) with propionic anhydride and
triethylamine proceeded smoothly to deliver amide 427a. LDA was formed in situ by
reaction of n-butyllithium with diisopropylamine in tetrahydrofuran at −78 °C, the
mixture was warmed briefly to 0 °C before amide 427a was added. The reaction mixture
was left for an hour to ensure formation of a lithium alkoxide before an excess of allyl
bromide was added and the reaction was warmed to 0 °C to form the unsaturated amide
product 428a. Base catalysed hydrolysis of amide 428a in methanol and tert-butanol took
place under refluxed for twenty-four hours to deliver both the pseudoephedrine auxiliary
426a and the desired chiral acid 423a.

3.6.4 Completion of (5R,7S,14R)-Palmyrolide A (13a)
With coupling partners, acid 423a (Section 3.6.3) and alcohol 317a (Section 3.3.8) in
hand, attention was turned to formation of the required ester 424a (Scheme 3.61).
Pleasingly, when the conditions previously optimised for esterification with
2,4,6-trichlorobenzoyl chloride (390) (Section 3.5.1) were applied, the ester 424a was
accessed in very good yield. The acid 423a was treated with 2,4,6-trichlorobenzoyl
chloride (390) in the presence of DIPEA. Alcohol 317a and DMAP were added and the
reaction was stirred at room temperature overnight to deliver the desired ester 424a in
89% yield.
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Scheme 3.61: Ester bond formation via coupling of alcohol 317a and acid 423a.
Successful coupling of the acid 423a and alcohol 317a fragments provided access to key
RCM precursor diene 424a. The RCM was initially attempted using relatively simple
conditions similar to those described by Evano et al.297 (Section 3.5.2). A solution of
diene 424a in 1,2-dichloroethane was brought to reflux, 5 mol% of Grubbs second
generation catalyst was added and the reaction was heated under reflux for twenty-four
hours. Analysis by thin layer chromatography indicated the formation of a new compound
and a large amount of remaining starting material. In an attempt to encourage further
reaction a second 5 mol% portion of catalyst was added to replace any degraded catalyst.
The head space of the reaction vessel was evacuated briefly under vacuum to remove the
volatile ethene side product and encourage an equilibrium shift towards the product.
Heating at reflux was maintained for a further twenty-four hours and pleasingly key
macrocyclic intermediate 425a was isolated in good 67% yield. Gratifyingly, no
undesired side reactions were observed, the desired macrocycle 425a was the sole
product, and a small amount of starting diene 424a was recovered.

Scheme 3.62: Ring closing metathesis of diene 424a to form macrocycle 425a.
With the success of the macrocyclic RCM of diene 424a the final remaining step in our
planned synthesis of (5R,7S,14R)-palmyrolide A (13a) required the isomerisation of
alkene 425a to produce the key enamide functionality of palmyrolide A (13a) (Scheme
3.63).
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Scheme 3.63: Proposed olefin isomerisation to produce the N-methylenamide
functionality of palmyrolide A (13a).
Sergeyev and Hesse312 reported the isomerisation of the double bond in a macrocyclic
N-allylic amide 437 to give secondary enamides 438 and 439 (Scheme 3.64). The double
bond is shifted to one of two conjugated positions, split between two equally distanced
amide functionalities. Macrocycle 437 was heated in the presence of catalytic iron
pentacarbonyl in chlorobenzene. A full conversion of the starting material was observed
although no selectivity for formation of either product was displayed, allowing formation
of both possible enamides 438 and 439. Although this example was completed using a
different catalytic system, it represents a successful example of an analogous
transformation completed in a macrocyclic substrate.

Scheme 3.64: Isomerisation of a macrocyclic allylic amide 437 to produce enamides 438
and 439.312
Reaction conditions that had been developed for isomerisation of the acyclic allylic amide
system (Section 3.3.9.2) were applied to our macrocyclic intermediate 425a (Scheme
3.65). A solution of (PPh3)3RuH(CO)(Cl) in toluene was added to a solution of
macrocycle 425a in toluene and the resulting mixture was heated at reflux over twentyfour hours. We were pleased to observe complete consumption of the starting material
425a

and

smooth

production

of

a

single

product

(5R,7S,14R)-palmyrolide A (13a) which was isolated in 88% yield.
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namely,

enamide

Scheme 3.65: (PPh3)3RuH(CO)(Cl) catalysed double bond migration for the
synthesis of (5R,7S,14R)-palmyrolide A (13a).

3.6.5 Summary
Success of the final isomerisation step completed the synthesis of the targeted
(5R,7S,14R)-palmyrolide A (13a) in an overall yield of 7.3% and a longest linear route of
thirteen steps from commercially available rac-tert-butyl oxirane 278. During isolation of
the natural product the absolute stereochemistry at C-14 had been assigned as (R). While
the absolute stereochemistry at the remaining two chiral centers could not be established,
the relative arrangement between C-5 and C-7 had been assigned as syn based on analysis
of the pertinent coupling constant.182 We had targeted the (5R,7S,14R)-palmyrolide A
(13a) diastereomer based on the originally reported syn-stereochemistry of the natural
product. As one of two possible C-5/C-7 syn-diastereomers possessing the assigned
(R)-configuration

at

C-14,

it

was

assumed

successful

synthesis

of

(5R,7S,14R)-palmyrolide A (13a) would either confirm it as the natural diastereomer or
identify the alternative (5S,7R,14R)-diastereomer 13b as the natural configuration (Figure
3.17).182

Figure 3.17: Structures of the two proposed potential structures for the
natural product palmyrolide A (13).182
Comparison of the 1H NMR data showed that the synthetic (5R,7S,14R)-palmyrolide A
(13a) did not match the isolated natural product. A detailed comparison of the 1H and 13C
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NMR spectral data for the synthetic (5R,7S,14R)-palmyrolide A (13a) material and the
reported natural product is provided in Table 3.7.
Table 3.7: Comparison of 1H and 13C NMR data for 13a and reported
natural palmyrolide A.
Authentic Palmyrolide A 1H
(600 MHz, CDCl 3)
Shift (ppm) Multiplicity
J (Hz)
2.38
1.57
1.78
1.06
1.33
1.48
1.38
1.66
4.88

m
m
m
m
m
m
ddd
ddd
ddd

0.86
2.47
1.78
2.29
2.29
5.27
6.47
1.21
0.90
3.04

Synthetic (5R ,7S ,14R )-Palmyrolide A 1H
(400 MHz, CDCl 3)
Shift (ppm) Multiplicity
J (Hz)
2.21-2.34
1.54-1.63
1.88-1.96
1.22-1.25
1.35-1.45
1.35-1.45
1.22-1.25
1.22-1.25
4.78

m
m
m
m
m
m
m
m
d

s

0.87

s

m
m
m
m
dt
d
d
d
s

2.60-2.67
1.68-1.78
2.10-2.20
2.48-2.56
4.86
6.68
1.23
0.93
3.06

dt
m
m
m
ddd
d
d
d
s

14.5
14.5
11.0

14.0
14.0
7.0
6.5

8.5
11.0
1.5

7.5

1.5
3.0

Authentic 13C
Synthetic 13C
(150 MHz, CDCl 3) (100 MHz, CDCl 3)
Shift (ppm)
Shift (ppm)
172.9
172.1
34.4
31.8
24.3
23.3

9.6

13.6

8.0

13.6
13.6
7.2
5.6

10.4

4.8

34.6

35.3

29.3
35.6

27.9
38.4

76.9
35.2
26.1
175.3
38.8
32.8
27.0

78.6
34.9
25.9
175.8
37.0
31.7
29.7

117.3
130.6
16.8
20.6
31.7

110.3
129.9
19.4
19.5
29.1

The discrepancy in the 1H NMR data was especially apparent when comparing the
downfield signals ( > 4.0 ppm) assigned to the protons attached to C-17/C-18 of the
enamide and at C-7 adjacent to the tert-Bu group. A clear downfield shift was observed
for the signal assigned to the vinylic H-18 proton, and an upfield shift was observed for
both the H-17 and H-7 resonances (Figure 3.18).
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Figure 3.18: Comparison of the 1H NMR spectra for reported natural product182 (top) and
synthesised (5R,7S,14R)-palmyrolide A (13a) (bottom).
The recorded optical

rotation ([α]

−42.6

(c 0.97,

CHCl3) for synthetic

(5R,7S,14R)-palmyrolide A (13a) also significantly differed to that reported for the
natural product ([α]

−29 (c 0.9, CHCl3)182 indicating that we had synthesised a

diastereomeric analogue.
Our successful synthesis of (5R,7S,14R)-palmyrolide A (13a) established that the
alternative syn-diastereomer, (5S,7R,14R)-palmyrolide A (13b), may be the natural
product. Our synthetic route was designed to allow access to both syn diastereomers 13a
and 13b through use of enantiomeric salen HKR catalysts in the initial synthetic step. By
using the opposite enantiomer of salen catalyst for the HKR of our starting epoxide 278,
the chiral centre at C-7 of the final product could be set selectively to either (R) or (S).
However with the (5R,7S)-alcohol coupling partner 317a (Section 3.3.8) already in hand,
and a robust method for the synthesis of (S)-2-methylpent-4-enoic acid (423b)
(Section

3.6.3),

synthesis

of

the

enantiomer

137

of

the

proposed

natural

(5R,7S,14S)-palmyrolide A (13c) (Scheme 3.66) seemed the more expedient route for
confirmation of the absolute stereochemistry of the palmyrolide A (13) natural product.

Scheme 3.66: Proposed synthesis of (5R,7S,14S)-palmyrolide A (13c).

3.7 Synthesis of (5R,7S,14S)-Palmyrolide A (13c)
3.7.1 Synthesis of (S)-2-Methylpent-4-enoic Acid (423b)
With the required alcohol coupling partner 317a already available (Section 3.3.8) the first
step in the synthesis of (5R,7S,14S)-palmyrolide A (13c) was the production of acid
coupling partner (S)-2-methylpent-4-enoic acid (423b) (Scheme 3.67). The same three
step synthetic approach described for the synthesis of (R)-2-methylpent-4-enoic acid
(423a) (Section 3.6.3) started from the (−)-enantiomer of pseudoephedrine 426b.309 The
targeted chiral acid 423b could be produced from (−)-pseudoephedrine 426b in good
yield (63% over three steps) and enantiopurity ([α]
[α]

+9.36 (c 1.02, CHCl3); lit.313

+9.7 (c 0.4, CHCl3)). Acylation of (−)-pseudoephedrine (423b) with propionic

anhydride and triethylamine proceeded smoothly to deliver amide 427b which was added
to a cooled solution of LDA formed in situ in tetrahydrofuran. The reaction mixture was
left for an hour to ensure formation of lithium alkoxide before an excess of allyl bromide
was added and the reaction was warmed to 0 °C forming the unsaturated amide product
428b. Finally, the chiral auxiliary was hydrolysed with an aqueous solution of sodium
hydroxide to deliver recovered pseudoephedrine auxiliary and the desired (S)-chiral acid
423b.
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Scheme 3.67: Synthesis of (S)-2-methylpent-4-enoic acid (423b).

3.7.2 Synthesis of (5R,7S,14S)-palmyrolide A (13c)
With both the required (S)-acid 423b and alcohol 317a fragments accessed successfully
attention turned to reproducing the coupling/RCM/isomerisation sequence that had been
used successfully for the synthesis of the (5R,7S,14R)-palmyrolide A diastereomer (13a)
(Scheme 3.68).

Scheme 3.68: Synthesis of (5R,7S,14S)-palmyrolide A (13c) from
alcohol 317a and acid 423b.
Formation of ester 424b through coupling of acid 423b and alcohol 317a was achieved
using the previously described conditions which had been modelled on those reported by
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Yamaguchi et al.289 A solution of acid 423b in benzene was treated with
2,4,6-trichlorobenzoyl chloride (390) and DIPEA. Alcohol 317a and DMAP were added
and the reaction was stirred at room temperature overnight to deliver the desired ester
424b. The RCM of diene 424b was completed by addition of 10 mol% of Grubbs second
generation catalyst to produce macrocycle 425b. The same portion wise addition was
used to keep the catalyst active over a longer time period, and careful evacuation under
vacuum was used to remove any volatile ethene side product from the head space of the
reaction vessel. Finally reflux of macrocyclic amide 425b with 20 mol% of
(PPh3)3RuH(CO)(Cl) in toluene for twenty-four hours completed the synthesis of the
desired enamide (5R,7S,14S)-palmyrolide A (13c) in good yields (48% over 3 steps).

3.7.2 Summary
Successful completion of the (5R,7S,14S)-palmyrolide A diastereomer 13c provided more
spectroscopic data to enable comparison of the synthetic materials with the data reported
for the palmyrolide A (13) natural product.182 A detailed comparison of the 1H and

13

C

NMR spectral data for the synthetic (5R,7S,14S)-palmyrolide A (13c) material and the
reported natural product is provided in Table 3.8.
Table 3.8: Comparison of 1H and 13C NMR data for 13c and reported natural
palmyrolide A.
No.
1
2
3a
3b
4a
4b
5
6a
6b
7
8
9/10/11
13
14
15
16a
16b
17
18
19
20
NMe

Authentic Palmyrolide A 1H
(600 MHz, CDCl 3)
Shift (ppm) Multiplicity
J (Hz)
2.38
1.57
1.78
1.06
1.33
1.48
1.38
1.66
4.88

m
m
m
m
m
m
ddd
ddd
ddd

0.86

s

2.47
1.78
2.29
2.29
5.27
6.47
1.21
0.90
3.04

m
m
m
m
dt
d
d
d
s

14.5
14.5
11.0

8.5
11.0
1.5

14.0
14.0
7.0
6.5

7.5

1.5
3.0

Synthetic (5R ,7S ,14S )-Palmyrolide A 1H Authentic 13C
Synthetic 13C
(400 MHz, CDCl 3)
(150 MHz, CDCl 3) (100 MHz, CDCl 3)
Shift (ppm) Multiplicity
J (Hz)
Shift (ppm)
Shift (ppm)
172.9
172.5
2.53-2.62
m
34.4
33.8
1.56-1.80
m
24.3
22.7
1.83-1.92
m
1.23-1.33
m
34.6
36.5
1.56-1.80
m
1.23-1.33
m
29.3
27.1
1.23-1.33
m
35.6
37.9
1.23-1.33
m
4.85
dd
10.4
1.2
76.9
78.9
35.2
34.8
0.90
s
26.1
26.0
175.3
175.6
2.40-2.50
m
38.8
36.8
1.56-1.80
m
32.8
32.9
2.06-2.15
m
27.0
30.7
2.18-2.26
m
5.12
dt
14.0
7.2
117.3
112.9
6.65
d
14.0
130.6
130.9
1.19
d
7.2
16.8
17.4
0.93
d
6.4
20.6
20.5
3.05
s
31.7
27.7

140

To our surprise, comparison of the 1H and 13C NMR data of this second syn-diastereomer
13c also did not match that of natural palmyrolide A. Significantly the downfield signals
(>4 ppm) in the 1H NMR spectrum provided the clearest evidence for inconsistencies. In
the 1H NMR spectrum for the synthetic (5R,7S,14S)-palmyrolide A (13c) a large
downfield shift was observed for H-18 and an upfield shift for the H-17 resonance was
also noted (Figure 3.19).

Figure 3.19: Comparison of the 1H NMR spectra for reported natural product182 (top) and
synthesised (5R,7S,14S)-palmyrolide A (13c) (bottom).
If the relative syn-assignment between C-5 and C-7 was accurate, the NMR data for one
of our synthetic palmyrolide A diastereomers 13a or 13c should be an exact match either
as the natural configuration or the enantiomer thereof. The discrepancies in the NMR
specta recorded for both synthetic palmyrolide diastereomers indicated that the original
syn-assignment proposed for the relative stereochemistry at C-5 and C-7 of the
macrocycle was incorrect. Consequently, elucidation of the actual stereochemistry for the
natural isomer of palmyrolide A would require the synthesis of a minimum of two
diastereomers exhibiting an anti-configuration between C-5 and C-7. The original
synthetic plan (Section 3.2) could not be used to access the trans-configured
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diastereomers therefore our focus shifted to the design of an alternate synthetic route that
would afford the anti-diastereomers.

3.8 Alternate Synthetic Analysis
Our initial retrosynthetic analysis of syn-palmyrolide A (13a) had allowed for
disconnection to the commercially available starting materials acryloyl chloride (277),
Grignard 287 and epoxide 278 (Scheme 3.69). Optimisation of the methodology reported
for the synthesis of the syn-diastereomers (5R,7S,14R)-13a and (5R,7S,14S)-13c has
produced a robust and reproducible route to the targeted structure. It was therefore
thought prudent to design the synthetic route towards the anti-diastereomers of
palmyrolide A (13d) following the first synthesis of the syn-diastereomers as closely as
possible. Previously the key stereochemical elements of palmyrolide A (13a) were set
relatively early in the course via the synthesis of syn-lactone 274a. It was reasoned that by
production of a shared common lactone intermediate possesing anti-stereochemistry 274b
the remainder of the synthetic route could be executed in a similar fashion to the route
used to access syn-diastereomers 13a and 13c.

Scheme 3.69: Comparison of the retrosynthetic disconnection of syn-palmyrolide 13a
and anti-palmyrolide 13d.

142

With this idea in mind, the main focus of the revised retrosynthetic analysis was to
provide access to anti-lactone 274b (Scheme 3.70). The tert-butyl substituent had proven
to be an effective directing group to effect stereoselective hydrogenation. We now
considered the use of the same directing ability to control installation of the methyl
substituent at C-3 of the lactone using a 1,4-conjugate addition. Disconnection of the
methyl group from anti-lactone 274b exposed the dihydropyranone 442a and the
Grignard reagent methylmagnesium bromide (440). It was believed the same
methodology that was successfully used for the synthesis of our previous
dihydropyranone target 275 could be applied here, with minor changes to the starting
materials. Opening of the unsaturated dihydropyranone 442a through the double bond
provided diene 443a which would be closed by RCM in the forward direction. The ester
bond was disconnected to give commercially available acryloyl chloride (277) and the
secondary alcohol 444a. Access to the alcohol 444a was thought to be achievable using
vinylmagnesium bromide (441) to open the previously reported tert-butyl epoxide 278a.

Scheme 3.70: Retrosynthetic analysis of anti-lactone 274b.
Given that there are four possible C-5/C-7 anti-diastereomers of palmyrolide A, it would
be necessary to synthesise at least two compounds (Scheme 3.71) to assign the absolute
stereochemistry of the palmyrolide natural product. Again it was deemed a more efficient
use of resources to make a single enantiomer of anti-alcohol 317b and react it with both
the (R)- and (S)- enantiomers of acid 423. Comparison of the NMR spectra and optical
rotation measurements would then allow assignment of the absolute stereochemistry of
the natural palmyrolide A isomer via either an exact match or identification of the
enantiomer of the natural product.
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Scheme 3.71: Proposed synthesis of two 5,7-anti-macrolide diastereomers 13d and 13e
for assignment of natural product stereochemistry.
However, at this stage in our research the first total synthesis of palmyrolide A (13f) was
reported by Maio et al.291,292 This paper established the assignment of the absolute
stereochemistry of the natural product as confirmed by total synthesis to be
(5R,7R,14R)-palmyrolide A (13f) (Figure 3.20) thus enabling streamlining of our own
investigations and targeting the synthesis of the natural isomer of palmyrolide A (13f).

Figure 3.20: Structure of the natural product palmyrolide A (13f) as
confirmed via total synthesis.291

3.9 First reported Synthesis of Palmyrolide A (13f)
Maio and co-workers291 first reported the revised structure of the natural product
(−)-palmyrolide

A

(13f)

via

the

synthesis

of

the

enantiomeric

(+)-(5S,7S,14S)-palmyrolide A (13e). The reported synthesis bears some similarity to our
own work in that the target compound is assembled from two major fragments,
hydroxy-amide 445a and iodo-acid 446a, which are then combined through formation of
the ester and enamide functionalities to furnish macrocycle 13e (Scheme 3.72).
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Scheme 3.72: Major fragments alcohol 445a and acid 446a for the synthesis of
(+)-(5S,7S,14S)-palmyrolide A (13e).291
Like our own synthesis, the stereocenter at C-7 is installed early during preparation of
alcohol 445a and used to control the stereochemistry at C-5 (Scheme 3.73). The
anti-stereochemistry was set using a method developed by Cavelier et al.314 during their
synthesis of the apratoxin A analogue, oxoapratoxin.

Scheme 3.73: Synthesis of hydroxyl-amide coupling partner 445a for the synthesis
of (+)-ent-palmyrolide (13e).291
D-Proline

catalysed asymmetric aldol reaction of pivaldehyde (447) with acetone

furnished β-hydroxyketone 448a, conveniently setting the initial stereochemistry at what
would eventually become C-7 of the target molecule. Stereoselective reduction of ketone
448a was carried out using an excess of DIBAL to afford a syn-1,3-diol. No purification
of the intermediate syn-diol was required before treatment with thinoyl chloride and
subsequent oxidation with ruthenium tetraoxide (formed in situ) afforded cyclic sulphate
449. Nucleophilic ring opening of sulphate 449 with allylmagnesium bromide in the
presence of copper iodide was followed by protection of the resultant secondary alcohol
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as the triethylsilyl (TES) ether, providing alkene 450a possessing the desired
anti-configuration. Cross metathesis of alkene 450a with acryloyl chloride (277) using
Hoveyda-Grubbs second generation catalyst and subsequent addition of ammonium
hydroxide produced a primary amide. Finally, hydrogenation of the olefin occurred with
concomitant loss of the TES protecting group to give the hydroxy-amide coupling partner
445a.
Synthesis of the second coupling partner, iodo-acid 446a commenced from known
alcohol 451 (Scheme 3.74). Conversion of the alcohol to the corresponding iodide
proceeded in high yield using iodine, triphenylphosphine and imidazole to produce the
unsaturated diiodide 452. LDA was formed in situ and used to generate the lithiate of
(R,R)-propionamide 427b, followed by stereoselective alkylation upon addition of
diiodide 452. The final step in this part of the synthesis involved removal of the
pseudoephedrine auxiliary via hydrolysis to reveal the desired chiral acid 446a.

Scheme 3.74: Synthesis of iodo-acid coupling partner 446a for the synthesis of
(+)-ent-palmyrolide (13e).291
With the synthesis of alcohol 445a and acid 446a complete, the final coupling and
cyclisation steps could be undertaken (Scheme 3.75).
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Scheme 3.75: Completion of the synthesis of (+)-ent-palmyrolide (13e).291
Using the same conditions adopted for our own coupling reaction, ester 453 was formed
from acid 446a and alcohol 445a using 2,4,6-trichlorobenzoyl chloride (390) with DIPEA
and DMAP in THF. Macrocyclisation was then completed through formation of
secondary enamide 454 using copper iodide and cesium carbonate performed under high
dilution Buchwald315 conditions reported for union of amides with vinyl halides. Finally,
treatment of the ring closed product 454 with sodium hydride and iodomethane delivered
(+)-ent-palmyrolide A (13e) in eleven linear steps from commercially available starting
materials.291
Comparison of the spectral data for the synthetic (5S,7S,14S)-diastereomer 13e with the
natural product indicated the synthetic material was enantiomeric to natural palmyrolide
A, thus confirming assignment of the absolute stereochemistry of palmyrolide A as
(5R,7R,14R)-13f.291 A short time after the synthesis of the (5S,7S,14S)-enantiomer 13e,
Maio and co-workers292 confirmed their assignment of natural (5R,7R,14R)-palmyrolide
A (13f) by synthesis of the correct stereoisomer (Scheme 3.76).
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Scheme 3.76: Reported synthesis of the natural product palmyrolide A (13f).292
The method for the reported synthesis of natural product 13f was similar to that used for
the (5S,7S,14S)-enantiomer 13e. Minor changes were incorperated to facilitate a shorter
protecting group-free, ten linear step synthesis of palmyrolide A (13f). Initial reaction of
pivaldehyde (447) with L-proline was used to set the t-butyl stereochemistry in the
resulting β-hydroxyketone 448b to the correct (R)-configuration. The original synthetic
route was then used to provide access to the unprotected anti-alcohol 455. Reaction of the
unsaturated alcohol with acrylamide (456) instead of acryloyl chloride (277) allowed the
cross metathesis to take place without the need for protection of the alcohol functionality
of 455 and provided direct access to the primary amide intermediate 445b. The final
stages of the synthesis of were completed employing (R)-acid 446b and the same
conditions reported for (+)-ent-palmyrolide A (13e) to deliver the natural product
palmyrolide A (13f) in 7% overall yield and 10 linear steps from commercially available
starting materials.292

3.10 Synthesis of the Natural Product Palmyrolide A (13f)
With the publication of the correct stereoisomer of palmyrolide A (13f), our synthetic
efforts were focused on the natural product 13f. The key adjustment required to our
strategy was the synthesis of the key anti-configured lactone 274c (Scheme 3.77). It was
anticipated that once the anti-stereochemistry in lactone 274c was set, the remainder of
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our route employed for the synthesis of syn-palmyrolide A diastereomers 13a and 13c
could be used to access anti-palmyrolide A (13f). With this idea in mind our initial target
was the synthesis of anti-lactone intermediate 274c from the HKR product enantiopure
epoxide 278b.

Scheme 3.77: Synthetic target anti-lactone 274c for the synthesis of natural
palmyrolide A (13f).

3.10.1 1,4-Conjugate Addition to α,β-Unsaturated Lactones
A brief review of the literature revealed that 4,6-substituted lactones with an
anti-configuration are a reasonably common structural motif, frequently employed as a
synthetic intermediate for the installation of 1,3-anti-stereochemical systems.222,223,316-320
Perhaps the most common method for the synthesis of these anti-lactones 458 is the
copper halide-catalysed 1,4-addition of a Grignard reagent to an α,β-unsaturated lactone
457 (Scheme 3.78).

Scheme 3.78: Grignard addition to an α,β-unsaturated lactone 457 for the synthesis of
4,6-anti-lactones 458.319
This type of transformation was first reported by Kharasch and Tawney321 in 1941. They
noted that in the presence of catalytic copper(I) chloride, the addition of
methylmagnesium bromide to isophorone (460) produced the 1,4-addition product 461
rather than the 1,2-addition product 459 that would be expected from treatment with
Grignard reagent alone (Scheme 3.79).321
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Scheme 3.79: Effect of copper halide additive on Grignard addition to α,β-unsaturated
lactone 460.321
A stereoselective variant of this 1,4-addition was later described by Pirkle and Adams316
for the synthesis of anti-lactone 465 from an α,β-unsaturated lactone 462 bearing a single
constituent at C-6 (Scheme 3.80). The reported selectivity was very good with even the
sterically diminutive methyl substituent producing the desired anti-configured lactone
465 exclusively.316 The mechanism for the interaction between the copper halide and the
Grignard reagent is not fully understood, but the facial selectivity of the addition has been
confirmed experimentally a number of times.

317,319

Positioning of the C-6 substituent in

the pseudo-equatorial position provides the most stable conformation for intermediate
463. Attack on the face opposite the existing substituent gives chair like enolate 464
which yields the desired anti-lactone 465 on protonation.316,319,322

Scheme 3.80: Mechanism for the facial selectivity of the 1,4-conjugate addition reaction
between Grignard reagents and α,β-unsaturated lactone 462 in the presence of copper
halide.319
Recently the 1,4-addition of a Grignard reagent to an α,β-unsaturated lactone in the
presence of stoichiometric copper(I) halide was used by Kim et al.317 to access
intermediate 467 in their total synthesis of the natural product (+)-brefeldin (468)
(Scheme 3.81). α,β-Unsaturated lactone 466 was added to a solution of copper iodide and
vinylmagnesium bromide at −35 ºC and the reaction was run for one hour to exclusively
deliver the desired anti-lactone 467 in good yield.
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Scheme 3.81: Synthesis of anti-lactone intermediate 467 for the total synthesis of
(+)-brefeldin A (468).317

3.10.2 Synthesis of anti-Configured Lactone 274c
It was satisfying to find that the α,β-unsaturated lactone 442b required for synthesis of
our targeted anti-lactone 247c could be produced from tert-butyl epoxide 278 using an
analogous method to that employed for the synthesis of syn-lactone 274a (Section 3.3).
This was achieved by making the planned minor changes at appropriate stages including
using the opposite enantiomer of the Salen-cobalt(II) catalyst for the HKR and use of
vinylic Grignard 441 to open resolved epoxide 278b (Scheme 3.82).

Scheme 3.82: Synthesis of α,β-unsaturated lactone 442b.
Activation of (S,S)-salen-cobalt(II) precatalyst with acetic acid preceded its use for the
HKR

of

racemic

epoxide

278

providing

the

desired

([α] = +17.0 (c 1.51, PhH); lit. [α] = +12.8 (1.92, PhH))
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(S)-enantiomer

278b

thereby installing the

stereochemistry at what would become C-7 of the natural product. The resultant
(S)-epoxide 278b was opened with vinylmagnesium bromide (441) in the presence of
catalytic copper iodide to give secondary alcohol 444b. Esterification of alcohol 444b
using acryloyl chloride (277) produced the ring closing precursor diene 443b in good
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yield. Finally, RCM was achieved using Grubbs second generation catalyst generating the
desired α,β-unsaturated lactone intermediate 442b, in a short and high yielding sequence.
With intermediate 442b in hand, the first of three stereocenters for the natural isomer of
palmyrolide A (13f) were set. Our attention next turned to the key 1,4-conjugate addition
planned for installation of the second stereocenter and production of the desired
anti-relationship between C-5 and C-7 of the natural product (Scheme 3.83).

Scheme 3.83: Synthesis of the anti-configured lactone intermediate 274c.
Conditions used for the reaction were based on those reported by Kim and co-workers.317
Dihydropyranone 442b was stereoselectively methylated at the β-position of the double
bond using methylmagnesium bromide and stoichiometric copper iodide to give the
desired anti-configured lactone 274c as a single diastereomer. The relative
stereochemistry of lactone 274c was identified via comparison with the reported spectral
data for its enantiomer 274b as well as the spectral data recorded for the syn-diastereomer
274a (Section 3.3.4). The magnitude of the optical rotation for lactone 274c
([α] −38.8 (c 0.95, CHCl3)) was found to lie within the range of previously reported
values for the enantiomeric lactone 274b ([α] +28.3 (c 3.2, Et2O),323 and +46.5 (c 0.3,
CHCl3))223 and the negative value indicated the desired opposite stereochemistry.
Inspection of the NOESY NMR spectra of 274c revealed no 1,3-diaxial correlation
between H-4 and H-6 which had been observed in the syn-lactone 274a. This result is
expected as when anti-lactone 274c adopts the most stable chair conformer placing the
bulky tert-butyl group in the equatorial position no such 1,3-diaxial interactions exist.

3.10.3 Completion of the Synthesis of the Natural Palmyrolide A (13f)
With anti-lactone 274c in hand we were confident that synthesis of the natural
(5R,7R,14R)-isomer of palmyrolide A (13f) could be achieved using the methodology
previously optimised for the synthesis of the other diastereomers (vide supra). The
required (R)-acid 423a coupling partner had already been synthesised as required during
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the synthesis of (5R,7S,14R)-palmyrolide A (13a) (Section 3.6.3). As such, our next target
was the synthesis of N-allyl amide 317c (Scheme 3.84).

Scheme 3.84: Synthesis of hydroxy-allyl enamide coupling partner 317c.
Reduction of lactone 274c with DIBAL at −78 ºC afforded lactol 302b. The aldehyde
functionality of the open chain tautomer 272b was utilised in the subsequent
Horner-Wadsworth-Emmons

olefination.

Deprotonation

of

methyl

diethylphosphonoacetate 273 with sodium hydride before addition of aldehyde 272b
delivered the desired methyl ester 271b. The double bond of intermediate 271b was
reduced by hydrogenation using an H-cube® flow reactor. The machine was fitted with a
10 mol% palladium on carbon catalyst cartridge and a methanolic solution of substrate
271b was passed through the reactor to give the saturated product 316b in quantitative
yield. Saponification of the methyl ester 316b under standard basic conditions with acidic
work-up proceeded smoothly to yield carboxylic acid 269b. Amidation was completed
using the carbodiimide coupling reagent EDC and N-methylallylamine (270), delivering
the desired N-allyl tertiary amide 317c in high yield.
Completion of the synthesis of amide fragment 317c provided us with both coupling
partners required to complete the synthesis of palmyrolide A (13f) via the planned
coupling/RCM/isomerisation sequence (Scheme 3.85).
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Scheme 3.85: Completion of the synthesis of natural (5R,7R,14R)-isomer of
(−)-palmyrolide A (13f).
Chiral acid 423a was reacted with 2,4,6-trichlorobenzoyl chloride (390) to form a mixed
anhydride intermediate. Alcohol 317c was added to the reaction mixture with DMAP and
DIPEA to affect esterification and produce the desired ring closing precursor 424c.
Formation of macrocycle 425c was carried out via RCM using 10 mol% of Grubbs
second generation catalyst in refluxing 1,2-dichloroethane. Portionwise addition of
catalyst and evacuation of volatile ethene side product from the head space of the reaction
vessel afforded the desired macrocycle 435c in 74% yield. The final transformation in our
synthesis of palmyrolide A (13f) required isomerisation of the allylic double bond to
produce the enamide functionality. Pleasingly, reaction of macrocycle 425c with
(PPh3)3RuH(CO)(Cl)

catalyst

in

refluxing

toluene

afforded

the

natural

(5R,7R,14R)-isomer of palmyrolide A (13f.) Hence the second total synthesis of the
natural product palmyrolide A (13f)324 was achieved in 9% overall yield in thirteen linear
steps from the commercially available tert-butyl epoxide 278, comparing favourably to
the previously reported synthesis (7%, 10 steps).291,292 The optical rotation measured for
our synthetic palmyrolide A (13f) ([α]

−27.4 (c 0.56, CHCl3)) showed very good

agreement with that reported for both the natural product ([α]
and the reported synthetic ([α]

−29 (c 0.9, CHCl3))182

−27 (c 0.86, CHCl3))292 (5R,7R,14R)-palmyrolide A

(13f). The NMR data recorded for our synthetic (5R,7R,14R)-palmyrolide A (13f) was an
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excellent match to that reported for the isolated natural product (Table 3.9, Figure
3.21).182
Table 3.9: Comparison of 1H and 13C NMR data for synthetic (5R,7R,14R)-13f and the
reported natural product palmyrolide A.
No.
1
2
3a
3b
4a
4b
5
6a
6b
7
8
9/10/11
13
14
15
16
17
18
19
20
NMe

Authentic Palmyrolide A 1H
(600 MHz, CDCl 3)
Shift (ppm) Multiplicity
J (Hz)
2.38
1.57
1.78
1.06
1.33
1.48
1.38
1.66
4.88

m
m
m
m
m
m
ddd
ddd
ddd

0.86
2.47
1.78
2.29
5.27
6.47
1.21
0.90
3.04

Synthetic (5R ,7S ,14S )-Palmyrolide A 1H
(400 MHz, CDCl 3)
Shift (ppm) Multiplicity
J (Hz)
2.34-2.42
1.54-1.62
1.73-1.84
1.02-1.12
1.32-1.41
1.43-1.52
1.32-1.41
1.66
4.88

m
m
m
m
m
m
m
ddd
dd

s

0.88

s

m
m
m
dt
d
d
d
s

2.44-2.52
1.73-1.84
2.25-2.33
5.28
6.47
1.21
0.90
3.05

m
m
m
dt
d
d
d
s

14.5
14.5
11.0

14.0
14.0
7.0
6.5

8.5
11.0
1.5

7.5

1.5
3.0

14.4
10.8

10.8
1.6

14.0
14.0
7.2
6.8

7.2

Authentic 13C
Synthetic 13C
(150 MHz, CDCl 3) (100 MHz, CDCl 3)
Shift (ppm)
Shift (ppm)
172.9
172.8
34.4
34.4
24.3
24.3
34.6

34.5

29.3
35.6

29.3
35.7

76.9
35.2
26.1
175.3
38.8
32.8
27.0
117.3
130.6
16.8
20.6
31.7

77.2
35.2
26.0
175.2
38.9
32.8
27.0
117.2
130.6
16.8
20.6
31.7

2.4

Figure 3.21: Comparison of the 1H NMR spectra for synthetic (5R,7R,10R)-palmyrolide
A (13f) (top) and the reported palmyrolide A natural product (bottom).182
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3.11 Subsequently Reported Total Syntheses of Palmyrolide A (13)
3.11.1 Synthesis from 1,6-Hexanediol (469)
Following the publication of our work324 reporting the total synthesis of both the
original182 syn-13a and syn-13c macrolides and the revised291 anti-13f structures for
palmyrolide A, two new synthetic routes have been reported in the literature.325,326 The
first synthesis was reported by Sudhakar et al.325, employing interesting methodology
involving coupling and cyclisation of two fragments which could both be accessed from
the common intermediate acid 472 (Scheme 3.86).

Scheme 3.86: Synthesis of the key common synthetic intermediate 472.325
Commercially available 1,6-hexanediol (469) was used as the initial starting material and
through mono-benzyl protection and a two-step oxidation was transformed into
carboxylic acid 470. Treatment of acid 470 with pivaloyl chloride and use of the resulting
intermediate for N-acylation of (R)-4-benzyl-2-oxazolidinone 348b gave intermediate
471. Treatment with strong base and diastereoselective α-methylation of the resultant
enolate was used to install the desired stereochemistry at the α-carbon. Subsequent
removal of the oxazolidinone auxiliary via basic hydrolysis provided the key acid
intermediate 472, which could be used as the first coupling partner and also subjected to
further synthetic modification in order to access the second partner 477 (Scheme 3.87).
Derivatisation of acid 472 was undertaken to produce the complimentary alcohol
coupling partner 477 (Scheme 3.87). The carbon chain of acid 472 was first extended via
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Arndt-Eistert type homologation. This procedure involved formation of a diazoketone and
Wolff rearrangement to a ketene which was then treated with methanol to form methyl
ester 473. Reduction of ester 473 to an aldehyde with DIBAL at reduced temperature was
followed by the 1,2-addition of a tert-butyl group to the carbonyl group to give secondary
alcohol 474. Deprotection of the benzyl ether was accomplished by treatment with
catalytic palladium on carbon and hydrogen to expose primary alcohol 475. Both alcohol
groups of diol 475 were oxidised by treatment with Dess-Martin periodinane. Further
Pinnick oxidation of the newly formed aldehyde group yielded a ketoacid that was treated
with an excess of diazomethane to afford keto-ester 476. Finally, stereoselective
reduction of ketone 476 using (S)-Corey-Bakshi-Shibata (CBS) catalyst327 in the presence
of borane dimethylsulfide afforded a separable mixture of diastereomers of the alcohol
coupling partner 477 (syn:anti, 89:11).

Scheme 3.87: Derivatisation of acid 472 for the synthesis of alcohol
coupling partner 477.325
The formation of the key ester bond was achieved in a similar manner to both the first
total synthesis291,292 and our own324 through coupling of acid 472 and alcohol 477
fragments using 2,4,6-trichlorobenzoyl chloride (390) with DMAP and DIPEA
(Scheme 3.88).
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Scheme 3.88: Coupling of acid 472 and alcohol 477 and macrocyclisation for the
synthesis of natural product palmyrolide A (13f).325
The lack of reactivity exhibited by the α-tert-butyl ester was beneficial during hydrolysis
of the methyl ester 478 as the reaction proceeded chemoselectively and no competing
cleavage of the α-tert-butyl ester was observed. Subsequent amide formation was
accomplished using DCC and methyl amine to give the secondary amide 479.
Deprotection of benzyl ether was followed by Swern oxidation to yield aldehyde 480. The
final step in the reported synthesis formed both the macrocyclic structure and the
important N-methyl enamide functionality. Dehydrative macrocyclisation was achieved
by heating amide-aldehyde 480 at reflux with trifluoroacetic acid over three days to
produce the natural product palmyrolide A (13f).325 The synthesis was completed in 2%
yield over twenty-one linear steps from 1,6-hexanediol (469). This synthesis was
therefore the lowest yielding synthesis and by far the longest synthetic route to
palmyrolide A (13f). Many of the reported reaction steps were completed in excellent
yields and the low overall yield was attributed to the final ring closing transformation that
required three days of reaction time delivering only a 33% yield.

3.11.2 Synthesis from Terpenoid (S)-Citronellal 481
The most recently reported total synthesis of ent-palmyrolide A (13e) was described by
Reddy et al.326 The synthetic route presented employed a similar strategy involving a late
stage coupling between two fragments for formation of the α-tert-butyl ester followed by
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macrocyclisation through the N-methyl enamide functionality. The synthesis began from
the known terpenoid (S)-citronellal (481). Addition of tert-butyl magnesium bromide
reagent delivered secondary alcohol 482 as a 1:1 mixture of diastereomers (Scheme 3.89).

Scheme 3.89: Synthesis of amide-alcohol fragment 445.326
Ozonolysis of olefin 482 was employed to access an aldehyde intermediate which was
used as the substrate in a oxidative one-carbon homologation under conditions originally
reported by Zhu et al.328 Zhu’s homologation involves reaction of an aldehyde 483 with
the

hydrochloride

salt

of

dimethylamine

and

a

potassium

salt

of

α-phenyl-α-isocyanoacetic acid 484 to deliver an N-acyl α-imino amide intermediate 485.
Acidic work-up of the imino amide 485 delivered the desired amide 445 with an overall
one carbon chain extension as a separable 1:1 mixture of the anti-445a and syn-445b
amides.
It was also possible to increase the yield of the desired anti-diastereomer 445a by cycling
syn-alcohol 445b through an oxidation to ketone 486 with pyridinium chlorochromate
(PCC) and subsequent reduction with sodium borohydride to return a mixture of alcohols
445a and 445b, which could again be separated and the process repeated (Scheme 3.90).
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Scheme 3.90: Synthesis of (ent)-palmyrolide A (13e).326
The anti-alcohol 445a was coupled with known (S)-acid 266b (the enantiomer of which
was

reported

earlier

in

our

own

investigations

(Section

3.4))

by

using

2,4,6-trichlorobenzoyl chloride (390) with DMAP and DIPEA. Thus, the formation of the
α-tert-butyl ester 487 was completed under the same conditions reported for all previous
syntheses of palmyrolide isomers.291,292,324,325 Terminal olefin 487 was oxidised with
osmium tetroxide and the resulting aldehyde was subjected to Takai reaction with
chromium dichloride and iodoform to produce the unsaturated iodide 453. Iodide 453 has
been previously reported by Maio et al.291,292. By accessing this ring closing precursor
453 the formal synthesis of ent-palmyrolide A (13e) was completed. The final ring
closing and methylation steps to form the desired N-methyl enamide 13e could be
completed under conditions reported by Maio et al.264,265 (Section 3.9). Reddy have also
described a minor modification to the Maio conditions in that the ring closing reaction
may be completed under microwave irradiation. This method provided a minor synthetic
advantage allowing ring closing to (ent)-palmyrolide A (13e) in 47% yield compared to
the 40% yield originally reported. With the successful cyclisation Reddy et al.326
completed the forth total synthesis of the palmyrolide A scaffold completing the synthesis
of (ent)-palmyrolide A (13e) in nine linear steps and 6% overall yield from the known
compound (S)-citronellal (481).
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3.12 Summary
In conclusion, we have completed the total synthesis of two syn-configured analogues of
palmyrolide A (5R,7S,14R)-13a (Section 3.6) and (5R,7S,14S)-13c (Section 3.7),
characterisation of which refutes the initially proposed structural assignment of this
neuroprotective natural product.182 Both syn-diastereomers 13a and 13c were synthesised
from a common allylamide intermediate (5R,7S)-317a (Scheme 3.91).

Scheme 3.91: Synthesis of common amide intermediate 317a.
Key steps in the synthesis of the amide intermediate 317a included installation of the two
stereogenic centers at C-5 and C-7 by HKR and asymmetric hydrogenation respectively.
Full extension of the carbon chain was achieved via synthesis of lactol 302a followed by
HWE olefination and ultimately an amide coupling reaction to produce the Nmethylallylamide functionality, providing amide 317a in good yields.
The complimentary chiral acid coupling partners were both formed using the respective
pseudoephedrine auxiliaries to control the installation of the stereochemistry
(Scheme 3.92).
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Scheme 3.92: Synthesis of the acid coupling partners (R)-423a and (S)-423b.
Both acids were accessed using the same synthetic route via N-acylation of
pseudoephedrine (426) with acetic anhydride, followed by diastereoselective allylation
following deprotonation with lithium diisopropylamide (LDA). Hydrolysis of the chiral
auxiliary yielded both enantiomers 423a and 423b of the desired acid.
After a number of conditions were investigated to affect union of the acids 423 and the
alcohol-amide intermediate 317a, successful coupling was finally achieved using,
2,4,6-trichlorobenzoyl

chloride

RCM

Grubbs

using

(390)

(Scheme

second

3.93).

Pleasingly,

generation

macrocyclic

catalyst

and

carbonylchlorohydridotris(triphenylphosphine)ruthenium(II) catalysed isomerisation of
the resultant double bond were achieved in high yields to produce both syn-diastereomers
(5R,7S,14R)-13a and (5R,7S,14S)-13c.
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Scheme 3.93: Synthesis of syn-diastereomers of palmyrolide A (5R,7S,14R)-13a
and (5R,7S,14S)-13c.
Furthermore, we have completed a complementary synthesis of the revised structure for
natural (5R,7R,14R)-palmyrolide A (13f) (Section 3.10) that further confirms the
reassignment of palmyrolide A by Maio and co-workers.291 A modified route was used to
target the correct stereochemistry by initial synthesis of anti-lactol 302b (Scheme 3.94).
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Scheme 3.94: Synthesis of anti-lactol intermediate 302b.
Pleasingly, subsequent use of lactol 302b in a repeat of the steps previously described for
the synthesis of (5R,7S,14R)-13a and (5R,7S,14S)-13c, provided access to natural
(5R,7R14R)-palmyrolide A (13f) as expected (Scheme 3.95).

Scheme 3.95: Synthesis of the natural product (5R,7R14R)-palmyrolide A (13f).
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The synthesis of palmyrolide A (13f) reported herein was accomplished over thirteen
steps in 9% overall yield from the commercially available starting materials. This
synthetic route may also enable the parallel syntheses of analogues of palmyrolide A and
related natural products such as the laingolides 262, 263 and 264,183,184 madangolide
(265)183 and sanctolide A (14).185
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Chapter Four: Sanctolide A
With the successful completion of palmyrolide A (13f) we became interested in the
application of elements from our synthetic methodology for the synthesis of related Nmethyl enamide natural product sanctolide A (14) (Figure 4.1). As previously discussed
(Section 3.1.4), sanctolide A (14) was isolated from cyanobacteria Oscillatoria sancta
and characterised by Kang et al.185 During structural elucidation of the fourteenmembered macrocyclic compound coupling constant configurational analysis was used to
determine the relative configuration between C-5 and C-7. Absolute configuration at C-5,
C-7 and C-15 was established by Mosher ester and enantioselective HPLC analyses.
Difficulty was encountered determining the stereochemistry at C-2 using coupling
constant analysis as a number of indeterminate medium strength coupling values were
observed. Attempts to crystallise sanctolide A (14) were also unsuccessful and as such the
stereochemistry at C-2 remains unassigned.185 While sanctolide A (14) has shown poor
bioactivity in the antibiotic and cytotoxicity assays applied, its structural similarity to
palmyrolide A (13f) which was shown to be strongly neuroactive,182 presents sanctolide
A (14) as a good candidate for further biological investigation. It was thought that
synthesis

of

sanctolide

A

(14)

could

be

achieved

through

an

analogous

esterification/RCM/isomerisation sequence to that employed for the synthesis of
palmyrolide A (13f). This would allow both assignment of the stereochemistry at C-2 as
well as potentially providing enough material for further biological investigation.

Figure 4.1: Macrocyclic N-methyl enamide natural product sanctolide A (14).185

4.1 Retrosynthetic Analysis of Sanctolide A
Similarities between the structures of palmyrolide A (13f) and sanctolide A (14) directed
us to disconnect the latter in such a way that an attempted synthesis would include steps
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previously optimised for the synthesis of the former. Initial disconnection through the
enamide double bond would allow use of our RCM/isomerisation methodology, which
would require diene precursor 490 (Scheme 4.1).

Scheme 4.1: Retrosynthetic analysis of sanctolide A (14).
Open chain compound 490 was further disconnected at the C-14 ester bond to alcohol 491
and acid 492 coupling fragments. It was thought that individual synthesis of each
fragment prior to ester bond formation would make for a more convergent route.
Disconnection of acid 492 through the second ester functionality presented commercially
available acryloyl chloride (277) and the α-hydroxy acid 493, which in turn could be
accessed from the amino acid L-valine (343) to provide the desired stereochemistry at
C-15 in sanctolide A (14). Disconnection of commercially available N-methyl allyl amine
(270) from the second major fragment 491 gives the hydroxy-acid 494 which was
believed to be accessible via hydrolysis of lactone 495. The remaining stereocenters at
C-5, C-7 and the unassigned center at C-2 would all be installed as part of the synthesis of
lactone 495.
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The unassigned chirality at C-2 presented two possible diastereomers for the absolute
stereochemistry of the natural product 14. Practically, synthesis of either of the possible
diastereomers should allow identification of the natural stereochemistry. It was believed
that enantioselective syn-hydrogenation of an α,β-unsaturated lactone 496 similar to that
previously described (Section 3.3.4) would allow selective access to a single diastereomer
of lactone 495a (Scheme 4.2).

Scheme 4.2: Continued retrosynthetic analysis from lactone synthon 495a.
With

the

stereochemistry

at

C-6

in

dihydropyranone

496

enantioselective

syn-hydrogenation would be used to set the methyl substituent at C-3 into the
corresponding

(S)-configuration

in

lactone

495a.

For

this

reason

the

(2S,5S,7S,15S)-sanctolide A diastereomer 14a would be the target of our total synthesis.
We have previously discussed the synthesis of α,β-unsaturated lactones such as synthon
496 using an esterification/RCM sequence. As such, disconnection of the lactone 496
through the olefin and ester functionalities lead to commercially available methacryloyl
chloride (369) and known alcohol 497a329 as the key starting materials. Alcohol 497a
contains both the C-5 and C-7 stereocenters in a 1,3-anti-configuration. Reportedly, the
desired methoxy-alcohol 497a with the correct stereochemistry could be accessed from
commercially available hexanal (498) through a series of asymmetric allylation
reactions.329

4.2 Synthesis of Chiral Alcohol Intermediate 497
4.2.1 Previously Reported Access to Alcohol 497
Our initial synthetic efforts focused on synthesis of chiral alcohol 497a for installation of
the correct stereochemistry at the positions that would be transformed into C-5 and C-7.
Recently Marco et al.329 have reported the synthesis of alcohol 497a as part of their work
towards analogues of the α-tubulin binding natural product pironetin (503) (Scheme 4.3).
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* Yields for these reactions could not be determined from ref. 329 as they were only reported in yields
averaged over multiple steps.

Scheme 4.3: Synthesis of chiral alcohol 497a as an intermediate for the synthesis of
pironetin (503) derivatives.329
The strategy employed commercially available starting material hexanal (498) and the
target alcohol 497a was constructed through a series of asymmetric allylation reactions.
Initial allylation of hexanal (498) with the chiral reagent (+)-diisopinocampheyl
chloroborane [(+)-Ipc2-BCl] and allylmagnesium bromide (499) was used to produce
(S)-alcohol 500, installing the first stereocenter. Protection of alcohol 500 as the methyl
ether 501 was accomplished using iodomethane, which was followed by ozonolysis of the
double bond to deliver aldehyde 502. Finally, a second asymmetric allylation using the
opposite diisopinocampheyl chloroborane enantiomer [(−)-Ipc2-BCl] gave the desired
1,3-anti-arrangement in allylic alcohol 497a. Based on this work, it was decided to
attempt reproduction of the methodology reported by Marco and co-workers329 for
synthesis of required alcohol intermediate 497a.

4.2.2 Brown Allylation
One of the most common strategies for the enantioselective introduction of an allyl group
to an aldehyde is via addition of allylic organometallic reagents bearing chiral ligands
attached to the metal center.330 Allylboration is a powerful carbon-carbon bond forming
reaction involving the 1,2-addition of an allylic chain to an aldehyde 504 for the synthesis
of chiral secondary alcohols 505 (Scheme 4.4).331,332
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Scheme 4.4: Organometallic allylation of aldehyde 504 for the synthesis of chiral
homoallylic alcohol 505.
A number of chiral auxiliary ligands have been reported for asymmetric allylboration of
aldehydes with high selectivity (Figure 4.2).333,334 The first example of this kind of
asymmetric addition was reported by Hoffmann et al.,335,336 who utilised a
camphor-derived auxiliary 506 for allyl- and crotylboration reactions. This approach has
since been applied successfully to both single and double diastereoselective asymmetric
synthesis.331,337-339 Further development of the allylboration approach using tartrate ester
auxiliaries 507 was described by Yamamoto et al.340 It was found that the steric bulk of
the alkyl R-groups in the tartrate ester 507 was directly related to the level of
enantioselectivity achieved.340,341 Roush et al.342,343 further expanded the scope of the
tartrate ester auxiliaries through application of the isopropyl derivative for both allyl- and
crotylborations. Perhaps the most effective auxiliary that has been described, in terms of
optical

purity

achieved,

are

the

chiral

allylboranes

derived

from

α-pinene

B-allyldiisopinocampheylborane (Ipc2-B-allyl, 508).344 First described by Brown et al.,345347

the Ipc2-B-allyl reagents 508 have been used to effect allylation of a wide range of

aldehydes.329,348-350

Figure 4.2: Common allylboration reagents displaying various chiral auxiliaries.
The selectivity of the Ipc2-B allylation has been ascribed to the progression of the reaction
through a rigid six-membered transition state 509a (Scheme 4.5).350
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Scheme 4.5: Stereocontrol using allyldiisopinocampheylborane 508a via six
membered transition state 509a.
Alignment of the reaction centers is controlled by two main factors, conformation of the
chair transition state 509 and positioning of the allyl group. The most stable chair
conformation 509a is adopted with the most sterically demanding R-group of the
aldehyde 504 occupying the lowest energy equatorial position. During formation of the
six membered intermediate 509a, facial approach of the aldehyde 504 is also controlled
by the orientation of the B-allyl chain of the Ipc2-B-allyl reagent 508a which adopts the
position furthest from the methyl groups on the pinene rings. Unfavourable steric
interactions between the allyl chain and the auxiliary prevents the formation of alternative
six membered transition state 509b. The concerted movement of electrons during bond
breaking/forming thus occurs with the active centers are held in a tight arrangement,
leading to a single isomer 505a.
Following the synthetic route to the alcohol intermediate 497 as described by Marco
et al.329 the Brown allylation with Ipc2-B-allyl would be applied twice to install the
stereocenters at both C-5 and C-7 of sanctolide A (14a) (Scheme 4.6).
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Scheme 4.6: Proposed synthesis of alcohol intermediate 497a.

4.2.3 Installation of C-7 stereochemistry via a Brown allylation
Synthesis started from commercially available hexanal (498) to install of the first
stereocenter using (+)-Ipc2-B-allyl (508a) (Scheme 4.7).

Scheme 4.7: Synthesis of the homoallylic methylether 501.
Under conditions reported by Marco et al.329 the desired allylborane reagent 508a was
generated in situ from commercially available (+)-Ipc2-B-Cl (511a) by reaction with
allylmagnesium bromide (499) in diethyl ether at reduced temperature. Brief warming of
the reaction was used to allow transfer of the allyl group. The resulting allylborane 508a
was added to a solution of hexanal (498) in diethyl ether at −78 ºC to produce secondary
alcohol 500 in 92% yield.
At this stage optical rotation of alcohol 500 was used as an indicator of chiral purity.
Values were found to fall within what was thought to be an acceptable range
([α]

−8.3 to -10) compared to previously reported characterisation data for alcohol 500
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(Lit. [α]

−9.0 (c 1.5, CHCl3)).351 Given that the 1H NMR spectrum for the target

methoxy-alcohol intermediate 497a would provide further evidence of purity by
identification of diastereomeric signals, no further assessment of chirality was attempted
at this stage of the synthesis. With reasonable confidence the stereocenter of alcohol 500
had been set correctly, methylation was carried out in the presence of sodium hydride and
iodomethane over twelve hours to provide the methyl ether 501 in excellent yield.

4.2.4 Ozonolysis of Alkenes to Aldehydes
Installation of the second stereocenter in the targeted alcohol intermediate 497a was
planned to be executed using a second Brown asymmetric allylation. To accomplish this,
methyl ether 501 would need to be transformed to an aldehyde.
Ozonolysis constitutes a useful method for the conversion of alkenes to aldehydes and
ketones. The generally accepted mechanism for the reaction leads to the carbonyl product
504b through a stable secondary ozonide intermediate 515 (Scheme 4.8).352,353

Scheme 4.8: Proposed mechanism for ozonolysis of alkenes 512 for the synthesis of
aldehydes 504b. 352,353
Initial 1,3-cycloaddition of alkene 512 and ozone gives an unstable primary ozonide 513.
A spontaneous retro 1,3-cycloaddition cleaves the ozonide ring to deliver aldehyde 504a
and carbonyl oxide 514 which undergo a second 1,3-cycloaddition forming the stable
ozonide 515.342,343 The relatively stability of this secondary ozonide 515 provides the
driving force for the cyclisation-opening-cyclisation sequence through a drop in the
overall energy in the compounds. Use of a reductive work up with triphenylphosphine
cleaves ozonide 515 by nucleophilic attack of the phosphine at one of the peroxidic
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oxygens to produce aldehyde 504b, formaldehyde (516) and triphenylphosphine oxide
(517).354

4.2.5 Synthesis of Alcohol Intermediate 497a using Ipc2-BCl reagents
With alkene 501 in hand, ozonolysis was used to prepare the required aldehyde 502 for
the second asymmetric Brown allylation (Scheme 4.9).

Scheme 4.9: Synthesis of desired anti-alcohol intermediate 497a and undesired
syn-diastereomer 497b.
Ozone was carefully bubbled through a solution of alkene 501 at −78 ºC until a persistent
and distinct blue colour was observed, indicating excess ozone was accumulating in the
reaction mixture. The ozonide intermediate was broken down by reduction with
triphenylphosphine at room temperature over four hours to deliver aldehyde 502.
Following the method of Marco and co-workers329 solid triphenylphosphine oxide was
removed by filtration and aldehyde 502 was used without further purification in the
subsequent allylation. In an analogous method to that used for the first allylation, reaction
of (−)-Ipc2-B-Cl with allyl Grignard reagent 499 was used to form the required
(−)-Ipc2-B-allyl reagent in situ before addition of aldehyde 502. While the reaction was
completed with a reasonable yield of 60%, disappointingly the 1H NMR spectrum of the
product indicated the formation of an inseparable mixture of diastereomers anti-497a and
syn-497b (Figure 4.3).
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Figure 4.3: 1H NMR of a diastereomeric mixture of anti-497a and syn-497b.
The clearest indicator of the presence of diastereomers was the sharp singlet peaks
produced by the C-6 methyl ether functionality. As reported by Marco et al.329 this
resonance appeared slightly upfield in the 1H NMR spectrum for the syn-diastereomer
497b (δ = 3.35 ppm) and was sufficiently resolved from the resonance for the
anti-diastereomer 497a methoxy peak (δ = 3.37 ppm) to allow identification of both
signals in the spectra. In our hands, the best diastereomeric ratio achieved using
B-allyldiisopinocampheylborane generated with commercial Ipc2-B-Cl was ~4:1
(anti:syn) as determined by integration of the 1H NMR spectrum. It became clear from
repeated attempts using fresh commercial Ipc2-B-Cl reagent 511 that this route would not
reliably provide access to optically pure anti-alcohol 497a.

4.2.6 Alternate Diisopinocampheylborane Reagent
Both enantiomers of Ipc2-B-Cl 511 are available as pre-formed commercial reagents,
however they are highly air and moisture sensitive.355 The related reagent
B-methoxydiisopinocampheylborane 520 (Ipc2-B-OMe) displays an improved stability
profile and can be prepared by methanolysis of Ipc2-BH 519 (Scheme 4.10).348
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Scheme 4.10: Preparation of the B-methoxydiisopinocampheylborane reagent 520a.
The synthesis of Ipc2-B-OMe 520 reported by Brown et al.

347,348

first requires the

production of Ipc2-B-H 519, which proceeds via hydroboration of the appropriate
α-pinene (518) with borane-dimethylsulfide. The boron adds to the least substituted end
of the olefin in α-pinene (518) and approaches from the least hindered face. An excess of
α-pinene (518) is used and the reaction mixture is allowed to equilibrate for three days.347
The extended equilibration time allows use of pinene with lower optical purity as the
major isomer is gradually and preferentially incorporated into the product leaving the
minor isomer in solution. Use of this method has allowed for synthesis of Ipc2-BH with
an enantiomeric excess of 99.1% from α-pinene (518) of enantiomeric excess as low as
92%.347 Finally, addition of methanol effects smooth transformation to the Ipc2-B-OMe
520.
The methoxy borane reagent 520 can be used for the allylation of aldehydes in the same
manner as the equivalent chloro-borane reagent 511. While Ipc2-B-OMe 520 is
commercially available we were interested in the effect that freshly prepared reagent
could have on the stereochemical outcome of the proposed allylation reactions.

4.2.7 Synthesis of Alcohol Intermediate 497a using Ipc2-BOMe reagents 520
Using the conditions described by Brown et al.347, the desired (+)-Ipc2-B-OMe 520a was
prepared fresh prior to reaction with allylmagnesium bromide (499) and the resultant allyl
borane was used to effect allylation of hexanal (498) (Scheme 4.11).

Scheme 4.11: Synthesis of methyl ether intermediate 501.
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Excess (−)-α-pinene (518a) (98% e.e.) underwent sequential hydroboration with borane
dimethylsulfide, extended equilibration and methanolysis to deliver (+)-Ipc2-B-OMe
520a. The freshly prepared methoxy borane 520a was pre-mixed with allylmagnesium
bromide 499 before use in the allylation of hexanal (498) to produce alcohol 500 in 80%
yield. As with the previous iteration of this transformation, optical rotation was used as an
indicator of chirality. The recorded value ([α]

−6.6 (c 1.14 CHCl3)) indicated a

reasonable enantiomeric excess but not full stereocontrol for the allylation based on the
reported literature value ([α] −9.0 (c 1.5, CHCl3)).351 However, it was thought that the
simplest and most reliable check would be analysis of the 1H NMR spectrum upon
completion of the target methoxy-alcohol product 497a after the second allylation.
Methyl ether protection of alcohol 500 was completed smoothly in the presence of
sodium hydride and iodomethane over twelve hours to deliver intermediate 501.
Continuing with the planned synthetic route towards the alcohol intermediate 497a,
alkene 501 was subjected to ozonolysis and a second Brown allylation (Scheme 4.12).

Scheme 4.12: Synthesis of desired anti-alcohol intermediate 497a and undesired
syn-diastereomer 497b.
The appropriate (−)-Ipc2-B-OMe reagent 520b required for allylation of aldehyde 502
was prepared in advance from (+)-α-pinene (518b) to allow sufficient time for the product
to equilibrate and provide maximum enantiomeric excess. Ozonolysis of alkene 501 was
carried out under the same conditions previously described to produce aldehyde 502.
Addition of allylmagnesium bromide (499) to the freshly prepared (−)-Ipc2-B-OMe
reagent 520b to effect formation of the allyl borane reagent in situ preceded addition to
aldehyde 502. Disappointingly, successful completion of the reaction with a reasonable
68% yield was again overshadowed by a low diastereomeric ratio of almost 1:1 (anti:syn)
as evidenced by integration of the methyl ether signals in the 1H NMR spectrum of the
product mixture.
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The lack of success with both the Ipc2-B-OMe 520 and Ipc2-B-Cl 511 reagents to deliver
the desired alcohol intermediate 497a in sufficient optical purity, led to the investigation
of alternative methods to affect the desired asymmetric allylation steps.

4.2.8 Titanium/BINOL-Catalysed Allylation Reactions
Another popular method for the asymmetric allylation of aldehydes employs catalytic
titanium(IV) complexes of the chiral 1,1′-binaphthalene-2,2′-diol (BINOL) ligand 524 in
association with allyltributylstannanes. A number of BINOL/titanium complexes have
been developed and all have exhibited good reactivity and enantioselectivity for the
allylation

of

aliphatic

and

aromatic

aldehydes.330,356-359

The

application

of

BINOL/titanium(IV) complexes in enantioselective allylation reactions was first
described by Mikami et al.356,357 (Scheme 4.13). By mixing (S)-BINOL 524a and
dichlorotitanium diisopropoxide in the presence of 4 Å molecular sieves, the active chiral
titanium(IV) complex (S,S)-525a was obtained and subsequently used in the
stereoselective allylation of glyoxylate 522 with allylic tributylstannane 521. The
BINOL/titanium complex (S,S)-525a was shown to be an efficient catalyst for the desired
transformation providing acceptable yields and good diastereoselectivity.

Scheme 4.13: In situ synthesis of BINOL/titanium complex (S,S)-525a for the
asymmetric allylation of glyoxylate 522.346,347
The scope of this BINOL/titanium system was further extended to the allylation of
aldehydes 504 by Umaini-Ronchi and co-workers360 (Scheme 4.14). The catalyst was
again prepared in situ, combining titaniumdichloride diisopropoxide with excess
(S)-BINOL (S)-524a in the presence of 4 Å molecular sieves. The allylation of aldehydes
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504 was then carried out using 20 mol% of titanium/BINOL catalyst 525a with
allyltributylstannane (526) to deliver homoallylic alcohols 505a. The molecular sieves
were found to be important to provide both good levels of reactivity and stereoselectivity
of the reaction.360

Scheme 4.14: Application of BINOL/titanium complex 525a for the allylation of
aldehydes 504.360
The mechanism of the reaction and observed stereoselectivity is not well understood. 320 It
has been shown that reaction of equimolar amounts of BINOL/titanium(IV) complex
525a with allyltributylstannane (526) leads to an allyl titanium(IV) complex 527. The
tributyltin species is incorporated into the complex by attaching to one of the BINOL
oxygens causing dissociation of that oxygen from the central titanium (Scheme 4.15).330

Scheme 4.15: Proposed mechanism for the BINOL/titanium catalysed
allylation of an aldehyde 504.361
Corey et al.361 have suggested that further coordination of aldehyde 504 with this complex
leads to the proposed reactive trigonal bipyrimidal, hydrogen-bonded intermediate 528.
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The arrangement about the central titanium atom functions to minimise the non-bonded
steric repulsions between ligands while also allowing formation of the key
formyl-hydrogen bond to one of the oxygens of the BINOL ligand. Positioning of the
allyl group and the formyl oxygen into basal and apical positions respectively also aligns
the reactive centers in the correct relationship for the observed stereocemical outcome of
the allylation reaction.330,361
More recently, Maruoka et al.359 have reported the synthesis of a related chiral
bis-titanium(IV) oxide catalyst 535. The structure of this new catalyst was designed based
on the observed importance of the metal-oxygen-metal unit in related aluminium Lewis
acid catalytic systems.358 Inclusion of the metal-oxygen-metal unit was shown to impart
an increased activity by improved Lewis acidity and stronger coordination of the target
carbonyl compound.358 Accordingly, the titanium(IV) dimer 535 was designed around the
inclusion of the key titanium-oxygen-titanium unit in conjunction with the chiral BINOL
ligands 524a.359 The chiral bis-titanium(IV) catalyst 535a can be readily prepared by
treatment of bis(triisopropoxy)titanium oxide 534 with BINOL 524a (Scheme 4.16).

Scheme 4.16: Synthesis of bis-titanium(IV) catalyst 535a and use for allylation of
hydrocinnamaldehyde (536).359
Bis(triisopropoxy)titanium oxide (534) was first prepared in situ by ligand exchange
between titanium tetraisopropoxide (529) and titanium tetrachloride (530) (in a 3:1 ratio
respectively) and treatment of the resulting (triisopropoxy)titanium chloride (531) with
silver(I) oxide and exclusion of direct light. The dimeric bis(triisopropoxy)titanium oxide
(534) was next complexed with a slight excess of BINOL ligand 524a to produce the
desired chiral bis-titanium(IV) oxide catalyst 535. Treatment of hydrocinnamaldehyde
(536) with allyltributylstannane (526) under the influence of bis-titanium(IV) oxide
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(S,S)-535a delivered the homoallylic alcohol 537 in 84% yield and excellent 99%
enantiomeric excess.359
The method outlined by Maruoka et al.359 for the in situ generation of bis-titanium(IV)
oxide catalyst 535 and application to asymmetric allylation of aldehydes has since been
used to good effect in a number of reported syntheses.351,362,363 It was decided to next
attempt the synthesis of the target methoxy-alcohol 497a via sequential allylation
reactions employing the Maruoka bis-titanium(IV) oxide catalyst 535.

4.2.9 Synthesis of Alcohol Intermediate 497a Using Bis-titanium(IV) Oxide
Catalyst 535
In an analogous route to that described for previous attempts utilising the Ipc2-borane
reagents (Sections 4.2.3 and 4.2.7), the synthesis again started from commercially
available hexanal (498) (Scheme 4.17).

Scheme 4.17: Synthesis of homoallylic alcohol 500.
The required bis-titanium(IV) oxide (R,R)-535b was first prepared in situ using the
conditions described by Maruoka et al.359 Titanium tetraisopropoxide (529) was added to
a solution of titanium tetrachloride (530) in a 3:1 ratio in the presence of 4 Å molecular
sieves in dichloromethane. Silver(I) oxide was added and the reaction vessel was wrapped
in foil to exclude any direct light for five hours. Addition of (R)-BINOL 524b to complex
with the bis(triisopropoxy)titanium oxide (534) completed the in situ preparation of
catalyst (R,R)-535b. Allyltributylstannane (526) was added to the reaction mixture
followed by hexanal (498) and the reaction was stirred at room temperature for
twenty-four hours to produce homoallylic alcohol 500 in 91% yield.
The optical rotation of alcohol 500 was recorded as a measure of enantiopurity
([α]

−5.3 (c 1.0, CHCl3)). Disappointingly, the value observed did not match either the

reported literature value ([α] −9.0 (c 1.5, CHCl3))351 and values recorded from previous
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allylation attempts ([α]

−10 (c 1.1, CHCl3) Section 4.2.3). However, it was decided to

complete the planned synthesis of methoxy-alcohol 497a to accurately assess the degree
of stereocontrol using the 1H NMR spectrum.
Methylation of alcohol 500 again proceeded smoothly via treatment with sodium hydride
and iodomethane in tetrahydrofuran for twelve hours (Scheme 4.18).

Scheme 4.18: Synthesis of desired anti-alcohol intermediate 497a and undesired
syn-diastereomer 497b.
Ozone was bubbled through a solution of alkene 501 in dichloromethane at −78 ºC
followed by reduction of the generated ozonide using triphenylphosphine at room
temperature to provide aldehyde 502. Bis(triisopropoxy)titanium oxide (534) was
prepared from reaction of titanium tetraisopropoxide (529) and titanium tetrachloride
(530) using the method previously described and addition of (S)-BINOL 524a provided
in

situ

access

to

the

required

(S,S)-bis-titanium-oxide

catalyst

(S,S)-535a.

Allyltributylstannane (526) and aldehyde 502 were added and reaction was left to warm
to room temperature over twenty-four hours to produce alcohol 497 in a good 82% yield.
Disappointingly, a diastereomeric ratio of only 3:2 (anti-497a:syn-497b) was observed as
determined by the 1H NMR spectrum of the product by integration of the methyl ether
signals. This result indicated that use of bis-titanium(IV) oxide catalyst 535 to direct the
stereochemistry of the allylation reactions had not produced any improvement compared
to the previous chiral allylborane methods investigated.

4.2.10 Indium Mediated Allylation
The disappointing lack of success at installing the desired asymmetry with both borane
and titanium mediated allylations led us to next investigate an indium-mediated approach.
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Indium-promoted reactions have attracted attention as indium is more stable on exposure
to air or moisture, significantly less toxic than a number of other metals and able to
tolerate numerous functionalities.364,365 Barbier-type allylation of aldehydes with allylic
halides in the presence of indium metal was first reported by Butsugan et al.366 for the
synthesis of racemic homoallylic alcohols. Extension of the method by Loh et al.367 to
include a stoichiometric amount of chiral ligand such as (−)-cinchonidine (540) allowed
reasonably high stereocontrol of the reaction (Scheme 4.19). The best enantioselectivity
reported was for the prenylation of benzaldehyde (538) using an allyl indium reagent
formed in situ from chiral ligand 540, allylic bromide 539 and indium powder. The allylic
alcohol product 541 was formed in excellent 99% yield and 90% enantiomeric excess.

Scheme 4.19: Asymmetric indium-mediated allylation of benzaldehyde 538.367
The chiral ligand used in the indium-mediated allylation has since been evaluated by
Singaram et al.368,369 They have reported the use of commercially available
(1S,2R)-(+)-2-amino-1,2-diphenylethanol (543a) as a chiral directing group for the
indium-mediated reactions. The reaction of benzaldehyde (538) and simple allyl bromide
(542) was described using indium in the presence of amino alcohol 543a and pyridine
(Scheme 4.20).358 The reported conditions produced the homoallylic alcohol product 544
in 99% yield with an enantiomeric excess of 93%.
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Scheme 4.20: Use of (1S,2R)-(+)-2-amino-1,2-diphenylethanol (543a) as a chiral
directing group for indium-mediated allylation reactions.358
The group also attempted the reaction with a range of related chiral amino alcohol ligands
and starting aldehydes in an attempt to find optimal conditions.358 The original
2-amino-1,2-diphenylethanol 543a ligand gave the best results in terms of yield and
enantioselectivity. All of the aldehydes screened underwent allylation in yields ranging
from 90-99% with enantiomeric excess between 76-93%.358
To date, little has been discovered about the mechanism of the indium-mediated allylation
of aldehydes. A number of reports have appeared in the literature outlining mechanistic
investigations, however, identification of the reactive species has remained elusive mainly
due to the changeable nature of indium intermediates.366,370-373 Based on previously
reported studies and their own spectroscopic observations, Singaram et al.369 have
proposed an allylindium(III) sesquihalide transition state 545 as an intermediate in the
allylation (Figure 4.4).

Figure 4.4: Proposed allylindium(III) sesquihalide transition state 545.
The aldehyde is orientated such that the sterically demanding R group is aligned as far
from the bulky benzyl substituents as possible. This would result in a Si-face attack of the
aldehyde in intermediate 545, which is in agreement with observed synthetic results
describing the use of (+)-543a as a chiral ligand.

184

4.2.11 Indium-Mediated Asymmetric Allylation of Hexanal 498
In a further attempt to affect the asymmetric allylation of the commercially available
starting material hexanal (498), it was decided to apply the indium-mediated conditions
described

by

Singaram

et

al.369

(Scheme

4.21).

Chiral

ligand

(1R,2S)-(−)-2-amino-1,2-diphenylethanol (543b), indium powder, pyridine and allyl
bromide (542) were all combined in tetrahydrofuran. Hexane was added and the mixture
was cooled to −78 ºC before the addition of hexanal (498). The reaction was run at this
temperature until consumption of the starting material was observed by thin layer
chromatography and secondary alcohol 500 was isolated by flash chromatography.

Scheme 4.21: Indium-mediated synthesis of alcohol intermediate 500 with
amino-alcohol ligand 543b.
Disappointingly, when the optical rotation was measured for the product 500 it was found
to be significantly different ([α]

−3.8 (c 1.1, CHCl3) compared to both the reported

literature value ([α] −9.0 (c 1.5, CHCl3))351 and values recorded from previous allylation
attempts ([α]

−10 (c 1.1, CHCl3)). The optical rotation of alcohol 500 thus far had only

been used as an estimate of enantioselectivity, with completion of the synthesis of
methoxy-alcohol 497a intermediate and examination of the 1H NMR spectrum used as a
definitive measure of purity. However, the discrepancy in the optical rotation recorded for
the product 500 of the indium-mediated allylation was considered too large and the use of
2-amino-1,2-diphenylethanol 543 as chiral ligand was abandoned.
As previously mentioned, Singaram et al.369 had described the application of a range of
related chiral amino alcohols for use as directing ligands in their indium-mediated
allylations. To our knowledge (1R,2S)-(+)-cis-1-amino-2-indanol (546) has not been
reported

in

this

capacity,

however

its

structural

similarities

to

2-amino-1,2-diphenylethanol 543 presented aminoindanol 546 as a potential alternative
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chiral ligand (Figure 4.5). We were also interested to see how the increased structural
rigidity provided by the bicyclic-bridged structure would perform in terms of
stereochemical control. We predicted that a sesquihalide transition state 547 similar to
that proposed by Singaram and co-workers369 for related amino alcohol ligands, could be
readily formed from commercially available aminoindanol 546.

Figure 4.5: Structure and proposed transition state 547 for the chiral ligand
(1R,2S)-(+)-cis-1-amino-2-indanol (546).
In a further attempt to complete the asymmetric allylation of hexanal (498) we again
applied the indium-mediated conditions of Singaram et al.369 employing aminoindanol
ligand 546 (Scheme 4.22).

Scheme 4.22: Indium-mediated allylation of hexanal (498) with
aminoindanol ligand 546.
(+)-Indanole (1R,2S)-546, indium powder, pyridine and allyl bromide 542 were all
combined in tetrahydrofuran at room temperature. Hexane was added and the reaction
was cooled to −78 ºC for one and a half hours to produce alcohol 500 in 78% yield.
Disappointingly,
([α]

measurement

of

the

optical

rotation

of

the

product

+0.43 (c 1.2, CHCl3)) indicated little or no stereocontrol in the reaction using

aminoindanol 546 as a chiral ligand.
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4.3 Reassessment of Synthetic Approach to Alcohol Intermediate 497a
with a Focus on Installation of Stereochemistry at C-5 and C-7
The lack of success in producing the desired alcohol 497a from hexanal (498) with
acceptable optical purity using the planned sequential double allylation led us to
re-evaluate the retrosynthesis of target intermediate 497a. Based on chemistry we had
previously employed for the synthesis of palmyrolide A (13f), we were drawn to the
possibility of installing the stereochemistry in alkene intermediate 497a using a sequential
epoxidation/HKR/Grignard approach (Scheme 4.23). Retrosynthetic disconnection of the
alcohol intermediate 497a proceeded through the removal of a vinylic segment to expose
epoxide 548a and vinylmagnesium bromide (441). The stereochemistry of chiral epoxide
548a would be installed through HKR of racemic epoxide 548. Epoxide 548 could be
accessed through epoxidation of homoallylic ether 501, which would be produced from
alcohol 500 using the methylation conditions described previously. It was envisaged that
the alcohol intermediate 500 would be synthesised via the same three step process using
vinylic Grignard 441 opening of epoxide 549a obtained by HKR of the racemic epoxide
549 formed via epoxidation of commercially available heptene (550).

Scheme 4.23: Alternate retrosynthetic analysis of alcohol intermediate 497a.
Although HKR had been used effectively in the synthesis of palmyrolide A (13), in the
original retrosynthesis of sanctolide A (14) (Section 4.1) HKR had was discarded in
favour of asymmetric allylation for two main reasons; the good yields and
stereoselectivity for the synthesis of alcohol 497a reported by Marco et al.329 and the fact
that HKR leads to the loss of a minimum of 50% of material simply through the nature of
the resolution process. However, the failure of the allylation reactions to install the
desired chirality in sufficient enantiomeric excess and the success of HKR in the
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synthesis of palmyrolide A (13) now presented it as a viable option for the synthesis of
diastereomerically pure methoxy-alcohol 497a.

4.4 Synthesis of Alcohol Intermediate 497a
The next phase of synthetic work towards (2S,5S,7S,15S)-sanctolide A (14a) started with
the enantioselective synthesis of homoallylic alcohol 497a (Scheme 4.24). Synthesis of
intermediate 497a would include the installation of the stereochemical centers at what
would become C-5 and C-7 of the final compound 14a. Using the planned synthetic route,
alcohol 497a would be targeted from commercially available 1-heptene (550) through a
consecutive double epoxidation/HKR/Grignard ring opening sequence that required initial
synthesis of racemic epoxide 549.

Scheme 4.24: Proposed synthesis of the desired alcohol intermediate 497a and
installation of stereochemistry at C-5 and C-7 of (2S,5S,7S,15S)-sanctolide A (14a).

4.4.1 Previous Reported Synthesis of Chiral Epoxide 549b
Parts of the current proposed synthetic strategy towards the synthesis of alcohol 497a
have been previously reported by Kumar et al.374 as part of their synthesis of
(R)-massilactone 551. Specifically, the group described the synthesis of the
(R)-enantiomer of our targeted epoxide intermediate (R)-549b from commercially
available 1-heptene (550) via epoxidation and subsequent HKR (Scheme 4.25).
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Scheme 4.25: Previously reported synthesis of chiral epoxide intermediate 549b.374
Heptene 550 was treated with m-CPBA in dichloromethane to produce racemic epoxide
549. HKR of epoxide 549 using a catalytic quantity of (R,R)-salenCo(III)OAc delivered
the desired (R)-epoxide 549b in more than 99% ee. The enantiomeric purity of the
epoxide

549b

was

estimated

by

chiral

GC

analysis

of

its

1-azido-2-trimethylsiloxyheptane derivative using cyclodex-B.374

4.4.2 Epoxidation of Alkenes using m-CPBA
Peracids such as m-CPBA 552 react directly with alkenes 512 affording the
corresponding epoxides 555.375,376 The widely accepted mechanism involves a concerted
cyclisation of an alkene 512 with m-CPBA 552 (Scheme 4.26).376 The reaction proceeds
through the proposed “butterfly” intermediate 553 to produce the epoxide 555 and side
product meta-chlorobenzoic acid (554).

Scheme 4.26: Proposed mechanism for the m-CPBA 552 epoxidation of alkenes 512.376
Thermodynamically, the driving force for the reaction is provided by the extremely weak
oxygen-oxygen bond in the peracid reagent. Even though the product contains a highly
strained three-membered ring, breaking of a relatively weak carbon-carbon π-bond as
well as the oxygen-oxygen bond in order to form two more stable carbon-oxygen bonds
provides an enthalpically favourable transformation.377
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4.4.3 Synthesis of Chiral Epoxide 549a
Therefore, as part of the preliminary stages in the currently proposed route towards
(2S,5S,7S,15S)-sanctolide A (14a), synthesis of chiral epoxide 549a started from
commercially available 1-heptene 550 (Scheme 4.27).

Scheme 4.27: Synthesis of the chiral epoxide 549a.
Heptene 550 was added to a solution of m-CPBA in dichloromethane at 0 ºC and the
reaction was allowed to warm to room temperature overnight. The work-up conditions
reported by Gaydou et al.169 were employed to remove any unreacted m-CPBA and the
m-chlorobenzoic acid by-product. The procedure involved use of an aqueous wash with a
solution of sodium metabisulfite followed by a solution of sodium carbonate. After
removal of the solvent under reduced pressure, racemic epoxide 549 was recovered, with
no further purification required. The requisite (S,S)-salenCo(III)-OAc catalyst was
prepared in situ from the commercially available (S,S)-salenCo(II) precatalyst and used to
effect the HKR of neat epoxide 549. After forty-eight hours the chiral epoxide product
(S)-549a was separated from the reaction mixture by distillation in 86% yield. Pleasingly,
at this stage of the synthesis the optical rotation measured ([α]

−11.9 (c 0.75, CHCl3))

to establish the enantiopurity showed very good correlation with the value reported by
Schneider et al.378 ([α]

−9.5 (c 1.0, CHCl3)).

4.4.4 Synthesis of Homoallylic Methylether 501
Encouraged by the excellent yield and promising optical rotation for epoxide 549a we
turned to the next step in our synthetic plan. Epoxide ring opening of intermediate 549a
was planned using the same Grignard conditions employed for the synthesis of
palmyrolide A (13) (Scheme 4.28).
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Scheme 4.28: Synthesis of methylether intermediate 501.
To this end, epoxide 549a was added to a pre-mixed solution of vinylmagnesium bromide
(441) and catalytic copper iodide in tetrahydrofuran. The reaction was warmed slightly
and stirred over sixteen hours to produce the desired homoallylic alcohol 500 in 88%
yield. Alcohol 500 was subsequently methylated by treatment with sodium hydride and
methyl iodide in tetrahydrofuran to produce the desired methyl ether 501.

4.4.5 Synthesis of anti-6-Methoxy-4-alcohol Intermediate 497a
With the successful synthesis of the methyl ether intermediate 501 in hand, we planned to
use the same epoxidation/HKR/Grignard ring-opening process to access homoallylic
alcohol 497a. Pleasingly, it was found that similar conditions used for transformation of
1-heptene (550) to allylic alcohol 500 could be employed to produce alcohol 497a from
methyl ether intermediate 501 starting with the enantioselective synthesis of epoxide
548a (Scheme 4.29).

Scheme 4.29: Synthesis of methoxy-epoxide intermediate 548a.
Epoxidation was carried out by addition of alkene 501 to a precooled solution of m-CPBA
in dichloromethane to deliver racemic epoxide 548. The desired (R,R)-salenCo(III)-OAc
catalyst was formed in situ by treatment of the commercially available (R,R)-salenCo(II)
with acetic acid. HKR of racemic epoxide 548 was carried out to install the
(R)-stereochemistry at C-2 of the product 548a with the desired relative anti-arrangement
between C-2 and C-4.
Gratifyingly, comparison of the 1H and

13

C NMR spectra for the resolved product 548a

with that of the diastereomeric mixture 548 indicated the retention of a single
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diastereomer of epoxide. This was evidenced by the disappearance of one set of
diastereomeric signals in both the 1H and 13C NMR spectrum. Many of the signals in the
1

H NMR spectrum of the racemic epoxide 548 overlapped making definitive analysis of

them difficult. However, some key signals such as those produced by the protons of the
methyl ether group do display distinct shifts for the syn- and anti-diastereomers, making
analysis of the diastereomeric ratios possible by integration. Clear separation for almost
all siganls was observed in the 13C NMR spectrum for both the racemic epoxide 548 and
the isolated (R)-epoxide 548a, providing an excellent indicator of the diastereomeric
purity of the product 548a (Figure 4.6).

Figure 4.6: 13C NMR for the diastereomeric mixture 548 and the resolved product 548a.
The resolved epoxide 548a was next opened by reaction with vinylmagnesium bromide
(441) in the presence of catalytic amounts of copper iodide delivering the desired
methoxy-alcohol product 497a as a single diastereomer (Scheme 4.30).

Scheme 4.30: Synthesis of the target anti-diastereomer of alcohol 497a.
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Diastereoselectivity of the synthetic route and enantiopurity of the isolated product 497a
were confirmed via comparison of data recorded for synthetic material to that reported by
Marco et al.329 Pleasingly, correlation between the reported and recorded values was very
good for optical rotation ([α]

+29.4 (c 1.13, CHCl3), Lit.329 ([α] +25.1 (c 1.2, CHCl3))

and both 1H and 13C NMR spectra. Only a single well defined signal was observed in the
1

H spectra for the characteristic methylether resonance, which had been used to identify

diastereomers as discussed previously.

4.5 Synthesis of Lactone Intermediate 495a
4.5.1 Synthesis of Dihydropyranone 496
It was envisaged that the third stereocenter of the targeted (2S,5S,7S,15S)-sanctolide A
(14a) would be installed by diastereoselective hydrogenation of a dihydropyranone 496,
similar to that employed in the synthesis of the syn-diastereomers of palmyrolide A (13a
and 13c) (Section 3.3). The synthesis of the required dihydropyranone intermediate 496
for this key hydrogenation step was achieved from alcohol 497a by esterification with
methacryloyl chloride (369) followed by RCM (Scheme 4.31).

Scheme 4.31: Synthesis of dihydropyranone intermediate 496.
Formation of the desired diene RCM precursor 556 first required preparation of
methacryloyl chloride (369). The commercially available methacrylic acid (372) was
chlorinated to give methacryloyl chloride (369) by treatment with oxalyl chloride and a
catalytic amount of DMF as previously described (Section 3.4.4). Methacryloyl chloride
(369) was purified by distillation and used fresh to effect esterification of enantiopure
alcohol 497a in the presence of DMAP and DIPEA delivering diene 556 in 98% yield.
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RCM precursor, diene 556 was cyclised successfully using similar conditions to those
discussed earlier for the synthesis of the related six membered α,β-unsaturated lactones
275 and 442b (Sections 3.3.3 and 3.10.2). The best yields obtained for lactone 496 were
achieved using Grubbs second generation catalyst in refluxing toluene over forty-eight
hours.

4.5.2 Stereoselective Hydrogenation of 3,6-Disubstituted Dihydropyranones
The facial selectivity during hydrogenation of an 4,6-disubstituted-α,β-unsaturated
lactone is directed by the pre-existing stereochemistry at C-6 as previously discussed and
demonstrated in the synthesis of palmyrolide A (13a and 13c) (Section 3.3.4). This
stereoselectivity was used to good effect to produce a syn-relationship between the
substituents attached at C-6 and C-4 of the saturated lactone product 274a (Scheme 4.32).

Scheme 4.32: Stereoselective hydrogenation of lactone 275.
It was hoped that a similar facial selectivity and subsequent C-3/C-6 syn-selectivity would
be observed in the hydrogenation of dihydropyranone 496 to enable production of a
single diastereomer. It was predicted that if the substituent at C-6 of dihydropyranone 496
provided sufficient steric bulk to exclude approach of the palladium catalyst from one
face, hydrogenation would occur exclusively from the opposite face.
We were encouraged by a recent report from Yu et al.379 describing the total synthesis of
the carpenter bee pheromone syn-2-methyl-5-hexanolide (558) (Scheme 4.33). The final
step of their synthesis involved stereoselective hydrogenation of 3,6-disubstituted
dihydropyranone 557. Using catalytic palladium on carbon, dihydropyranone 557 was
hydrogenated diastereoselectively to produce the saturated lactone 558 with a
syn-arrangement between the two methyl substituents. Only a single diastereomer of the
product was formed and the facial selectivity was directed by a single sterically
diminutive methyl substituent at C-6.
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Scheme 4.33: Synthesis of the carpenter bee pheromone 558 via
diastereoselective hydrogenation.379

4.5.3 Synthesis of Lactone 495a
The installation of stereochemistry at site C-3 in the target lactone 495a was undertaken
utilising an H-cube® flow reactor (Scheme 4.34).

Scheme 4.34: Synthesis of the saturated lactone 495a and installation of stereochemistry
by diastereoselective hydrogenation.
Starting dihydropyranone 496 was dissolved in ethyl acetate and the solution was passed
through the H-cube® which had been fitted with a palladium on carbon (10 mol%)
catalyst cartridge. Pleasingly, the mild conditions employed gave smooth conversion to
saturated 3,6-syn-lactone 495a and following removal of solvent under reduced pressure
no further purification was required. Inspection of the 1H NMR spectra for lactone 495a
gave evidence for the presence of a single diastereomer based on no observed splitting of
well-defined signals such as the sharp singlet produced by the methyl ether. The NOESY
2D NMR spectrum of lactone 495a was collected in an attempt to confirm the
syn-orientation of the substituents at C-6 and C-3 (Figure 4.7). When the lactone is
arranged in the most stable chair conformation with the large C-6 substituent in the
equatorial position we can see that a 1,3-diaxial interaction would be expected between
the H-6 proton and one of the H-4 protons in both diastereomers of the target lactone
syn-495a and anti-495b and as such was observed in the NOESY spectrum. Further
analysis of the anti-lactone 495b in the most stable chair conformation indicates a
1,3-diaxial interaction should also exist between H-3 and one of the H-5 protons, which is
not observed in the NOESY spectrum (red box).
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Figure 4.7: NOESY analysis of syn-lactone 495a.
Having confirmed that a single diastereomer formed in the hydrogenation step, analogous
to previously reported examples379 we were in a good position to continue with the
synthesis of the alcohol coupling partner 491 using syn-lactone 495a.

4.6 Synthesis of the N-Allylamide-alcohol Coupling Fragment 491
With the successful synthesis of syn-lactone 495a in hand three of the four stereocenters
for the target (2S,5S,7S,15S)-sanctolide A (14a) were now installed. Attention next turned
to the synthesis the alcohol coupling partner 491 in order to further elaborate the lactone
intermediate 495a to sanctolide A (14a) (Scheme 4.35).
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Scheme 4.35: Proposed synthesis of the N-allylamide coupling partner 491.
It was planned that amide fragment 491 could be accessed via saponification of lactone
495a to expose acid 494, which undergoes subsequent coupling with commercially
available N-methylallylamine (270). Amide 491 would be used to form a large segment of
the final sanctolide A (14a) ring as well as the extended carbon side chain through a
sequence of coupling and ring closing reactions with acid 492.

4.6.1 Saponification of Lactone 495a
Attention next turned to saponification of lactone 495a in an attempt to access the desired
acid intermediate 494. Alkaline hydrolysis of lactones to their respective open chain
hydroxy-acid compounds can be achieved in a ring opening transformation analogous to
the saponification of open chain esters.380 Saponification of a related lactone 559 was
recently reported by Hoffmann and Ditrich381 as part of their total synthesis of mycinolide
V (561) (Scheme 4.36).
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Scheme 4.36: Saponification of lactone 559 towards the
synthesis of mycinolide-V (561).381
Lactone 559 was heated with potassium hydroxide in a mixture of methanol and water to
produce the open-chain hydroxy-acid 560. The yield for this reaction was only reported as
part of a multi-step yield but the overall yield was very good.
Disappointingly, in our hands application of the same conditions to lactone 495a only
returned starting material (Scheme 4.37). Lactone 495a was heated with potassium
hydroxide in a mixture of methanol and water. The reaction was monitored by thin layer
chromatography and was halted once starting material 495a was consumed. However,
after work-up at pH 4.5 the starting material 495a was recovered exclusively and none of
the product which had been observed by TLC during the reaction remained.

Scheme 4.37: Attempted saponification of lactone 495a.
The apparent consumption of starting material 495a observed by TLC indicates that a
reaction is indeed taking place however, no product was collected and the starting lactone
was reformed during the work up phase of the procedure. It is possible that although a
successful saponification may have taken place, the reverse cyclisation of the predicted
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product 495 may have subsequently occurred during the work up to return starting
material 495a.
It was next thought that open chain acid 494 could be trapped by forming the desired
amide 491 in a one-pot ring opening/amidation reaction (Scheme 4.38). This approach
would remove the need for isolation of the acid intermediate 494 potentially avoiding the
recyclisation to lactone 495a.

Scheme 4.38: Proposed single-pot ring opening/amidation approach.

4.6.2 Direct Amidation of Lactones
The direct amidation of esters 376 by amines 324 in the presence of trimethylaluminium
(562) was first reported by Weinreb et al.382 in 1977 (Scheme 4.39). It was shown that
trimethylaluminium (562) reacts with primary or secondary amines 324 to give reactive
dimethylaluminium amide intermediates 563 along with the evolution of methane.382
These aluminium amide reagents 563 are generally formed in situ, however, they have
been shown to be stable enough to store as stock solutions. Addition of an ester 376 to the
dimethylaluminium amide 563 and gentle heating for an extended period of time was
shown to produce amides 325 in generally high yields.

Scheme 4.39: Direct amidation of esters 376 mediated by trimethylaluminium 562.382
This reasonably mild method for the formation of amides has since been extended to
include amidation of carboxylic acids,383,384 aminolysis of lactones385 and use of amine
hydrochloride salts in place of the sometimes volatile amine free bases.386 Kim et al.387
employed the Weinreb trimethylaluminium (562) system for the aminolysis of lactone
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566 as part of their total synthesis of the selective estrogen receptor α-modulator
secondary metabolite 568 (Scheme 4.40).

Scheme 4.40: Synthesis of amide 567 by trimethylaluminium (562)
mediated aminolysis of lactone 566.387
The hydrochloride salt of diethylamine 564 was first reacted with trimethylaluminium
(562) in benzene at room temperature to form the methylchloroaluminium amide
intermediate 565. Addition of lactone 566 and heating to 80 ºC for twelve hours delivered
smooth transition to the amide product 567.

4.6.3 Synthesis of N-Allylamide Intermediate 491
It was predicted that similar aminolysis conditions to those described by Kim et al. 387
could provide an ideal route to the desired allylic amide intermediate 491 by alleviating
the issue of spontaneous recyclisation of lactone 495a. Thus, aluminium amide 569,
formed in situ from the reaction of N-methylallylamine (270) with trimethylaluminium
(562) was reacted with lactone 495a to access the desired amide intermediate 491
(Scheme 4.41).
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Scheme 4.41: Synthesis of N-allylamide-alcohol coupling partner 491.
Commercially available N-methylallylamine (270) was treated with trimethylaluminium
(562) in dichloromethane at room temperature to form dimethylaluminium amide
intermediate 569. This reactive aluminium amide 569 was then added to a solution of
lactone 495a in dichloromethane and the reaction was warmed gently for forty-eight
hours to deliver the desired amide 491 in 63% yield.

4.7 Synthesis of Acid-Alkene Coupling Partner 492
With alcohol coupling partner 491 in hand, our attention turned to synthesis of the
complimentary acid-alkene coupling partner 492 which would form the remainder of the
targeted (2S,5S,7S,15S)-sanctolide A (14a) (Scheme 4.42).

Scheme 4.42: Proposed synthesis of acid-alkene coupling fragment 492.
It was planned that the final stereocenter at what would become C-15 would be accessed
from chiral pool material

L-valine

(343). The planned synthesis of the acid-alkene
201

fragment 492 involved coupling of the α-hydroxy acid 493 derived from L-valine (343)
with commercially available acryloyl chloride (277).

4.7.1 Hydroxydeamination of α-Amino Acids
Transformation of the amine group of L-valine (343) to an alcohol was required to
produce α-hydroxy acid 493. Hydroxydeamination of a number of α-amino acids 339 to
produce the corresponding α-hydroxy acids 570, has been reported by Süssmuth et al.388
using nitrous acid formed in situ from sodium nitrite and sulphuric acid (Scheme 4.43).

Scheme 4.43: Reported synthesis of α-hydroxy acids 570.388
The amino acids 339 were dissolved in an aqueous solution of sulphuric acid and an
aqueous solution of sodium nitrite was added gradually at 0 ºC. The temperature was
maintained at 0 ºC for three hours before the reaction was allowed to warm to room
temperature overnight to produce the α-hydroxy acids 570.
An important feature of this substitution is the retention of stereochemistry which is
observed in all examples.388,389 It is believed that the reaction proceeds via diazotization
of the amine 339 by nitrous acid (571) formed in situ through reaction of sulphuric acid
and sodium nitrite (Scheme 4.44).390

Scheme 4.44: Proposed mechanism for hydroxydeamination of α-amino acids 339.390,391
The diazonium group is released as molecular nitrogen as the result of the intramolecular
formation of a lactone intermediate 572.391 This is followed by spontaneous hydrolysis of
the lactone 572 in the acidic media of the reaction. The observed retention of the
stereochemistry at the reactive center is attributed to a combination of anchimeric
assistance provided by the neighbouring carboxyl group and restriction of bond rotation
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via formation of lactone 572. These effects lead to a double inversion during substitution
of the amine for the hydroxyl functionality resulting in overall retention of
stereochemistry.391

4.7.2 Hydroxydeamination of L-Valine (343)
Synthesis of the acid coupling partner 492 began from commercially available L-valine
(343) (Scheme 4.45).

Scheme 4.45: Synthesis of α-hydroxy acid 493.
Under conditions reported by Süssmuth et al.388 L-valine (343) was treated with nitrous
acid formed in situ from a mixture of aqueous sulphuric acid and sodium nitrite at
reduced temperature. After cooling the reaction mixture with a salt ice bath for three
hours, the reaction was allowed to warm to room temperature and stirred for twenty-four
hours to produce the desired α-hydroxy acid 493. The enantiopurity of the product 493
was confirmed by comparison of the measured optical rotation ([α]

+18.7 (c 0.97,

CHCl3)) to that previously reported in the literature ([α] +19 (c 2.08, CHCl3)).389

4.7.3 Coupling of Acryloyl Chloride (277)
Having successfully affected the hydroxydeamination of L-valine (343), completion of
the synthesis of the acid-alkene 492 required esterification with commercially available
acryloyl chloride (277) (Table 4.1). Disappointingly, no reaction was observed using acyl
transfer agent DMAP with DIPEA (Entry 1, Table 4.1). However, simplification of the
reaction conditions by using an amine base excluding the DMAP acyl transfer agent,
delivered the desired ester product 492 (Entries 2-4). It was found that the best yield was
produced through reaction of α-hydroxy acid 493 and acryloyl chloride (277) in the
presence of the amine base triethylamine (Entry 4).
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Table 4.1: Synthesis of the acid coupling partner 492 by formation of ester bond.

#
1
2
3
4

Base
DIPEA
Pyridine
DIPEA
Et3N

Solvent
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2

Additive
DMAP
-

Temp
0 ºC -rt
0 ºC -rt
0 ºC -rt
0 ºC -rt

Time (h)
12
12
12
12

Result
Recovered 493
56%
34%
79%

4.8 Completion of the (2S,5S,7S,15S)-Diastereomer of Sanctolide A (14a)
With the successful completion of both the alcohol 491 and acid 492 coupling partners in
hand, the final steps in the synthesis of (2S,5S,7S,15S)-sanctolide A (14a) could be
attempted (Scheme 4.46). The proposed synthetic route was based on the conditions used
for the synthesis of palmyrolide A (13) namely, esterification, macrocyclic RCM and
olefin isomerisation.

Scheme 4.46: Proposed completion of (2S,5S,7S,15S)-sanctolide A (14a).
We were pleased to find that all three transformations were completed using conditions
similar to those used for the synthesis of palmyrolide A (13). Coupling of acid 492 and
alcohol 491 was first achieved using 2,4,6-dichlorobenzoyl chloride (390) in the presence
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of DMAP and DIPEA to produce the desired diene ring closing precursor 490 in 92%
yield (Scheme 4.47). Macrocyclic RCM was next completed by addition of Grubbs
second generation catalyst to a refluxing solution of diene 490 in chloroform giving the
closed ring product 573 in 50% yield.

Scheme 4.47: Synthesis of the both the (Z)-573a and (E)-573b isomers by ring closing
metathesis of diene 490.
Upon inspection of the 1H NMR spectrum for RCM product 573 it was suspected that a
mixture of (Z)-573a and (E)-573b ring-closed products had formed. This observation was
due to the complex splitting patterns for the resonances assigned to the protons in close
proximity to the carbon-carbon double bond. The complexity of these resonances made
detailed assignment of the 1H NMR spectrum difficult, however the success of the ring
closing step was tentatively confirmed based on the recorded mass for the isolated
product (HRMS-ESI: m/z [M + Na]+ calcd. for [C24H41NO6 + Na]+: 462.2826;
found: 462.2812). No further characterisation was attempted and the inseparable mixture
was subjected to the final isomerisation reaction.
It is believed that during the isomerisation of the carbon-carbon π-bond the compound
will afford the most stable arrangement of the double bond. In the ring closed products
(Z)-573a and (E)-573b the target double bond is in conjugation with the neighbouring
ester functionality. Migration of the double bond into conjugation with the amide is
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predicted to provide a lower energy alternative. This prediction was based on computer
energy modelling of the (Z)-vinylic lactone 573a and enamide 14a compounds using the
Spartan ’08 modelling software. By employing a conformational search with geometry
minimisation followed by a semi-empirical, ab-initio Hartree-Fock point energy
calculation, a relative energy difference of 14.86 kJ/mol was estimated in favour of the
enamide compound sanctolide A (14a) (Figure 4.8).

Figure 4.8: Predicted relative energy difference using Spartan ‘08 between vinylic
lactone 573a and enamide 14a.
Further confirmation of successful ring closing metathesis was obtained through
completion of the planned olefin isomerisation which afforded a single trans-isomer of
the enamide 14a from the mixture of (Z)-573a and (E)-573b olefins (Scheme 4.48).

Scheme 4.48: Completion of the (2S,5S,7S,15S)-diastereomer of sanctolide A (14a).
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Treatment of the E/Z mixture of olefins 573 with catalytic (PPh3)3RuH(CO)(Cl) in
refluxing toluene produced a single (2S,5S,7S,15S)-diastereomer of sanctolide A (14a).
Inspection of the 1H NMR spectrum showed no evidence for the presence of any other
diastereomers and the trans-arrangement of the carbon-carbon double bond was indicated
by the large vicinal

3

JH,H coupling value of 14.1 Hz for H-22. Disappointingly,

comparison of the 1H and

13

C NMR data to that reported for the natural product185

displayed a small discrepancy in the NMR spectrum recorded (Figure 4.9). Detailed
comparison of both the 1H and 13C NMR data are provided in Table 4.2 and while definite
similarities can be seen small differences were evident for some of the resonances in both
spectra.

Figure 4.9: Comparison of the NMR of synthetic (2S,5S,7S,15S)-sanctolide A (14a) with
that reported for the isolated natural product.185
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Table 4.2: Detailed comparison of 1H and 13C chemical shifts for synthetic
(2S,5S,7S,15S)-sanctolide A (14a) and isolated natural sanctolide A. 185

No.
1
2
3a
3b
4a
4b
5
6a
6b
7
8a
8b
9
10
11
12
13
14
15
16
17
18
19
20
21
22
O -Me
N -Me

Authentic Sanctolide A 1H
(600 MHz, CDCl 3)
Shift (ppm) Multiplicity
J (Hz)
2.56
1.21
1.68
1.42
1.86
5.00
1.59
1.74
3.12
1.37
1.50
1.24
1.24
1.28
0.87
1.13

m
m
m
m
m
m
ddd
ddd
m
m
m
m
m
m
t
d

5.11
2.31
0.94
0.90

d
sd
d
d

6.4
6.8
6.8
6.8

3.15
3.20
5.12
6.70
3.28
3.06

dd
d
m
d
s
s

6.5
6.9

14.4
14.4

9.0
7.8

7.1
6.9

6.4

1.3

14.0

Synthetic (2S ,5S ,7S ,14S )-Sanctolide A 1H
(300 MHz, CDCl 3)
Shift (ppm) Multiplicity
J (Hz)

4.2
3.0

3.01-3.07
1.37-1.47
1.74-1.85
1.48-1.55
1.67-1.73
5.25-5.32
1.48-1.55
1.67-1.73
3.11-3.16
1.55-1.64
1.55-1.64
1.23-1.32
1.23-1.32
1.23-1.32
0.89
1.09

m
m
m
m
m
m
m
m
m
m
m
m
m
m
t
d

5.03
2.32-2.43
1.03
1.00

d
m
d
d

4.8

3.20

dd

6.3

5.11-5.22
7.17
3.29
3.09

m
d
s
s

6.6
6.6

6.9
6.9

14.1

1.8

Authentic 13C
Synthetic 13C
(226 MHz, CDCl 3) (75 MHz, CDCl 3)
Shift (ppm)
Shift (ppm)
174.5
175.6
38.1
36.2
29.2
28.7
34.1

30.4

73.3
40.3

74.2
38.5

77.7
33.2

77.6
33.3

32.0
24.3
22.6
14.2
14.9
170.0
77.0
29.6
18.6
17.2
168.7
34.5

32.0
24.3
22.6
14.0
16.1
170.3
77.3
30.1
18.7
17.2
169.1
34.9

102.7
132.4
56.6
30.6

104.7
132.1
56.6
30.6

The HRMS of our synthetic compound (m/z [M + Na]+ calcd. for [C24H41NO6 + Na]+:
462.2862; found: 462.2810) was also an excellent match to the predicted mass for the
targeted compound 14a. However, a large difference in optical rotation between synthetic
(2S,5S,7S,15S)-sanctolide A (14a) ([α] 22
D +38.6 (c 0.3, MeOH)) and the reported value
185
([α] 25
coupled with the small differences in the 1H NMR spectra
D −41 (c 0.1, MeOH)

suggested that the synthetic (2S,5S,7S,15S)-sanctolide A (14a) produced is in fact a
diastereomer of the natural product.
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4.9 Summary
Having successfully effected isomerisation of the carbon-carbon double bond in the
mixture of alkenes 573 to form the N-methyl enamide functionality the first total
synthesis of the (2S,5S,7S,15S)-diastereomer of sanctolide A (14a) was completed in 14
linear

steps

in

4%

overall

yield

from

1-heptene

550.

The

synthesis

of

(2S,5S,7S,15S)-sanctolide A (14a) was completed through synthesis of two separate
coupling partners alcohol 491 and acid 492. Three of the four stereocenters in
(2S,5S,7S,15S)-sanctolide A (14a) were assembled during the synthesis of alcohol 491
(Scheme 4.49).

Scheme 4.49: Synthesis of the alcohol coupling partner 491.
Beginning from commercially available alkene 550, homoallylic alcohol 497a was
synthesised via an epoxidation/HKR/Grignard ring opening sequence. This sequence of
reactions was applied twice to install the required 1,3-anti stereochemical arrangement
between C-5 and C-7 in intermediate 497a. Alcohol 497a was converted to the RCM
precursor 556 by esterification with methacryloyl chloride (369) and asymmetric
hydrogenation of the RCM product was used to install the third stereocenter in lactone
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495a. Ring opening/amidation of lactone 495a with commercially available N-methyl
allylamine (270) in the presence of trimethyl aluminium delivered the desired alcohol
coupling partner 491 in good overall yield.
The second required coupling partner, acid 492, was completed using a two-step process
from

L-valine

(343) (Scheme 4.50). Deamination of valine 343 was achieved with

retention of stereochemistry by reaction with nitrous acid. The resulting α-hydroxy acid
493 was coupled with acryloyl chloride (277) to yield the desired acid coupling partner
492.

Scheme 4.50: Synthesis of the acid coupling partner 492.
With the successful synthesis of both alcohol 491 and acid 492, the final steps in the
synthesis of (2S,5S,7S,15S)-sanctolide A (14a) were completed smoothly by employing
similar synthetic methodology to that used during the synthesis of the related compound
palmyrolide A (13) (Scheme 4.51).
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Scheme 4.51: Synthesis of the (2S,5S,7S,15S)-diastereomer of sanctolide A (14a).
Ester 490 was prepared by treating alcohol 491 and acid 492 with 2,4,6-trichlorobenzoyl
chloride (390). Macrocyclic RCM of diene 490 was used to good effect to access the
fourteen-membered ring, however production of an inseparable mixture of (Z)-573a and
(E)-573b was observed. Finally, isomerisation of the olefin using catalytic
(PPh3)3RuH(CO)(Cl) cleanly afforded the (E)-N-methyl enamide functionality in the
desired (2S,5S,7S,15S)-sanctolide A (14a) as the only observed product.
Unfortunately, discrepancies between the 1H and

13

C NMR data and the optical rotation

recorded for the synthetic material 14a with that reported for the natural product185
suggested that a diastereomer of sanctolide A had been produced. The only stereocenter
for which absolute stereochemistry was not assigned during the original structural
elucidation was that at C-2. We have now shown (2S,5S,7S,15S)-sanctolide A (14a) to be
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a diastereomer of the natural product. Therefore, if assignment185 of absolute
stereochemistry at C-5, C-7 and C-15 for the natural product is assumed to be accurate,
we must conclude that the stereocenter at C-2 of the natural product possesses the
(R)-configuration as shown in Figure 4.10.

Figure 4.10: Synthetic (2S,5S,7S,15S)-diastereomer 14a and proposed natural
(2R,5S,7S,15S)-diastereomer 14b of sanctolide A.

4.10 Future Work
With the successful synthesis of the (2S,5S,7S,15S)-diastereomer 14a of sanctolide A
completed, modification of the synthetic route can be made to enable the synthesis of the
proposed natural (2R,5S,7S,15S)-diastereomer 14b. Production of this structure would
allow confirmation of the original stereochemical assignment of the natural product as
well as confirming the absolute stereochemistry at C-2.185 Modification of the current
synthesis in an attempt to utilise the optimised synthetic route would require access to the
common lactone intermediate 495 with anti-stereochemistry between C-3 and C-6
(Scheme 4.52).
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Scheme 4.52: Proposed anti-lactone intermediate 495a required for the synthesis of
(2R,5S,7S,15S)-sanctolide A (14b).
A number of methods for the preparation of 3,6-anti-lactones have been reported in the
literature. 316,379,392-396 The majority of these approaches involve indiscriminate synthesis
of a diastereomeric mixture and subsequent separation of the syn- and antilactones.308,368,379-382 However, a report from Kalesse et al.396 outlines the synthesis of a
number of 3,6-anti-lactones with excellent diastereomeric control (Scheme 4.53).
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Scheme 4.53: Synthesis of 3,6-anti-lactone 581.396
Vinylogous Mukaiyama aldol reaction (VMAR) between aldehyde 574 and protected
enol 575 afforded secondary alcohol 576 that provides the first of the stereocenters for the
target lactone 581.396 Extension of the iodide 576 was achieved through cross coupling
with vinyltributyltin in the presence of palladium(0). Treatment of the resultant
α,β-unsaturated aldehyde 577 with Stryker’s reagent ([((PPh3)CuH)6]) effected reduction
of the α,β-unsaturated double bond generating enolate 578. Spontaneous intramolecular
protonation of the enolate 578 is reported to take place via the proposed six membered
transition state 579 to produce hemiacetal 580. The transition state 579 adopts the most
stable chair conformation with the sterically demanding substituents occupying equatorial
positions. Finally, oxidation of the hemiacetal 580 with Dess-Martin periodinane (DMP)
delivers the target lactone 581.396
Application of a similar route to that described by Kalesse et al.396 for the disconnection
of our lactone intermediate anti-495b would enable synthesis from two fragments
namely, the previously described aldehyde intermediate 502 and silyloxydiene 575
(Scheme 4.54).
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Scheme 4.54: Retrosynthetic analysis of 3,6-anti-lactone 495b.
It is expected that the anti-lactone 495b would be obtained by oxidation of lactol 582.
Disconnection of the lactol 582 exposes the open chain α,β-unsaturated aldehyde 583,
which itself could be accessed by vinylogous Michael addition of silyloxydiene 575 to
aldehyde 502. Paterson et al.397 have shown that the stereochemical outcome of the
VMAR is very sensitive to the conditions employed, including Lewis acid, temperature
and solvent effects, requiring a large range of adjustments to be made to afford the
desired stereochemistry. It is proposed successful synthesis of lactone 495b using this
VMAR strategy could provide a potential route to anti-lactone that can be used to effect
total synthesis of the natural (2R,5S,7S,15S)-diastereomer 14b of sanctolide A.
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Chapter Five: Experimental
5.1 General Techniques
All reactions were carried out in oven-dried or flame-dried glassware under a nitrogen
atmosphere unless otherwise stated. Unless stated, all solvents and reagents were used as
supplied from commercial sources. Tetrahydrofuran (THF) and diethyl ether (Et2O) were
freshly distilled over sodium/benzophenone ketyl. Toluene was freshly distilled over
sodium. Methanol was freshly distilled from magnesium. Dichloromathane, triethylamine
(Et3N) and acetonitrile (MeCN) were freshly distilled from calcium hydride.
Diisopropylethylamine (DIPEA) was distilled from calcium hydride and stored over
potassium hydroxide. Reactions performed at low temperature were cooled with and
acetone-dry ice bath for −78 ºC, water-ice bath for 0 ºC or with the aid of a Julabo FT402
cryostat for extended periods of cooling. All hydrogenation reactions were run using a
ThalesNano H-cube® flow reactor. All microwave irradiation was carried out using a
CEM discover® microwave reactor fitted with an 8 mL reaction vessel. Flash
chromatography was performed using Kieselgel S 63-100 μm (Riedel-de-Hahn) silica gel.
Preparatory thin layer chromatography was carried out on 500 μm, 20 × 20 cm UniplateTM
(Analtech) silica gel chromatography plates.
Analytical thin layer chromatography was performed using 0.2 mm Kieselgel F254
(Merck) silica plates and compounds were visualized under 365 nm ultraviolet irradiation
followed by staining with either alkaline permanganate or ethanolic vanillin solution.
Yields refer to chromatographically and spectroscopically (1H NMR) homogenous
materials, unless otherwise stated. Infrared spectra were obtained using a Perkin Elmer
spectrum One FT-IR spectrometer on a film ATR sampling accessory. Absorption
maxima are expressed in wavenumbers (cm-1). Optical rotations were measured using a
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Rudolph Research Autopol IV polarimeter at  = 598 nm with the concentration of the
sample measured in grams per 100 mL. Melting points were determined using a Kofler
hot-stage melting point apparatus and are uncorrected. NMR spectra were recorded as
indicated on either a Bruker DRX-400 spectrometer operating at 400 MHz for 1H nuclei
and 100 MHz for

13

C nuclei or on a Bruker Avance 300 spectrometer operating at 300

MHz and 75 MHz for 1H and

13

C nuclei, respectively. Chemical shifts are reported in

parts per million (ppm) relative to the tetramethylsilane peak recorded as  0.00 ppm in
CDCl3/ TMS solvent, or the residual chloroform ( 7.26 ppm), DMSO ( 2.50 ppm) or
methanol ( 3.31 ppm) peaks. The

13

C NMR values were referenced to the residual

chloroform ( 77.1 ppm), DMSO ( 39.5 ppm) or methanol ( 49.0 ppm) peaks. 13C NMR
values are reported as chemical shift , multiplicity and assignment. 1H NMR shift values
are reported as chemical shift , multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet), coupling constant (J in Hz), relative integral, and assignment. Assignments are
made with the aid of DEPT 135, COSY, NOESY and HSQC experiments. High resolution
mass spectra were recorded on a VG-70SE mass spectrometer at a nominal accelerating
voltage of 70 eV.

5.2 Experimental Procedures: Mescengricin
Methyl 2,6-dibromoisonicotinate (193)

Preliminary preparation of phosphorus oxybromide
Phosphorus oxybromide was prepared following the procedure outlined by Kelly et al.107
Bromine (16.1 mL, 313.8 mmol) was added dropwise to neat phosphorus tribromide (29.8
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mL, 313.8 mmol) at 0 ºC with stirring to form a light orange precipitate. Water (5.6 mL,
313.8 mmol) was added dropwise, to give a dark orange slurry. The slurry was distilled
(100 ºC, 30 mbar) to yield phosphorus oxybromide (74.8 g, 83%) as pale orange crystals.
Citrazinic acid (192, 13.0 g, 84.0 mmol) and freshly prepared POBr3 (74.8 g, 261.0
mmol) were heated slowly under nitrogen to 120 ºC (CAUTION: HBr(g) released
vigorously). The reaction mixture was stirred at 120 ºC for 2.5 h then cooled to 0 ºC and
methanol (290 mL) added slowly (CAUTION: HBr(g) released vigorously). The reaction
mixture was then warmed to ambient temperature and stirred for 2 h (timing started when
solid mass was broken and stirring re-established). The reaction mixture was neutralized
with saturated aqueous sodium bicarbonate (50 mL) and solid NaHCO3 (3.0 g). The
reaction mixture was diluted with water (150 mL) and extracted with ethyl acetate (3 ×
200 mL). The combined organic phases were washed with brine (100 mL), dried
(MgSO4), filtered and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel eluting with ethyl acetate-hexanes (1:24) to give the title
compound 193 (14.2 g, 48.2 mmol, 58 %) as a colourless solid.
M.P. 89-92 ºC.; Lit. 86.8-88.2 ºC.106
1

H NMR (400 MHz, CDCl3): δH = 3.97 (s, 3 H, OMe), 7.99 (s, 2 H, 2 × CH, H-5 + H-3).

13

C NMR (100 MHz, CDCl3); δC = 53.3 (OMe), 126.7 (2 × CH, C-5 + C-3), 141.4 (2 ×

C, C-2 + C-6), 141.5 (C, C-4) 163.0 (C=O).
Spectroscopic data is consistent with that reported in the literature.104
Methyl 2-bromo-6-((3-methoxyphenyl)amino)isonicotinate (214)

A suspension of palladium acetate (317 mg, 1.41 mmol) and (±)-BINAP (878 mg, 1.41
mmol) toluene (250 mL) was stirred in at room temperature for 10 min. m-Anisidine 177
(1.74 g, 14.13 mmol), methyl 2,6-dibromoisonicotinate 193 (5.00 g, 16.95 mmol) and
potassium carbonate (39.1 g, 282.6 mmol) were combined in a separate reaction vessel.
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The Pd(OAc)2/BINAP suspension was added and the original vessel rinsed with toluene
(2 × 100 mL) to ensure complete transfer of material. The reaction mixture was diluted
with toluene (100 mL) and heated to 90 ºC for 46 h. The reaction mixture was allowed to
cool to room temperature and through celite® rinsing with dichloromethane (3 × 100
mL). The filtrate was concentrated in vacuo and the crude product purified by flash
column chromatography on silica gel eluting with ethyl acetate-hexanes (3:1) to give the
title compound 214 (3.63 g, 10.8 mmol, 62%) as fine yellow crystals.
M.P. 144-148 ºC.; Lit. 146-149 ºC.104
1

H NMR (400 MHz, CDCl3): δH = 3.78 (s, 3 H, OMe), 3.87 (s, 3 H, OMe), 6.65 (dd, J =

2.0, 8.0 Hz, 1 H, CH, H-4′), 6.76 (br s, 1 H, NH), 6.83 (dd, J = 2.0, 8.0 Hz, 1 H, CH, H6′), 6.94 (t, J = 2.0 Hz, 1 H, CH, H-2′), 7.22 (t, J = 8.0 Hz, 1 H, CH, H-5′), 7.29 (d, J =
1.2 Hz, 1 H, CH, H-5), 7.37 (d, J = 1.2 Hz, 1 H, CH, H-3).
13

C NMR (100 MHz, CDCl3); δC = 52.8 (OMe), 55.3 (OMe), 106.6 (CH, C-4′), 106.8

(CH, C-6′), 109.7 (CH, C-2′), 113.2 (CH, C-5), 117.3 (CH, C-3), 130.2 (CH, C-5′), 140.1
(C, C-2), 140.7 (C, C-1′), 141.2 (C, C-6), 156.4 (C, C-3′), 160.6 (C, C-4′), 164.6 (C=O).
Spectroscopic data is consistent with that reported in the literature.104
2-Bromo-N,N-diisopropyl-6-((3-methoxyphenyl)amino)isonicotinamide (190)

A suspension of palladium acetate (154 mg, 0.69 mmol) and (±)-BINAP (428 mg, 0.69
mmol) in toluene (120 mL) was stirred at room temperature for 10 min. m-Anisidine 177
(846 mg, 6.87 mmol), N,N-diisopropyl 2,6-dibromoisonicotinamide 189 (3.00 g, 8.24
mmol) and potassium carbonate (18.9 g, 137 mmol) were combined in a separate reaction
vessel. The Pd(OAc)2/BINAP susspension was added and the original vessel rinsed with
toluene (2 × 100 mL) to ensure complete transfer of material. The reaction mixture was
heated to 90 ºC with stirring for 45 h. The reaction mixture was allowed to cool to room
temperature and filtered through celite® rinsing with dichloromethane (3 × 100 mL). The

219

solvent was removed in vacuo and the crude product purified by flash column
chromatography on silica gel eluting with ethyl acetate-hexanes (1:3) to give the title
compound 190 (2.0 g, 4.9 mmol, 71 %) as a pale orange solid.
M.P. 94-95 ºC.; Lit. 93-96 ºC.104
1

H NMR (400 MHz, CDCl3): δH = 1.15 (br s, 6 H, 2 × Me, CH(CH3)2), 1.48 (br s, 6 H, 2

× Me, CH(CH3)2), 3.44-3.53 (m, 1 H, CH, CH(CH3)2), 3.73-3.85 (m, 1 H, CH,
CH(CH3)2), 3.81 (s, 3 H, OMe), 6.64 (d, J = 1.2 Hz, 1 H, CH, H-5), 6.67 (dd, J = 2.0, 7.6
Hz, 1 H, CH, H-4′), 6.72 (br s, 1 H, NH), 6.78 (d, J = 1.2 Hz, 1 H, CH, H-3), 6.84 (dd, J =
2.0, 7.6 Hz, 1 H, CH, H-6′), 6.92 (t, J = 2.0 Hz, 1 H, CH, H-2′), 7.24 (t, J = 7.6 Hz, 1 H,
CH, H-5′).
13

C NMR (100 MHz, CDCl3): δC = 20.4 (2 × Me), 20.7 (2 × Me), 46.1 (CH), 51.0 (CH),

55.3 (OMe), 102.6 (CH, C-2′), 107.1 (CH, C-5), 109.6 (CH, C-3), 113.4 (CH, C-6′),
114.5 (CH, C-4′), 130.2 (CH, C-5′), 140.2 (C, C-2), 140.6 (C, C-1′), 150.0 (C, C-4), 156.2
(C, C-6), 160.6 (C, C-3′), 167.1 (C=O).
Spectroscopic data is consistent with that reported in the literature.104
2-Bromo-4-(methoxycarbonyl)-6-((3-methoxyphenyl)amino)pyridine-1-oxide (234)

m-CPBA (0.07 g, 0.4 mmol) was dissolved in chloroform (10 mL) at room temperature
and

the

solution

cooled

to

0

ºC.

Methyl

2-bromo-6-((3-

methoxyphenyl)amino)isonicotinate 214 (0.10 g, 0.3 mmol) was added, the reaction
allowed to warm to room temperature and stirred for 12 h. The reaction was quenched by
addition of saturated aqueous sodium metabisulfite (5mL) and the aqueous phase
extracted with dichloromethane (3 × 5 mL). The combined organic phases were washed
with saturated aqueous sodium carbonate (5 mL) and brine (5 mL), then dried (MgSO4),
filtered and concentrated in vacuo. The crude product was purified by flash
chromatography on a silica gel eluting with ethyl acetate-hexanes (2:3) to give the title
compound 234 (0.03 g, 0.08 mmol, 27%) as an oily brown solid.
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M.P. 84-87 ºC
1

H NMR (400 MHz, CDCl3): δH = 3.87 (s, 3 H, OMe), 3.90 (s, 3 H, OMe), 5.69 (br s, 1

H, NH), 6.72 (d, J = 2.4 Hz, 1 H, CH, H-2′), 6.74 (d, J = 2.4 Hz, CH, H-6′), 6.90 (d, J =
8.4 Hz, 1 H, CH, H-5′), 6.93 (d, J = 2.4 Hz, 1 H, CH, H-4′), 7.08 (d, J = 0.8 Hz, 1 H, CH,
H-5), 7.32 (d, J = 0.8 Hz, 1 H, CH, H-3).
13

C NMR (100 MHz, CDCl3): δC = 52.8 (OMe), 56.0 (OMe), 105.7 (CH, C-2′), 107.2

(CH, C-5), 114.9 (CH, C-3), 116.4 (2 × CH, C-4′ + C-6′), 131.1 (CH, C-5′), 140.6 (C, C2), 141.1 (C, C-4), 143.3 (C, C-4′), 147.0 (C, C-6), 157.9 (C, C-3′), 164.7 (C=O).
IR νmax (neat)/cm-1 1723, 1597, 1550, 1509, 1436, 1418, 1378, 1294, 1233, 1198, 1147,
1104, 1074, 1032, 1007, 973, 919, 849, 807, 761, 749, 730, 719, 698.
HRMS-ESI: m/z [M+H]+ calcd for [C14H13BrN2O4 + H]+: 353.0131; found: 353.0130.
2-Bromo-4-(diisopropylcarbamoyl)-6-((3-methoxyphenyl)amino)pyridine-1-oxide
(235)

m-CPBA (0.065 g, 0.38 mmol) was dissolved in chloroform (10 ml) at room temperature
and

the

solution

cooled

to

0

ºC.

2-Bromo-N,N-diisopropyl-6-(3-

methoxyphenylamino)isonicotinamide 190 (0.1 g, 0.25 mmol) was added, the reaction
allowed to warm to room temperature and stirred for 12 h. The reaction was quenched by
the addition of saturated aqueous sodium metabisulfite (5mL) and the aqueous phase
extracted with dichloromethane (3 × 5 mL). The combined organic phases were washed
with saturated aqueous sodium carbonate (5 mL) and brine (5 mL), then dried (MgSO4),
filtered and concentrated in vacuo. The crude product was purified by flash
chromatography on a silica gel eluting with ethyl acetate-hexane, (2:3) to give the title
compound 235 (0.025g, 24%) as a grey crystalline solid.
M.P. 49-51 ºC.
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1

H NMR (400 MHz, CDCl3): δH = 1.14 (br s, 6 H, 2 × Me, CH(CH3)2), 1.48 (br s, 6 H, 2

× Me, CH(CH3)2), 3.48 (dd, J = 6.8, 14.0 Hz, 1 H, CH, CH(CH3)2), 3.69-3.82 (m, 1 H,
CH, CH(CH3)2), 3.86 (s, 3 H, OMe), 6.37-6.71 (m, 2 H, 2 × Ar-CH), 6.73-6.77 (m, 2 H, 2
× Ar-CH), 6.83-7.04 (m, 2 H, 2 × Ar-CH), NH not observed.
13

C NMR (100 MHz, CDCl3): δC = 20.5 (2 × Me), 20.7 (2 × Me), 46.1 (CH), 51.1 (CH),

56.0 (OMe), 101.6 (CH, Ar-CH), 107.6 (CH, Ar-CH), 113.5 (CH, Ar-CH), 114.8 (CH,
Ar-CH), 116.8 (CH, Ar-CH), 131.2 (CH, Ar-CH), 140.6 (C, Ar-C), 143.4 (C, Ar-C),
147.0 (C, Ar-C), 149.9 (C, Ar-C), 157.9 (C, Ar-C), 167.4 (C=O).
IR νmax (neat)/cm-1 3311, 2969, 2933, 1593, 1539, 1506, 1445, 1427, 1371, 1340, 1269,
1233, 1205, 1179, 1158, 1139, 1038, 996, 939, 912, 880, 850, 804, 737.
HRMS-ESI: m/z [M+H]+ calcd for [C19H24BrN3O3 + H]+: 422.1074; found: 422.1071.
7-Methoxy-4-(methoxycarbonyl)-9H-pyrido[2,3-b]indole 1-oxide (236)

To a solution of 2-bromo-4-(methoxycarbonyl)-6-(3-methoxyphenylamino)pyridine-1oxide 234 (10.0 mg, 0.030 mmol) was added palladium acetate (3.0 mg, 0.013 mmol, 40
mol%), copper acetate (30.0 mg, 0.170 mmol) and oven dried potassium carbonate (37.0
mg, 0.270 mmol). The mixture was irradiated at 90 ºC using a CEM Discover®
microwave reactor for 2.5 h. The reaction mixture was allowed to cool to room
temperature, concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel eluting with ethyl acetate-hexanes (2:3) to give the title
compound 236 (7.0 mg, 0.026 mmol, 79%, 2:3 mixture of rotamers) as fine yellow
needles;
M.P. 127-129 ºC
1

H NMR (300 MHz, DMSO): δH = (Signals for minor rotational isomer denoted with

asterix) 3.65 (s, 3 H, OMe), *3.85 (s, 3 H, OMe), 3.91 (s, 3 H, OMe), *3.91 (s, 3 H,
OMe), 6.30 (d, J = 2.4 Hz, 1 H, CH, H-8), *6.55 (d, J = 2.4 Hz, 1 H, CH, H-8), *6.60 (d,
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J = 9.9 Hz, 1 H, CH, H-5), 6.78 (d, J = 9.9 Hz, 1 H, CH, H-5), *7.06 (dd, J = 2.4, 9.9 Hz,
1 H, CH, H-6), 7.29 (dd, J = 2.4, 9.9 Hz, 1 H, CH, H-6), *7.44 (d, J = 0.9 Hz, 1 H, CH,
H-3), 7.47 (d, J = 0.9 Hz, 1 H, CH, H-3), *7.80 (d, J = 0.9 Hz, 1 H, CH, H-2), 7.82 (d, J =
0.9 Hz, 1 H, CH, H-2), NH not observed.
13

C NMR (100 MHz, DMSO): δC = (Signals for minor rotational isomer denoted with

asterix) 53.2 (OMe), 55.9 (OMe), *56.1 (OMe), 100.4 (CH, C-3), *111.3 (CH, C-3),
*116.3 (CH, C-8), 117.1 (CH, C-8), *123.9 (CH, C-2), 124.1 (CH, C-2), *128.8 (CH, C5), 132.7 (CH, C-6), *133.1 (CH, C-6), 142.2 (CH, C-5), 156.8 (C, C-4a), 160.6 (C, C4b), 161.8 (C, C-4), 163.9 (C, C-8a), 164.2 (C, C-9a), 168.3 (C, C-7), 175.8 (C=O).
IR νmax (neat)/cm-1 3423, 3195, 2920, 1735, 1723, 1695, 1670, 1645, 1623, 1582, 1564,
1528, 1466, 1440, 1427, 1380, 1362, 1315, 1294, 1257, 1227, 1208, 1119, 1094, 997,
973, 909, 897, 876, 859, 833, 807, 766, 736, 700, 681.
HRMS-ESI: m/z [M + H+] calcd for [C14H12N2O4 + H]+: 273.0870; found: 273.0912.
N-Phenylpyridin-2-amine (167)

Method A.
Aniline 182 (0.5 mL, 5.3 mmol) was added dropwise to a stirred suspension of palladium
acetate (90 mg, 0.44 mmol), (±)-BINAP (27 mg, 0.44 mmol, 10 mol%) and potassium
carbonate (12.0 g, 86.8 mmol) in toluene (100 mL) at 90 ºC. 2-Bromopyridine 239 (0.42
mL, 4.4 mmol) was added and the heating maintained at 90 ºC for 12 h. The reaction
mixture was allowed to cool to room temperature and filtered through celite® rinsing
with dichloromethane (3 × 50 mL). The solvent was removed in vacuo and the crude
product purified by flash column chromatography on silica gel eluting with ethyl acetatehexanes (1:3) to give the title compound 167 (89.0 mg, 0.52 mmol, 12 %) as a yellow
solid.

223

Method B.
Bromobenzene 240 (1.6 mL, 15 mmol) and DMEDA (0.6 mL, 5.5 mmol) were added to a
stirred suspension of 2-aminopyridine 241 (1.03 g, 11 mmol), copper iodide (1.04 g, 5.5
mmol) and potassium carbonate (2.76 g, 20 mmol) in dioxane (50 mL) at room
temperature. The reaction was heated to 100 ºC for 20 h. The reaction mixture was cooled
to room temperature before addition of conc. ammonia (4.0 mL) and saturated aqueous
sodium chloride (20 mL). The aqueous phase was extracted with ethyl acetate (3 × 50
mL), the combined organic phases washed with brine (50 mL), dried (MgSO4), filtered
and concentrated in vacuo. The crude product was purified by flash chromatography on
silica gel eluting with ethyl acetate-hexanes (1:3) to give the title compound 167 (0.29 g,
1.7 mmol, 15%) as a yellow solid.
Method C.
Bromobenzene 240 (1.2 mL, 11 mmol) was added dropwise to a stirred suspension of
palladium acetate (0.18 g, 0.9 mmol, 10 mol%), (±)-BINAP (0.54 g, 0.9 mmol, 10 mol%),
potassium carbonate (15.0 g, 109 mmol) and 2-aminopyridine 241 (1.03 g, 11 mmol) in
toluene (100 mL) and the resultant mixture heated at 100 ºC for 12 h. The reaction
mixture was allowed to cool to room temperature filtered through celite® rinsing with
dichloromethane (3 × 50 mL). The solvent was removed in vacuo and the crude product
purified by flash column chromatography on silica gel eluting with ethyl acetate-hexanes
(1:3) to give the title compound 167 (0.49 g, 2.88 mmol, 26 %) as a yellow solid.
Method D.
Bromobenzene 240 (1.36 mL, 12.8 mmol) was added dropwise to a stirred suspension of
palladium acetate (0.016 g, 0.9 mmol, 0.5 mol%), (±)-BINAP (0.068 g, 0.12 mmol, 1.0
mol%), sodium tert-butoxide (1.72 g, 18.0 mmol) and 2-aminopyridine 241 (1.2 g, 12.8
mmol) in toluene (100 mL) and the resultant mixture heated at 100 ºC for 12 h. The
reaction mixture was allowed to cool to room temperature filtered through celite® rinsing
with dichloromethane (3 × 50 mL). The solvent was removed in vacuo and the crude
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product purified by flash column chromatography on silica gel eluting with ethyl acetatehexanes (1:3) to give the title compound 167 (1.06 g, 6.2 mmol, 48 %) as a yellow solid.
M.P. 107-111 ºC.; Lit. 108-110 ºC.173
1

H NMR (400 MHz, CDCl3): δH = 6.53 (br s, 1 H, NH), 6.73 (ddd, J = 0.8, 8.4, 8.4 Hz, 1

H, CH, H-5), 6.87 (ddd, J = 0.8, 0.8, 8.4 Hz, 1 H, CH, H-3), 7.02-7.08 (m, 1 H, CH, H-4),
7.33 (s, 2 H, 2 × CH, H-3′ + H-5′), 7.34 (s, 2 H, 2 × CH, H-2′ + H-6′), 7.49 (ddd, J = 2.0,
7.2, 8.8 Hz, 1 H, CH, H-4′), 8.21 (ddd, J = 0.8, 1.6, 4.8 Hz, 1 H, CH, H-6).
13

C NMR (100 MHz, CDCl3): δC = 108.2 (CH, C-3), 115.1 (CH, C-5), 120.3 (2 × CH, C-

2′ + C-6′), 122.8 (CH, C-4′), 129.3 (2 × CH, C-3′ + C-5′), 137.6 (CH, C-4), 140.4 (C, C1′), 148.4 (CH, C-6), 156.0 (C, C-2).
Spectroscopic data is consistent with that reported in the literature.173,398
2-(Phenylamino)pyridine-1-oxide (242)

Method A.
N-Phenylpyridin-2-amine 167 (0.15 g, 0.9 mmol) was added to a solution of m-CPBA
(0.20 g, 1.16 mmol) in chloroform (30 mL) at 0 ºC. The reaction mixture was allowed to
warm to room temperature and stirred for 12 h. The reaction was quenched by the
addition of saturated aqueous sodium metabisulfite (15mL) and the aqueous phase
extracted with dichloromethane (3 × 15 mL). The combined organic phases were washed
with saturated aqueous sodium carbonate (15 mL) and brine (15 mL) then dried (MgSO4),
filtered and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel eluting with ethyl acetate-hexanes (5:7) to give the title
compound 242 (0.026 g, 14.0 mmol, 16%) as a yellow crystalline solid.
Method B.
Methyltrioxorhenium (7.0 mg, 0.028 mmol, 1 mol%) was added to a stirred solution of NPhenylpyridin-2-amine 167 (0.5 g, 2.9 mmol) in dichloromethane (5 mL) at room
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temperature. The reaction mixture was cooled to 0 ºC, hydrogen peroxide (0.7 mL, 30%
aq. solution, 6.17 mmol) was added dropwise and the reaction was allowed to warm to
room temperature and stirred for 12 h. The reaction was quenched by the addition of
manganese dioxide (10 mg, 0.11 mmol) and diluted with water (5 mL) then stirred for a
further 2 h. The organic phase was collected and the aqueous phase extracted with
dichloromethane (3 × 5 mL). The combined organic phases were washed with brine (10
mL), dried (MgSO4), filtered and concentrated in vacuo. The crude product was purified
by flash chromatography on silica gel eluting with ethyl acetate-hexane (5:7) to give the
title compound 242 (0.092 g, 0.50 mmol, 17%) as a yellow crystalline solid.
M.P. 103-105 ºC.
1

H NMR (400 MHz, CDCl3): δH = 6.73 (t, J = 6.0 Hz, 1 H, CH, H-5), 6.90 (d, J = 8.4 Hz,

1 H, CH, H-3), 6.95 (br s, 1 H, NH), 7.02-7.08 (m, 1 H, CH, H-4), 7.33 (s, 2 H, 2 × CH,
H-3′ + H-5′), 7.34 (s, 2 H, 2 × CH, H-2′ + H-6′), 7.49 (ddd, J = 1.6, 7.2, 7.2 Hz, 1 H, CH,
H-4′), 8.21(d, J = 4.0 Hz, 1 H, CH, H-6).
13

C NMR (100 MHz, CDCl3): δC = 108.2 (CH, C-3), 114.95 (CH, C-5), 120.34 (CH, C-

6′), 120.38 (CH, C-2′), 122.8 (CH, C-4′), 129.3 (CH, C-3′ + C-5′), 137.3 (CH, C-4), 140.5
(C, C-1′), 148.3 (CH, C-6), 156.1 (C, C-2).
IR νmax (neat)/cm-1 3223, 3176, 3095, 3009, 2952, 1587, 1573, 1529, 1493, 1442, 1429,
1325, 1252, 1158, 1148, 1074, 1027, 992, 766, 747.
HRMS-ESI: m/z [M + H+] calcd for [C11H10NO2 + H]+: 187.0866; found: 187.0859.
9H-pyrido[2,3-b]indole (15)

A solution of N-phenylpyridin-2-amine 167 (60.0 mg, 0.35 mmol) in cyclohexane (150
mL) was irradiated (2537-3500 Å light) for 12 h at room temperature. The solvent was
removed in vacuo to give title compound 15 (55.7 mg, 0.33 mmol, 93%) as an off-white
solid.
M.P. 212-215 ºC.; Lit. 215-216 ºC.93
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1

H NMR (400 MHz, CDCl3): δH = 7.21 (dd, J = 4.8, 7.6 Hz, 1 H, CH, H-3), 7.29 (ddd, J

= 0.8, 7.6, 8.0 Hz, 1 H, CH, H-6), 7.50 (ddd, J = 1.2, 7.6, 8.0 Hz, 1 H, CH, H-7), 7.56 (dd,
J = 0.8, 8.0 Hz, 1 H, CH, H-8), 8.07 (dd, J = 1.2, 8.0 Hz, 1 H, CH, H-5), 8.36 (dd, J = 1.2,
7.6 Hz, 1 H, CH, H-2), 8.51 (dd, J = 1.2, 4.8 Hz, 1 H, CH, H-4), 10.85 (br S, 1 H, NH).
13

C NMR (100 MHz, CDCl3): δC = 111.3 (CH, C-8), 115.2 (CH, C-3), 116.7 (C, C-4a),

120.0 (CH, C-6), 121.0 (CH, C-5), 126.9 (CH, C-7), 128.7 (CH, C-4), 129.3 (C, C-4b),
138.8 (C, C-8a), 145.1 (CH, C-2), 152.1 (C, C-9a).
Spectroscopic data is consistent with that reported in the literature.71

5.3 Experimental Procedures: Palmyrolide A
(R)-2-tert-Butyloxirane (278a)

An excess of glacial acetic acid (0.6 mL, 10 mmol) was added dropwise at room
temperature to a suspension of (R,R)-(−)-N,N′-Bis(3,5-di-tert-butylsalicylidene)-1,2cyclohexanediaminocobalt(II) (0.6 g, 1.00 mmol, 2 mol%) in toluene (4.0 mL) and the
mixture was stirred for 30 minutes. Solvent and remaining acid were removed in vacuo,
racemic epoxide 278 (5.0 g, 50.0 mmol) was added and the reaction was cooled to 0 ºC.
Water (0.5 mL, 27.5 mmol) was added, the reaction was allowed to warm to room
temperature and stirred for 48 h. Distillation of the crude product (110 ºC, 760 mmHg)
gave the title compound 278a (2.15 g, 21.5 mmol, 86%) as a colourless oil.
1

H NMR (400 MHz, CDCl3): δH = 0.89 (s, 9 H, tBu), 2.55-2.57 (m, 1 H, CH of CH2, H-

1a), 2.59-2.61 (m, 1 H, CH, H-2), 2.68-2.70 (m, 1 H, CH of CH2, H-1b).
13

C NMR (100 MHz, CDCl3): δC = 25.5 (tBu, 3 × Me), 44.0 (C, C-3), 60.1 (CH2, C-1),

77.2 (CH, C-2).
Spectroscopic data is consistent with that reported in the literature.194,195
20

20

[α] D −13.9 (c 2.13, PhH); lit. [α] D −14.6 (c 2.16, PhH).195
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(S)-2,2,5-Trimethylhex-5-en-3-ol (276)

To a stirred suspension of CuI (0.16 g, 0.82 mmol, 10 mol%) in THF (10 mL) -78 ºC was
added a solution of isopropenylmagnesium bromide in THF (23 mL, 0.5 M, 14 mmol).
(R)-8 (1 mL, 8.2 mmol) was added dropwise while the temperature was maintained at -78
ºC, the solution turned a darker red/yellow color and was allowed to warm to -25 ºC and
stirred for 16 h. The solution was allowed to warm to 0 ºC and stirred for a further 1 h,
then quenched with ammonium chloride solution. The aqueous phase was extracted with
ether (2 × 25 mL) and the combined organic phases dried (MgSO4), filtered and
concentrated in vacuo. The crude product was purified by flash chromatography on silica
gel eluting with ethyl acetate-hexanes (1:4) to give the title compound 276 (0.77 g, 5.44
mmol, 66%) as a light yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.91 (s, 9 H, tBu), 1.67 (br s, 1 H, OH), 1.75 (s, 3 H,

Me), 1.98 (dd, J = 10.8, 13.2 Hz, 1 H, CH of CH2, H-4a), 2.23 (d, J = 13.2 Hz, 1 H, CH
of CH2, H-4b), 3.33 (dd, J = 2.8, 10.8 Hz, 1 H, CH, H-3), 4.80 (s, 1 H, CH of CH2, H-6a),
4.88 (s, 1 H, CH of CH2, H-6b).
13

C NMR (100 MHz, CDCl3): δC = 22.0 (CH3, C-7), 25.7 (3 × CH3, tBu), 34.4 (C, C-2),

40.5 (CH2, C-4), 75.6 (CH, C-3), 113.3 (CH2, C-6), 143.7 (C, C-5).
Spectroscopic data is consistent with that reported in the literature for the (R)enantiomer.399
20

28

[α] D +9.6 (c 1.35, CHCl3); Lit. (R)-enantiomer [α] D −11.3 (c 1.25, CHCl3).200
IR νmax (neat)/cm-1 2955, 2870, 1731, 1644, 1479, 1363, 1297, 1240, 1170, 891.
HRMS-APCI: m/z [M + H]+ calcd. For [C9H18O + H]+: 143.1436; found: 143.1430.
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(S)-2,2,5-Trimethylhex-5-en-3-yl acrylate (293)

To a solution of (S)-2,2,5-trimethylhex-5-en-3-ol 276 (0.50 g, 3.5 mmol) in
dichloromethane (17.5 mL) were added DMAP (0.086 g, 0.70 mmol, 20 mol%), Hünigs
base (0.12 mL, 17.5 mmol) and acryloyl chloride 277 (0.95 g, 10.5 mmol) at 0 ºC. The
reaction mixture was allowed to warm to room temperature over 6 h with stirring. The
reaction was then cooled to 0 ºC and quenched carefully with saturated aqueous sodium
bicarbonate (25 mL). The aqueous phase was extracted with ether (3 × 25 mL) and the
combined organic extracts dried (Na2SO4), filtered, and concentrated in vacuo. The crude
product was purified by flash chromatography on silica gel eluting with ethyl acetatehexanes (1:4) to give the title compound 293 (0.6 g, 3.06 mmol, 87% yield) as a clear oil.
1

H NMR (400 MHz, CDCl3): δH = 0.92 (s, 9 H, tBu), 1.74 (s, 3 H, Me), 2.21 (d, J = 9.2

Hz, 2 H, CH2, H-4), 4.66 (s, 1 H, CH of CH2, H-6a), 4.70 (s, 1 H, CH of CH2, H-6b), 4.96
(dd, J = 3.6, 9.2 Hz, 1 H, CH, H-3), 5.77 (dd, J = 1.2, 10.4 Hz, 1 H, CH of CH2, H-11a),
6.08 (dd, J = 10.4, 16.4 Hz, 1 H, CH, H-10), 6.34 (dd, J = 1.2, 16.4 Hz, 1 H, CH of CH2,
H-11b).
13

C NMR (100 MHz, CDCl3): δC = 22.1 (Me), 25.9 (tBu, 3 × Me), 34.6 (C, C-2), 38.5

(CH2, C-4), 78.2 (CH, C-3), 113.1 (CH2, C-6), 128.7 (CH, C-10), 130.0 (CH2, C-11),
142.2 (C, C-5), 165.8 (C=O).
20

[α] D +14.1 (c 1.50, CHCl3).
IR νmax (neat)/cm-1 2967, 1721, 1646, 1432, 1404, 1316, 1295, 1269, 1219, 1192, 1047,
983, 892, 806, 737, 703.
HRMS-APCI: m/z [M + H]+ calcd. For [C12H20O2 + H]+: 197.1536; found: 197.1534.
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(S)-6-tert-Butyl-4-methyl-5,6-dihydro-2H-pyran-2-one (275)

To a solution of diene 293 (0.35 g, 1.8 mmol) in dichloromethane (160 mL) at reflux was
added a solution of Grubbs 2nd generation catalyst (0.03 g, 0.04 mmol, 2 mol%) in
dichloromethane (18 mL) and heated under reflux for 24 h. A second portion of Grubbs
2nd generation catalyst (0.03 g, 2 mol%) in dichloromethane (5 mL) was added to the
reaction and reflux was maintained for a further 24 h. The solvent was removed in vacuo
and the crude product was purified by flash chromatography on silica gel eluting with
ethyl acetate-hexanes (1:4) to give the title compound 275 (0.29 g, 1.72 mmol, 83% yield)
as a clear oil.
1

H NMR (400 MHz, CDCl3): δH = 1.00 (s, 9 H, tBu), 1.98 (s, 3 H, Me), 2.09 (dd, J = 3.6,

17.6 Hz, 1 H, CH of CH2, H-5a), 2.35 (dd, J = 13.2, 17.6 Hz, 1 H, CH of CH2, H-5b),
4.02 (dd, J = 3.6, 13.2 Hz, 1 H, CH, H-6), 5.79 (s, 1 H, CH, H-3).
13

C NMR (100 MHz, CDCl3): δC = 23.0 (Me), 25.5 (tBu, 3 × Me), 29.9 (CH2, C-5), 33.7

(C, C-7), 84.5 (CH, C-6), 116.3 (CH, C-3), 157.4 (C, C-4), 165.6 (C=O).
20

[α] D -114.4 (c 1.83, CHCl3).
IR νmax (neat)/cm-1 3452, 2960, 2874, 1716, 1698, 1481, 1435, 1385, 1367, 1338, 1292,
1269, 1250, 1221, 1181, 1150, 1097, 1056, 1013, 927, 869, 846, 734, 655.
HRMS-ESI: m/z [M + H]+ calcd. for [C10H16O2 + H]+: 169.1223; found: 169.1228.
[M + Na]+ calcd. for [C10H16O2 + Na]+: 191.1043; found: 191.1041.
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(4S,6S)-6-tert-Butyl-4-methyltetrahydro-2H-pyran-2-one (274a)

A solution of dihydropyranone 275 (0.54 g, 3.2 mmol) in methanol (55 mL) was passed
through an H-cube® flow reactor (20 ºC, at 20 Bar with 10 mol% Pd/C). A further 20 mL
of methanol was passed through the apparatus and the combined solvent was concentrated
in vacuo to give the title compound 274a (0.54 g, 3.2 mmol, ~100% yield) as a yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.95 (s, 9 H, tBu), 1.02 (d, J = 6.0 Hz, 3 H, Me), 1.10-

1.23 (m, 1 H, CH of CH2, H-5a), 1.83-1.90 (m, 1 H, CH of CH2, H-5b), 1.93-2.03 (m, 2
H, CH + CH of CH2, H-4 + H-3a), 2.60-2.69 (m, 1 H, CH of CH2, H-3b), 3.94 (dd, J =
2.8, 12.0 Hz, 1 H, CH, H-6).
13

C NMR (100 MHz, CDCl3): δC = 21.7 (Me), 25.4 (tBu, 3 × Me), 26.6 (CH, C-4), 31.6

(CH2, C-5), 34.2 (C, C-7), 38.0 (CH2, C-3), 87.9 (CH, C-6), 171.7 (C=O).
20

[α] D −3.6 (c 1.04, CHCl3).
IR νmax (neat)/cm-1 3447, 2957, 2873, 1730, 1481, 1458, 1397, 1367, 1346, 1264, 1240,
1220, 1207, 1164, 1111, 1085, 1004, 929, 887, 862, 819, 655, 616, 602.
HRMS-ESI: m/z [M + H]+ calcd. for [C10H18O2 + H]+: 171.1380; found: 171.1384.
[M + Na]+ calcd. for [C10H18O2 + Na]+: 193.1199; found: 193.1198.
(4S,6S)-6-tert-Butyl-4-methyltetrahydro-2H-pyran-2-ol (302a)

To a solution of lactone 274a (100 mg, 0.59 mmol) in dichloromethane (5 mL) at −78 ºC
was added a solution of DIBAL-H in toluene (0.88 mL, 1M, 0.88 mmol) and the reaction
stirred for 4 h. The reaction was quenched with methanol (5 mL) and water (5 mL) and
allowed to warm to room temperature. An aqueous solution of hydrochloric acid (1M)
231

was added dropwise until reaction mixture became clear. The aqueous phase was
extracted with dichloromethane (3 × 10 mL) and combined organics phases washed with
brine (10 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude product was
purified by flash chromatography on silica gel eluting with ethyl acetate-hexanes (1:4) to
give the title compound 302a (81 mg, 0.47 mmol, 77%, 1.4:1 mixture of epimers) as a
yellow oil.
1

H NMR (400 MHz, CDCl3): δH = (minor epimer peaks denoted with asterix) *0.86 (s, 9

H, tBu), 0.88 (d, J = 6.0 Hz, 3 H, Me), 0.90 (s, 9H, tBu), *0.94 (d, J = 6.8 Hz, 3 H, Me),
0.87-0.97 (m, 1 H, CH of CH2, H-5a), *0.87-0.97 (m, 2 H, CH2, H-3), 1.10-1.20 (m, 1 H,
CH of CH2, H-3a), *1.48-1.54 (m, 1 H, CH of CH2, H-5a), *1.55-1.58 (m, 1 H, CH, H-4),
1.58-1.61 (m, 1 H, CH of CH2, H-5b), 1.68-1.73 (m, 1 H, CH of CH2, H-3b), *1.81-1.86
(m, 1 H, CH of CH2, H-5b), 1.90-2.03 (m, 1 H, CH, H-4), *2.72 (s, 1 H, OH), 3.00 (dd, J
= 2.0, 11.6 Hz, 1 H, CH, H-6), 3.32 (s, 1 H, OH), *3.56 (dd, J = 2.0, 11.6 Hz, 1 H, CH,
H-6), 4.66 (dd, J = 1.6, 9.6 Hz, 1 H, CH, H-2), *5.33 (d, J = 3.2 Hz, 1 H, CH, H-2).
13

C NMR (100 MHz, CDCl3): δC = 21.9 (Me), *22.4 (Me), *24.2 (CH, C-4), *26.0 (tBu,

3 × Me), 26.1 (tBu, 3 × Me), 29.3 (CH, C-4), 33.3 (CH2, C-5), *33.4 (C, C-7), 33.7 (C, C7), *34.0 (CH2, C-5), *38.4 (CH2, C-3), 41.4 (CH2, C-3), *76.0 (CH, C-6), 83.2 (CH, C6), *92.1 (CH, C-2), 96.5 (CH, C-2).
20

[α] D +33.6 (c 1.23, CHCl3).
IR νmax (neat)/cm-1 3378, 2951, 2869, 1479, 1456, 1394, 1363, 1321, 1256, 1123, 1079,
1044, 995, 969, 933, 910, 887, 841, 824, 725, 603.
HRMS-ESI: m/z [M + Na]+ calcd. for [C10H20O2 + Na]+: 195.1356; found: 195.1340.
(5R,7S)-Methyl-7-hydroxy-5,8,8-trimethylnon-2-enoate (271a)
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A solution of methyl diethylphosphonoacetate 273 (73 mg, 0.07 mL, 0.35 mmol) in THF
(2 mL) was added to a suspension of sodium hydride (8 mg, 0.35 mmol) in THF (2 mL)
at −78 ºC and the reaction mixture was stirred for 2 h. A solution of lactol 302a (20 mg,
0.12 mmol) in THF (2 mL) was added to the reaction via syringe. The reaction mixture
was allowed to warm to room temperature and stirred for 24 h. Methanol (5 mL) and
water (5 mL) were added and the reaction mixture was stirred for 10 min before
extraction of the aqueous phase with dichloromethane (3 × 10 mL). The combined
organic phases were dried (MgSO4), filtered and concentrated in vacuo. The crude
product was purified by flash chromatography on silica gel eluting with ethyl acetatehexanes (1:4) to give the title compound 271a (15 mg, 0.07 mmol, 57% yield) as a yellow
oil.
1

H NMR (400 MHz, CDCl3): δH = 0.88 (s, 9 H, tBu), 0.92 (d, J = 3.2 Hz, 3 H, Me), 1.18-

1.39 (m, 3 H, CH2 + OH, H-6), 1.86-1.94 (m, 1 H, CH, H-5), 2.07-2.27 (m, 2 H, CH2, H4), 3.29 (dd, J = 2.0, 10.4 Hz, 1 H, CH, H-7), 3.72 (s, 3 H, OMe), 5.83 (d, J = 15.6 Hz, 1
H, CH, H-2), 6.95 (dt, J = 7.2, 15.6 Hz, 1 H, CH, H-3).
13

C NMR (100 MHZ, CDCl3): δC = 18.7 (Me), 25.6 (tBu, 3 × Me), 29.3 (CH, C-5), 34.8

(C, C-8), 38.4 (CH2, C-6), 40.8 (CH2, C-4), 51.4 (OMe), 77.2 (CH, C-7), 122.1 (CH, C2), 148.2 (CH, C-3), 167.0 (C=O).
20

[α] D +5.0 (c 1.17, CHCl3).
IR νmax (neat)/cm-1 3483, 2952, 2870, 1724, 1654, 1437, 1364, 1321, 1271, 1206, 1166,
1114, 1045, 1014, 1007, 984, 900, 720.
HRMS-ESI: m/z [M + Na]+ calcd. for [C13H24O3 + Na]+: 251.1618; found: 251.1610.
(5R,7S)-Methyl-7-hydroxy-5,8,8-trimethylnonanoate (316a)

A solution of (5R,7S)-methyl-7-hydroxy-5,8,8-trimethylnon-2-enoate 271a (130 mg, 0.57
mmol) in methanol (50 mL) was passed through an H-cube® flow reactor (20 ºC, at 20
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Bar with 10 mol% Pd/C). A further 20 mL of methanol was passed through the apparatus
and the combined solvent was removed in vacuo to give the title compound 316a (130
mg, 0.57 mmol, ~100% yield) as a yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.88 (s, 9 H, tBu), 0.89 (d, J = 6.4 Hz, 3 H, Me), 1.14-

1.36 (m, 5 H, 2 × CH2 + OH, H-6 + H-4), 1.60-1.71 (m, 3 H, CH + CH2, H-5 + H-3), 2.30
(t, J = 7.6 Hz, 2 H, CH2, H-2), 3.28 (dd, J = 2.0, 10.8 Hz, 1 H, CH, H-7), 3.66 (s, 3 H,
OMe).
13

C NMR (100 MHz, CDCl3): δC = 18.8 (Me), 22.4 (CH2, C-3), 25.6 (tBu, 3 × Me), 29.3

(CH, C-5), 34.3 (CH2, C-2), 34.8 (C, C-8), 37.7 (CH2, C-4), 38.6 (CH2, C-6), 51.4 (OMe),
77.2 (CH, C-7), 174.3 (C=O).
20

[α] D −21.2 (c 1.23, CHCl3).
IR νmax (neat)/cm-1 3459, 3250, 2956, 2917, 2850, 2167, 1739, 1436, 1363, 1258, 1166,
1086, 1012, 864, 798, 698, 660, 620, 611, 603.
HRMS-ESI: m/z [M + H]+ calcd. for [C13H26O3 + H]+: 231.1955; found: 231.1949.
(5R,7S)-7-Hydroxy-5,8,8-trimethylnonanoic acid (269a)

To a solution of (5R,7S)-methyl-7-hydroxy-5,8,8-trimethylnonanoate 316a (100 mg, 0.4
mmol) in dichloromethane/methanol (5 mL, 9:1), was added a methanolic solution of
sodium hydroxide (112 mg, in 1 mL, 2.8 mmol). After stirring for 2.5 h at room
temperature, the solvents were removed in vacuo and the residue was diluted with water
(10 mL) then washed with ether (2 × 10 mL) and the organic phases discarded. The
aqueous phase was cooled (0 ºC) and acidified (pH 2-3) with dilute aqueous hydrochloric
acid (1 M), then extracted with dichloromethane (3 × 10 mL). The combined organic
extracts were dried (MgSO4), filtered and concentrated in vacuo to give the title
compound 269a (89 mg, 0.41 mmol, 94% yield) as a white solid.
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1

H NMR (400 MHz, CDCl3): δH = 0.88 (s, 9 H, tBu), 0.89 (d, J = 6.4 Hz, 3 H, Me), 1.14-

1.39 (m, 5 H, 2 × CH2 + OH, H-4 + H-6), 1.60-1.76 (m, 3 H, CH + CH2, H-5 + H-3), 2.34
(t, J = 7.6 Hz, 2 H, CH2, H-2), 3.29 (dd, J = 2.0, 10.8 Hz, 1 H, CH, H-7), CO2H not
observed.
13

C NMR (100 MHz, CDCl3): δC = 18.8 (Me), 22.2 (CH2, C-3), 25.6 (tBu, 3 × Me), 29.3

(CH, C-5), 34.0 (CH2, C-2), 34.8 (C, C-8), 37.6 (CH2, C-4), 38.6 (CH2, C-6), 77.3 (CH,
C-7), 178.7 (C=O).
M.P. 93.8-94.7 ºC.
20

[α] D −9.6 (c 1.20, CHCl3).
IR νmax (neat)/cm-1 3297, 2962, 2933, 2878, 2507, 1672, 1465, 1424, 1394, 1366, 1335,
1307, 1277, 1184, 1125, 1105, 1077, 1052, 1030, 1007, 982, 947, 904, 868, 845, 823,
765, 642, 603.
HRMS-ESI: m/z [M + Na]+ calcd. for [C12H24O3 + Na]+: 239.1618; found: 239.1617.
(5R,7S)-N-allyl-7-hydroxy-N-5,8,8-tetramethylnonanamide (317a)

To a solution of (5R,7S)-7-hydroxy-5,8,8-trimethylnonanoic acid 269a (1.57 g, 7.3 mmol)
in dichloromethane (150 mL) was added HOAt (1.06 g, 7.4 mmol), N-methylallylamine
270 (0.6 mL, 7.3 mmol) and EDCI (1.15 g, 7.4 mmol). The reaction mixture was stirred
at room temperature for 4 h then concentrated in vacuo. The crude product was purified
by flash chromatography on silica gel eluting with methanol-ethyl acetate (1:19) to give
the title compound 317a (1.54 g, 5.7 mmol, 78%, 1:1 mixture of rotamers) as a clear oil.
1

H NMR (400 MHz, CDCl3): δH = 0.88 (s, 9 H, tBu), 0.89 (d, J = 6.4 Hz, 3 H, Me), 1.14-

1.39 (m, 5 H, 2 × CH2 + OH, H-4 + H-6), 1.58-1.76 (m, 3 H, CH + CH2, H-5 + H-3), 2.30
(dt, J = 8.4, 16.8 Hz, 2 H, CH2, H-2), 2.92 (d, J = 8.0 Hz, 3 H, NMe), 3.27 (dt, J = 2.0,
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10.4 Hz, 1 H, CH, H-7), 3.89 (d, J = 4.8 Hz, 1 H, CH of CH2, H-9a), 3.98 (d, J = 6.4 Hz,
1 H, CH of CH2, H-9b), 5.09-5.23 (m, 2 H, CH2, H-11), 5.68-5.82 (m, 1 H, CH, H-10).
13

C NMR (100 MHz, CDCl3): δC = (signals for minor rotational isomer denoted with

asterix) 18.9 (Me), 22.3 (CH2, C-3), *22.6 (CH2, C-3), 25.6 (tBu, 3 × Me), 29.3 (CH, C5), *29.4 (CH, C-5), 33.0 (CH2, C-2), *33.5 (CH2, C-2), 33.7 (NMe), *34.6 (NMe), 34.8
(C, C-8), 38.0 (CH2, C-4), 38.6 (CH2, C-6), 49.9 (CH2, C-9), *52.1 (CH2, C-9), 77.2 (CH,
C-7), 116.5 (CH2, C-11), *117.0 (CH2, C-11), 132.6 (CH, C-10), *133.2 (CH, C-10).
C=O not observed.
20

[α] D −18.5 (c 0.90, CHCl3).
IR νmax (neat)/cm-1 2940, 2869, 2236, 1732, 1630, 1554, 1479, 1465, 1437, 1373, 1245,
1181, 1119, 1045, 998, 907, 729, 694, 644, 621, 606.
HRMS-ESI: m/z [M + Na]+ calcd. for [C16H31NO2 + Na]+: 292.2247; found: 292.2255.
(5R,7S)-7-Hydroxy-N,5,8,8-tetramethyl-N-((E)-prop-1-en-1-yl)nonanamide (267)

Preliminary preparation of ruthenium(II) catalyst (PPh3)3RuH(CO)(Cl) (336)
To a solution of triphenylphosphine (0.79 g, 3.0 mmol) in 2-methoxyethanol (30 mL) was
added a solution of ruthenium trichloride (0.13 g, 6.3 mmol) in 2-methoxyethanol (10
mL) and aqueous formaldehyde (30%, 10 mL, 90.3 mmol). The reaction mixture was
heated at reflux for 2 h before cooling to 0 ºC. The resultant precipitate was collected by
filtration and washed with water (0 ºC) and ethanol to give 336 as small grey crystals
(M.P. 202-204 ºC. Lit. 204-206 ºC).259
To a solution of amide 317a (20.0 mg, 0.075 mmol) in toluene (5.0 mL) was added
(PPh3)3RuH(CO)(Cl) (336) (7.0 mg, 0.008 mmol, 10 mol%) and the reaction mixture was
heated at reflux for 12 h. Reaction was allowed to cool to room temperature and filtered
through celite® rinsing with dichloromethane (3 × 5 mL). Solvent was removed in vacuo
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and the crude product was purified by flash chromatography on silica gel eluting with
ethyl acetate-hexanes (1:1) to give the title compound 267 (19.6 mg, 0.07 mmol, 98%) as
a yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.88 (s, 9 H, tBu), 0.89 (d, J = 6.4 Hz, 3 H, Me), 1.16-

1.39 (m, 4 H, 2 × CH2, H-4 + H-6), 1.60-1.75 (m, 3 H, CH + CH2, H-5 + H-3), 1.72 (dd, J
= 1.2, 6.4 Hz, 3 H, Me, H-11), 2.38-2.44 (m, 2 H, CH2, H-2), 3.06 (s, 3 H, NMe), 3.28 (d,
J = 10.0 Hz, 1 H, CH, H-7), 4.96-5.06 (m, 1 H, CH, H-10), 6.64 (dd, J = 1.6, 14 Hz, 1 H,
CH, H-9).
13

C NMR (100 MHz, CDCl3): δC = 15.5 (Me, C-11), 19.0 (Me, C-12), 22.4 (CH2, C-3),

25.7 (tBu, 3 × Me), 29.4 (CH, C-5), 29.9 (NMe), 34.0 (CH2, C-2), 34.9 (C, C-9), 38.0
(CH2, C-4), 38.7 (CH2, C-6), 77.2 (CH, C-7), 106.7 (CH, C-10), 129.0 (CH, C-9). C=O
not observed.
20

[α] D −20.6 (c 0.68, CHCl3).
IR νmax (neat)/cm-1 2953, 2923, 2853, 1956, 1782, 1644, 1461, 1435, 1395, 1377, 1264,
1085, 739.
HRMS-ESI: m/z [M + Na]+ calcd. for [C16H31NO2 + Na]+: 292.2247; found: 292.2257.
(S)-2-amino-2-phenylethanol (355)

A solution of iodine (15.5 g, 60.9 mmol) in THF (40 mL) was added dropwise over 30
min to a suspension of sodium borohydride (5.52 g, 146.0 mmol) in THF (150 mL) at 0
ºC. L-Phenyl glycine 351 (9.2 g, 60.9 mmol) was added and the reaction was heated under
reflux for 12 h. The reaction was cooled to room temperature and quenched by addition of
methanol until mixture became a homogenous solution. The reaction was concentrated in
vacuo, the residue was dissolved in a potassium hydroxide solution (20% w/w, 150 mL)
and stirred at room temperature for 4 h. The aqueous phase was extracted with
dichloromethane (3 × 150 mL), the combined organic extracts were dried (Na2SO4),
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filtered and concentrated in vacuo to give the title compound as a viscous colourless oil
that was used without further purification in the next step.
(S)-ethyl (2-hydroxy-1-phenylethyl)carbamate (356)

To a solution of (S)-2-amino-2-phenylethanol 356 (8.35 g, 60.9 mmol) and triethylamine
(17.0 mL, 122.0 mmol) in THF (100 mL) at 0 ºC was added ethyl chloroformate (6.4 mL,
67.0 mmol) dropwise. The resulting suspension was stirred at room temperature for 2 h
and diluted with water (50 mL). The reaction mixture was concentrated in vacuo and
extracted with ethyl acetate (3 × 100 mL). The combined organic extracts were dried
(MgSO4), filtered and concentrated in vacuo, the crude product was purified by flash
chromatography on silica gel eluting with ethyl acetate-hexanes (1:1) to give the title
compound 356 (7.94 g, 38.0 mmol, 62%, 2 steps) as a crystalline white solid.
M.P. 77-78 ºC.; Lit. 80-82 ºC.262
1

H NMR (400 MHz, CDCl3): δH = 1.20 (t, J = 10 Hz, 3 H, CH3), 3.10 (br s, 1 H, OH),

3.66-3.86 (m, 2 H, CH2CH3), 4.06 (dd, J = 7.2, 14.0 Hz, 2 H, CH2, H-2), 4.71-4.84 (m, 1
H, CH, H-1), 5.73 (br s, 1 H NH), 7.23-7.36 (m, 5 H, 5 × CH, Ar-H).
13

C NMR (100 MHz, CDCl3): δC = 14.4 (CH3), 56.9 (CH), 61.1 (CH2), 66.0 (CH2), 126.5

(2 × CH), 127.5 (CH), 128.5 (2 × CH), 139.4 (C), 156.8 (C=O).
Spectroscopic data is consistent with that reported in the literature.400
20

[α] D +42.6 (c 1.20, CHCl3). Lit. (R)-enantiomer [α]
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20
D −

44.6 (c 0.98, CHCl3).262

(S)-4-Phenyloxazolidin-2-one (353)

To a stirred solution of carbamate 356 (7.9 g, 38.0 mmol) in THF (200 mL) at 0 ºC was
added sodium hydride (3.0 g, 75.6 mmol) and the reaction was heated to reflux for 3 h.
The reaction was cooled to 0 ºC and quenched with saturated aqueous ammonium
chloride (150 mL). The aqueous phase was extracted with ethyl acetate (3 × 150 mL) and
the combined extracts washed with brine (150 mL), dried (MgSO4), filtered and
concentrated in vacuo. Recrystallization from ethyl acetate-hexanes gave the title
compound 353 (5.8 g, 35.3 mmol, 93%) as a crystalline white solid.
M.P. 109-112 ºC.; Lit. 114 ºC.401
1

H NMR (400 MHz, CDCl3): δH = 4.19 (dd, J = 7.2, 8.8 Hz, 1 H, CH of CH2, H-5a), 4.74

(t, J = 8.8 Hz, 1 H, CH, H-4), 4.96 (t, J = 8.0 Hz, 1 H, CH of CH2, H-5b), 5.72 (br s, 1 H,
NH), 7.33-7.43 (m, 5 H, 5 × CH, Ar-H).
13

C NMR (100 MHz, CDCl3): δC = 56.4 (CH, C-4), 72.5 (CH2, C-5), 126.0 (Ar-CH),

128.7 (2 × Ar-CH), 129.1 (2 × Ar-CH), 139.7 (C, C-6), 160.3 (C=O).
Spectroscopic data is consistent with that reported in the literature.401
20

20

[α] D +59.5 (c 1.30, CHCl3). Lit. [α] D +55 (c 1.00, CHCl3).401
Methacryloyl chloride (369)

To a stirred solution of methacrylic acid 372 (2.0 mL, 23.6 mmol) in dichloromethane
(5.0 mL) at 0 ºC was added oxalyl chloride (2.3 mL, 6.96 mmol) and a catalytic amount
of DMF (2 drops). The reaction was allowed to warm to room temperature, stirred for 12
h and then concentrated in vacuo. The crude liquid product was distilled and product was
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collected between 95-110 ºC (760 mmHg) to give title compound 369 (2.42 g, 23.1 mmol,
98%) as a clear liquid.
1

H NMR (400 MHz, CDCl3): δH = 2.01 (s, 3 H, Me), 6.03 (q, J = 1.2 Hz, 1 H, CH of

CH2, H-3a), 6.50 (d, J = 1.2 Hz, 1 H, CH of CH2, H-3b).
13

C NMR (100 MHz, CDCl3): δC = 18.5 (Me), 133.4 (CH2), 140.6 (C), 168.7 (C=O).

Spectroscopic data is consistent with that reported in the literature.361
(S)-4-Isopropyl-3-methacryloyloxazolidin-2-one (373)

To a solution of (S)-4-isopropyloxazolidin-2-one 347 (0.83 g, 6.4 mmol) and
hydroquinone (8.0 mg, 0.07 mmol) in THF (12.0 mL) at 0 ºC was added n-butyllithium
(4.2 mL, 1.6 M in hexanes, 6.4 mmol) and the reaction stirred for 15 min. Methacryloyl
chloride 369 (0.75 mL, 7.7 mmol) was added and the reaction was stirred for a further 2
h, then quenched with saturated aqueous ammonium chloride (25 mL). The aqueous
phase was extracted with ethyl acetate (3 × 25 mL). The combined organic extracts were
washed with saturated aqueous sodium bicarbonate, brine (25 mL), dried (MgSO4),
filtered and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel eluting with ethyl acetate-hexanes (1:2) to give the title
compound 373 (0.113 g, 0.57 mmol, 10%) as a crystalline white solid.
M.P. 67-69 ºC.; Lit. 66-67 ºC.402
1

H NMR (400 MHz, CDCl3): δH = 0.86 (d, J = 6.8 Hz, 3 H, Me), 0.89 (d, J = 6.8 Hz, 3 H,

Me), 2.00 (dd, J = 0.8, 1.6 Hz, 3 H, Me, H-11), 2.31-2.39 (m, 1 H, CH, H-6), 4.16 (dd, J
= 4.8, 8.8 Hz, 1 H, CH of CH2, H-5a), 4.29 (t, J = 8.8 Hz, 1 H, CH, H-4), 4.46 (dt, J =
4.8, 8.8 Hz, 1 H, CH of CH2, H-5b), 5.37 (dd, J = 1.6, 8.8 Hz, 2 H, CH2, H-10).
13

C NMR (100 MHz, CDCl3): δC = 14.7 (Me), 17.7 (Me), 19.0 (Me, C-11), 28.1 (CH, C-

6), 58.1 (CH, C-4), 63.4 (CH2, C-5), 120.3 (CH2, C-10), 139.7 (C, C-9), 153.3 (C=O, C2), 170.9 (C=O, C-8).
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Spectroscopic data is consistent with that reported in the literature.402
20

20

[α] D +96.6 (c 1.10, CHCl3). Lit. [α] D +98.7 (c 1.70, CHCl3).402
(S)-4-benzyl-3-methacryloyloxazolidin-2-one (374)

To a solution of (S)-4-benzyloxazolidin-2-one 348a (2.0 g, 11.3 mmol) and hydroquinone
(14.0 mg, 0.127 mmol) in THF (20.0 mL) at 0 ºC was added n-butyllithium (7.06 mL, 1.6
M in hexanes, 11.3 mmol) and the reaction stirred for 15 min. Methacryloyl chloride 369
(1.25 mL, 12.8 mmol) was added and the reaction was stirred for a further 2 h, then
quenched with saturated aqueous ammonium chloride (40 mL). The aqueous phase was
extracted with ethyl acetate (3 × 50 mL). The combined organic extracts were washed
with saturated aqueous sodium bicarbonate (50 mL), brine (50 mL), dried (MgSO4),
filtered and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel eluting with ethyl acetate-hexanes (1:2) to give the title
compound 374 (0.537 g, 2.2 mmol, 20%) as a crystalline white solid.
M.P. 79-81 ºC.; Lit. 81-82 ºC.403
1

H NMR (400 MHz, CDCl3): δH = 2.05 (dd, J = 0.8, 2.4 Hz, 3 H, Me), 2.84 (dd, J = 9.6,

14.0 Hz, 1 H, CH of CH2, H-6a), 3.34 (dd, J = 4.4, 14.0 Hz, 1 H, CH of CH2, H-6b), 4.18
(dd, J = 4.4, 8.8 Hz, 1 H, CH of CH2, H-5a), 4.26 (t, J = 8.8 Hz, 1 H, CH of CH2, H-5b),
4.68-4.74 (m, 1 H, CH, H-4), 5.43 (dd, J = 1.6, 13.6 Hz, 2 H, CH2, H-15), 7.19-7.36 (m, 5
H, 5 × CH, Ar-H).
13

C NMR (100 MHz, CDCl3): δC = 19.1 (Me), 37.6 (CH2, C-6), 55.3 (CH, C-4), 66.5

(CH2, C-5), 120.8 (CH2, C-15), 127.4 (CH, C-12), 128.9 (2 × Ar-CH), 129.4 (2 × Ar-CH),
135.0 (C, C-7), 139.6 (C, C-14), 152.8 (C=O, C-2), 171.1 (C=O, C-3).
Spectroscopic data is consistent with that reported in the literature.403
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20

[α] D +70.7 (c 0.99, CHCl3). Lit. [α] D +70.1 (c 0.97, CHCl3).403
(S)-3-methacryloyl-4-phenyloxazolidin-2-one (370)

To a solution of (S)-4-phenyloxazolidin-2-one 353 (0.8 g, 4.9 mmol) and hydroquinone
(6.0 mg, 0.055 mmol) in THF (10.0 mL) at 0 ºC was added n-butyllithium (3.3 mL, 1.6 M
in hexanes, 5.28 mmol) and the reaction stirred for 15 min. Methacryloyl chloride 369
(0.6 mL, 6.1 mmol) was added and the reaction was stirred for a further 2 h, then
quenched with saturated aqueous ammonium chloride (20 mL). The aqueous phase was
extracted with ethyl acetate (3 × 25 mL). The combined organic extracts were washed
with saturated aqueous sodium bicarbonate (25 mL), brine (25 mL), dried (MgSO4),
filtered and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel eluting with ethyl acetate-hexanes (1:2) to give the title
compound 370 (0.14 g, 0.61 mmol, 12%) as a crystalline white solid.
M.P. 174-177 ºC.; Lit. 176-177 ºC.192
1

H NMR (400 MHz, CDCl3): δH = 2.00 (dd, J = 1.2, 1.6 Hz, 3 H, Me), 4.24 (dd, J = 6.4,

8.8 Hz, 1 H, CH of CH2, H-5a), 4.71 (t, J = 8.8 Hz, 1 H, CH, H-4), 5.47 (dd, J = 6.4, 8.8
Hz, 1 H, CH of CH2, H-5b), 5.49-5.51 (m, 2 H, CH2, H-14), 7.32-7.41 (m, 5 H, 5 × CH,
Ar-H).
13

C NMR (100 MHz, CDCl3): δC = 18.7 (Me), 58.1 (CH, C-4), 69.9 (CH2, C-5), 121.9

(CH2, C-14), 126.1 (2 × Ar-CH), 128.8 (Ar-CH), 129.2 (2 × Ar-CH), 137.9 (C, C-6),
139.3 (C, C-13), 153.1 (C=O, C-2), 170.3 (C=O, C-12).
Spectroscopic data is consistent with that reported in the literature.192
20

[α] D +59.5 (c 1.30, CHCl3).
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(S)-4-Isopropyl-3-((R)-2-methylhex-5-enoyl)oxazolidin-2-one (341a(I)) and (S)-4Isopropyl-3-((S)-2-methylhex-5-enoyl)oxazolidin-2-one (341b(I))

To a solution of (S)-4-isopropyl-3-methacryloyloxazolidin-2-one 373 (50 mg, 0.5 mmol)
in dichloromethane (2.0 mL) at −78 ºC was added titanium tetrachloride (0.17 mL, 1.5
mmol) and the reaction mixture stirred for 30 min. Tributylallylstannane (0.48 mL, 1.5
mmol) was added and the reaction was stirred at −78 ºC for a further 5 h. The reaction
was quenched with saturated aqueous ammonium chloride (5 mL) and the aqueous phase
extracted with dichloromethane (3 × 5 mL). The combined organic extracts were washed
with brine (5 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude products
were purified by flash chromatography on silica gel eluting with ethyl acetate-hexanes
(1:2) to give the title compounds (S,R)-341a(I) (47.0 mg, 0.20 mmol, 39.2 %) and (S,S)341b(I) (12.0 mg, 0.05 mmol, 10.0%) as colourless oils.
(S)-4-Isopropyl-3-((R)-2-methylhex-5-enoyl)oxazolidin-2-one (341a(I))
1

H NMR (400 MHz, CDCl3): δH = 0.87 (d, J = 6.8 Hz, 3 H, Me), 0.90 (d, J = 7.2 Hz, 3 H,

Me), 1.14 (d, J = 6.8 Hz, 3 H, Me, H-14), 1.49 (dt, J = 7.2, 14.0 Hz, 1 H, CH of CH2, H10a), 1.83-1.92 (m, 1 H, CH of CH2, H-10b), 2.08 (dt, J = 7.2, 7.6 Hz, 2 H, CH2, H-11),
2.30-2.38 (m, 1 H, CH, H-6), 3.78 (q, J = 6.8 Hz, 1 H, CH, H-9), 4.17 (dd, J = 2.8, 8.8
Hz, 1 H, CH of CH2, H-5a), 4.25 (t, J = 9.2 Hz, 1 H, CH of CH2, H-5b), 4.45 (dt, J = 3.6,
8.4 Hz, 1 H, CH, H-4), 4.93-5.03 (m, 2 H, CH2, H-13), 5.74-5.84 (m, 1 H, CH, H-12).
13

C NMR (100 MHz, CDCl3): δC = 14.6 (Me), 16.5 (Me, C-14), 17.9 (Me), 28.4 (CH, C-

6), 31.2 (CH2, C-11), 33.1 (CH2, C-10), 37.0 (CH, C-9), 58.4 (CH, C-4), 63.1 (CH2, C-5),
114.9 (CH2, C-13), 137.9 (CH, C-12), 153.6 (C=O, C-2), 176.9 (C=O, C-8).
20

[α] D +48.9 (c 0.90, CHCl3).
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IR νmax (neat)/cm-1 2963, 2934, 2875, 1775, 1697, 1384, 1372, 1299, 1234, 1199, 1119,
1056, 991, 910, 773, 689.
HRMS-ESI: m/z [M + Na]+ calcd. for [C13H21NO3 + Na]+: 262.1414; found: 262.1404.
(S)-4-Isopropyl-3-((S)-2-methylhex-5-enoyl)oxazolidin-2-one (341a(I))
1

H NMR (400 MHz, CDCl3): δH = 0.87 (d, J = 6.8, 3 H, Me), 0.93 (d, J = 7.2 Hz, 3 H,

Me), 1.21 (d, J = 7.2 Hz, 3 H, Me, H-14), 1.43-1.52 (m, 1 H, CH of CH2, H-10a), 1.811.90 (m, 1 H, CH of CH2, H-10b), 2.03-2.10 (m, 2 H, CH2, H-11), 2.31-2.39 (m, 1 H, CH,
H-6), 3.75 (dt, J = 6.8, 7.2 Hz, 1 H, CH, H-9), 4.19 (dd, J = 3.2, 9.2 Hz, 1 H, CH of CH2,
H-5a), 4.25 (t, J = 9.2 Hz, 1 H, CH of CH2, H-5b), 4.44 (ddd, J = 3.2, 4.0, 8.0 Hz, 1 H,
CH, H-4), 4.92-5.03 (m, 2 H, CH2, H-13), 5.73-5.83 (m, 1 H, CH, H-12).
13

C NMR (100 MHz, CDCl3): δC = 13.6 (Me), 14.7 (Me), 17.5 (Me, C-14), 28.5 (CH, C-

6), 31.5 (CH2, C-10), 32.2 (CH2, C-11), 37.2 (CH, C-9), 58.4 (CH, C-4), 63.2 (CH2, C-5),
114.8 (CH2, C-13), 138.1 (CH, C-12), 153.6 (C=O, C-2), 177.0 (C=O, C-8).
20

[α] D +54.8 (c 1.20, CHCl3).
IR νmax (neat)/cm-1 2958, 2924, 2873, 1779, 1699, 1458, 1384, 1299, 1238, 1200, 1057,
992, 964, 910, 773, 701.
HRMS-ESI: m/z [M + Na]+ calcd. for [C13H21NO3 + Na]+: 262.1414; found: 262.1401.
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(S)-4-Benzyl-3-((R)-2-methylhex-5-enoyl)oxazolidin-2-one

(341a(II))

and

(S)-4-

Benzyl-3-((S)-2-methylhex-5-enoyl)oxazolidin-2-one (341b(II))

Method A.
To a stirred solution of (S)-4-benzyl-3-methacryloyloxazolidin-2-one 374 (50.0 mg, 0.2
mmol) in dichloromethane (2.0 mL) at −78 ºC was added titanium tetrachloride (0.07 mL,
0.6 mmol) and the resultant mixture was stirred for 30 min. Tributylallylstannane (0.2
mL, 0.6 mmol) was added and the reaction was stirred at −78 ºC for a further 5 h. The
reaction was quenched with saturated aqueous ammonium chloride (5 mL) and the
aqueous phase extracted with dichloromethane (3 × 5 mL). The combined organic phases
were washed with brine (5 mL), dried (MgSO4), filtered and concentrated in vacuo. The
crude products were purified by flash chromatography on silica gel eluting with ethyl
acetate-hexanes (1:2) to give the title compounds (S,R)-341a(II) (29.9 mg, 0.10 mmol,
52.0%) and (S,S)-341b(II) (14.3 mg, 0.05 mmol, 24.0%) as colourless oils.
Method B.
To a solution of (S)-4-benzyl-3-methacryloyloxazolidin-2-one 374 (0.77 g, 3.1 mmol) in
dichloromethane (36.0 mL) at −78 ºC was added titanium tetrachloride (9.4 mL, 1 M, 9.4
mmol) and the reaction stirred for 30 min. Trimethylallylsilane (1.5 mL, 9.4 mmol) was
added and the reaction was stirred at −78 ºC for a further 5 h. The reaction was quenched
with saturated aqueous ammonium chloride (50 mL) and the aqueous phase was extracted
with dichloromethane (3 × 50 mL). The combined organic phases were washed with brine
(50 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude products were
purified by flash chromatography on silica gel eluting with ethyl acetate-hexanes (1:2) to
give the title compounds (S,R)-341a(II) (0.38 g, 1.3 mmol, 42.0%) and (S,S)-341b(II)
(0.28 g, 0.97 mmol, 31.0%) as colourless oils.
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(S)-4-Benzyl-3-((R)-2-methylhex-5-enoyl)oxazolidin-2-one (341a(II))
1

H NMR (400 MHz, CDCl3): δH = 1.18 (d, J = 6.8 Hz, 3 H, Me), 1.49-1.58 (m, 1 H, CH

of CH2, H-15a), 1.87-1.96 (m, 1 H, CH of CH2, H-15b), 2.10-2.17 (m, 2 H, CH2, H-16),
2.72 (dd, J = 10.0, 13.2 Hz, 1 H, CH of CH2, H-6a), 3.32 (dd, J = 3.2, 13.2 Hz, 1 H, CH
of CH2, H-6b), 3.77 (q, J = 6.8 Hz, 1 H, CH, H-14), 4.16 (d, J = 3.2 Hz, 1 H, CH of CH2,
H-5a), 4.17 (dd, J = 3.2, 9.2 Hz, 1 H, CH of CH2, H-5b), 4.65-4.71 (m, 1 H, CH, H-4),
4.96-5.07 (m, 2 H, CH2, H-18), 5.78-5.89 (m, 1 H, CH, H-17), 7.20-7.36 (m, 5 H, 5 × CH,
Ar-H).
13

C NMR (100 MHz, CDCl3): δC = 16.8 (Me), 31.3 (CH2, C-16), 32.8 (CH2, C-15), 37.1

(CH, C-14), 38.0 (CH2, C-6), 55.4 (CH, C-4), 66.0 (CH2, C-5), 115.0 (CH2, C-18), 127.3
(Ar-CH), 128.9 (2 × Ar-CH), 129.4 (2 × Ar-CH), 135.3 (C, C-7), 137.9 (CH, C-17), 153.0
(C=O, C-2), 177.0 (C=O, C-13).
20

[α] D +33.17 (c 1.06, CHCl3).
IR νmax (neat)/cm-1 2923, 1776, 1695, 1454, 1384, 1349, 1206, 1099, 971, 912, 762, 748,
701
HRMS-ESI: m/z [M + Na]+ calcd. for [C17H21NO3 + Na]+: 310.1414; found: 310.1397.
(S)-4-Benzyl-3-((S)-2-methylhex-5-enoyl)oxazolidin-2-one (341b(II))
1

H NMR (400 MHz, CDCl3): δH = 1.23 (d, J = 7.2 Hz, 3 H, Me), 1.48-1.57 (m, 1 H, CH

of CH2, H-15a), 1.84-1.93 (m, 1 H, CH of CH2, H-15b), 2.09 (q, J = 6.8 Hz, 2 H, CH2, H16), 2.77 (dd, J = 9.6, 13.2 Hz, 1 H, CH of CH2, H-6a), 3.26 (dd, J = 3.2, 13.6 Hz, 1 H,
CH of CH2, H-6b), 3.69-3.78 (m, 1 H, CH, H-14), 4.15-4.23 (m, 2 H, CH2, H-5), 4.644.70 (m, 1 H, CH, H-4), 4.93-5.04 (m, 2 H, CH2, H-18), 5.74-5.84 (m, 1 H, CH, H-17),
7.20-7.35 (m, 5 H, 5 × CH, Ar-H).
13

C NMR (100 MHz, CDCl3): δC = 17.5 (Me), 31.5 (CH2, C-15), 32.5 (CH2, C-16), 37.2

(CH, C-14), 37.9 (CH2, C-6), 55.3 (CH, C-4), 66.0 (CH2, C-5), 114.9 (CH2, C-18), 127.3
(Ar-CH), 128.9 (2 × Ar-CH), 129.4 (2 × Ar-CH), 135.3 (C, C-7), 138.0 (CH, C-17), 153.0
(C=O, C-2), 177.0 (C=O, C-13).
Spectroscopic data is consistent with that reported in the literature.404
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20

[α] D +70.7 (c 1.03, CHCl3). Lit. [α] D +78.3 (c 1.7, CHCl3).404
(S)-3-((R)-2-Methylhex-5-enoyl)-4-phenyloxazolidin-2-one (341a(III)) and (S)-3-((S)2-Methylhex-5-enoyl)-4-phenyloxazolidin-2-one (341b(III))

Method A.
To a solution of (S)-3-methacryloyl-4-phenyloxazolidin-2-one 370 (0.36 g, 1.57 mmol) in
dichloromethane (20.0 mL) at −78 ºC was added titanium tetrachloride (4.7 mL, 1 M, 4.7
mmol) and the reaction mixture stirred for 30 min. Tributylallylstannane (1.6 mL, 4.7
mmol) was added and the reaction was stirred at −78 ºC for a further 5 h. The reaction
was quenched with saturated aqueous ammonium chloride (20 mL) and the aqueous
phase extracted with dichloromethane (3 × 20 mL). The combined organic extracts were
washed with brine (20 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude
products were purified by flash chromatography on silica gel eluting with ethyl acetatehexanes (1:2) to give the title compounds (S,R)-341a(III) (29.9 mg, 1.37 mmol, 87.0%)
and (S,S)-341b(III) (14.3 mg, 0.17 mmol, 11.0%) as colourless oils.
Method B.
To a solution of (S)-3-methacryloyl-4-phenyloxazolidin-2-one 370 (50.0 mg, 0.22 mmol)
in dichloromethane (2.5 mL) at −78 ºC was added titanium tetrachloride (0.65 mL, 1 M,
0.65 mmol) and the reaction stirred for 30 min. Trimethylallylsilane (0.11 mL, 0.65
mmol) was added and the reaction was stirred at −78 ºC for a further 5 h. The reaction
was quenched with saturated aqueous ammonium chloride (5 mL) and the aqueous phase
extracted with dichloromethane (3 × 5 mL). The combined organic extracts were washed
with brine (5 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude products
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were purified by flash chromatography on silica gel eluting with ethyl acetate-hexanes
(1:2) to give the title compounds (S,R)-341a(III) (0.37 g, 0.06 mmol, 28.0%) and (S,S)341b(III) (0.15 g, 0.04 mmol, 18.0%) as colourless oils.
(S)-3-((R)-2-methylhex-5-enoyl)-4-phenyloxazolidin-2-one (341a(III))
1

H NMR (400 MHz, CDCl3): δH = 1.15 (d, J = 6.8 Hz, 3 H, Me), 1.38-1.47 (m, 1 H, CH

of CH2, H-14a), 1.74-1.83 (m, 1 H, CH of CH2, H-14b), 1.85-1.94 (m, 2 H, CH2, H-15),
3.74-3.84 (m, 1 H, CH, H-13), 4.26 (dd, J = 4.0, 8.8 Hz, 1 H, CH of CH2, H-5a), 4.68 (t, J
= 8.8 Hz, 1 H, CH of CH2, H-5b), 4.88-4.93 (m, 2 H, CH2, H-17), 5.44 (dd, J = 4.0, 8.8
Hz, 1 H, CH, H-4), 5.66-5.76 (m, 1 H, CH, H-16), 7.27-7.41 (m, 5 H, 5 × CH, Ar-H)
13

C NMR (100 MHz, CDCl3): δC = 16.3 (Me), 30.8 (CH2, C-15), 32.7 (CH2, C-14), 37.0

(CH, C-13), 57.7 (CH, C-4), 69.6 (CH2, C-5), 114.8 (CH2, C-17), 125.9 (2 × Ar-CH),
128.6 (Ar-CH), 129.0 (2 × Ar-CH), 137.8 (CH, C-16), 139.2 (C, C-6), 153.3 (C=O, C-2),
176.4 (C=O, C-12).
Spectroscopic data is consistent with that reported in the literature.192
20

[α] D +15.7 (c 1.02, CHCl3).
(S)-3-((S)-2-Methylhex-5-enoyl)-4-phenyloxazolidin-2-one (341a(III))
1

H NMR (400 MHz, CDCl3): δH = 1.11 (d, J = 6.8 Hz, 3 H, Me), 1.40-1.50 (m, 1 H, CH

of CH2, H-14a), 1.79-1.89 (m, 1 H, CH of CH2, H-14b), 2.07 (q, J = 8.0 Hz, 2 H, CH2, H15), 3.76 (q, J = 6.8 Hz, 1 H, CH, H-13), 4.25 (dd, J = 4.0, 8.8 Hz, 1 H, CH of CH2, H5a), 4.68 (t, J = 8.8 Hz, 1 H, CH of CH2, H-5b), 4.94-5.04 (m, 2 H, CH2, H-17), 5.43 (dd,
J = 4.0, 8.8 Hz, 1 H, CH, H-4), 5.73-5.84 (m, 1 H, CH, H-16), 7.27-7.40 (m, 4 H, 4 × CH,
Ar-H), 7.62 (dd, J = 3.2, 5.6 Hz, 1 H, CH, Ar-H).
13

C NMR (100 MHz, CDCl3): δC = 17.5 (Me), 31.5 (CH2, C-15), 32.1 (CH2, C-14), 37.3

(CH, C-13), 57.7 (CH, C-4), 69.8 (CH2, C-5), 114.9 (CH2, C-17), 125.7 (2 × Ar-CH),
128.7 (Ar-CH), 129.2 (2 × Ar-CH), 136.8 (CH, C-16), 140.3 (C, C-6), 151.5 (C=O, C-2),
1 × C=O signal not observed.
20

[α] D +9.1 (c 1.09, CHCl3).
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IR νmax (neat)/cm-1 2956, 2923, 2854, 1782, 1707, 1457, 1380, 1196, 1121, 1074, 911,
763, 698.
HRMS-ESI: m/z [M + Na]+ calcd. for [C16H19NO3 + Na]+: 296.1263; found: 296.1241.
(R)-2-methylhex-5-enoic acid (266a)

A solution of (S)-3-((R)-2-methylhex-5-enoyl)-4-phenyloxazolidin-2-one 341a(I) (80.0
mg, 0.29 mmol) and lithium hydroxide (18.0 mg, 0.43 mmol) in THF-water (4:1, 2.0 mL)
was stirred at room temperature for 12 h. The reaction was quenched by the addition of
aqueous hydrochloric acid (1 M) to bring pH to 8.0. The reaction mixture was diluted
with water (5 mL) and extracted with dichloromethane (3 × 5 mL) the combined organic
extracts were dried (MgSO4), filtered, and concentrated in vacuo to deliver (S)-4phenyloxazolidin-2-one 340 (0.036 g, 77%). The remaining aqueous phase was acidified
(pH 1.0) using aqueous hydrochloric acid (1 M) and extracted with dichloromethane (3 ×
5 mL), the combined organic extracts were dried (MgSO4), filtered and concentrated in
vacuo to give the title compound 266a (0.03 g, 0.23 mmol, 81.0%) as a clear oil.
1

H NMR (400 MHz, CDCl3): δH = 1.19 (d, J = 7.2 Hz, 3 H, Me), 1.48-1.57 (m, 1 H, CH

of CH2, H-3a), 1.77-1.86 (m, 1 H, CH of CH2, H-3b), 2.10 (dt, J = 7.6, 7.6 Hz, 2 H, CH2,
H-4), 2.49 (q, J = 7.2 Hz, 1 H, CH, H-2), 4.96-5.02 (m , 2 H, CH2, H-6), 5.74-5.84 (m, 1
H, CH, H-5), OH signal not observed.
13

C NMR (100 MHz, CDCl3): δC = 16.8 (Me), 31.2 (CH2, C-4), 32.6 (CH2, C-3), 38.7

(CH, C-2), 115.2 (CH2, C-6), 137.7 (CH, C-5), 182.6 (C=O).
Spectroscopic data is consistent with that reported in the literature.192
20

[α] D −8.7 (c 1.03, CH2Cl2).; Lit.

−8.2 (c 1.07, CH2Cl2).192
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(R)-(3S,5R)-2,2,5-Trimethyl-9-(methyl((E)-prop-1-en-1-yl)amino)-9-oxononan-3-yl 2methylhex-5-enoate (268)

To a solution of acid 266a (47.5 mg, 0.54 mmol) in benzene (1.5 mL), was added
2,4,6-trichlorobenzoyl chloride (0.09 mL, 0.54 mmol) followed by Hünigs base (0.09 mL,
0.54 mmol), alcohol 267 (80.0 mg, 0.37 mmol) and DMAP (90.0 mg, 0.75 mmol). The
reaction was stirred at room temperature for 12 h, diluted with ethyl acetate (5 mL) and
washed with water (2 × 5 mL) and brine (5 ml), dried (Na2SO4), filtered and concentrated
in vacuo. The crude product was purified by flash chromatography on silica gel eluting
with ethyl acetate-hexanes (1:1) to give the title compound 268 (91.3 mg, 0.25 mmol,
90% yield as a 1:1 mixture of rotamers) as a yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.87 (s, 9 H, tBu), 0.90 (d, J = 6.4 Hz, 3 H, Me, H-20),

1.16 (d, J = 7.2 Hz, 3 H, Me, H-19), 1.18-1.30 (m, 4 H, CH + CH of CH2 + CH2, H-5 +
H-6 + H-4a), 1.42-1.51 (m, 1 H, CH of CH2, H-15a), 1.53-1.67 (m, 3 H, CH of CH2 +
CH2, H-4b + H-7), 1.71 (dd, J = 1.6, 6.8 Hz, 3 H, Me, H-12), 1.75-1.84 (m, 1 H, CH of
CH2, H-15b), 2.06 (dt, J = 8.0, 8.0 Hz, 2 H, CH2, H-16), 2.37 (dd, J = 7.6, 14.4 Hz, 2 H,
CH2, H-8), 2.45 (q, J = 7.2 Hz, 1 H, CH, H-14), 3.04 (s, 3 H, NMe), 4.83 (d, J = 11.2 Hz,
1 H, CH, H-3), 4.93-5.03 (m, 3 H, CH + CH2, H-11 + H-18), 5.72-5.82 (m, 1 H, CH, H17), 6.60 (d, J = 15.2, 1 H, CH, H-10).
13

C NMR (100 MHz, CDCl3): δC = (signals for minor rotational isomer denoted with

asterix) *15.4 (Me, C-12), 15.5 (Me, C-12), 17.35 (Me, C-19), *17.43 (Me, C-19), 19.0
(Me, C-20), *19.1 (Me, C-20), 22.5 (CH2, C-7), 26.0 (tBu, 3 × Me), 29.3 (CH, C-5), *29.4
(CH, C-5), 29.9 (NMe), 31.39 (CH2, C-16), *31.44 (CH2, C-16), *32.2 (CH2, C-15), 32.8
(CH2, C-15), 34.0 (CH2, C-8), *34.5 (C, C-2), 34.6 (C, C-2), 36.87 (CH2, C-4), *36.90
(CH2, C-4), 37.9 (CH2, C-6), 39.3 (CH, C-14), *39.4 (CH, C-14), 78.0 (CH, C-3), *105.6
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(CH, C-11), 106.7 (CH, C-11), 115.0 (CH2, C-18), *127.9 (CH, C-10), 128.9 (CH, C-10),
138.0 (CH, C-17), *171.0 (C=O, C-9), 171.3 (C=O, C-9), 176.3 (C=O, C-13).
20

[α] D −32.1 (c 1.06, CHCl3).
IR νmax (neat)/cm-1 2959, 1726, 1676, 1651, 1461, 1415, 1395, 1376, 1263, 1172, 1126,
1084, 957.
HRMS-ESI: m/z [M + Na]+ calcd. for [C23H41NO3 + Na]+: 402.2979; found: 402.2976.
(R)-(3S,5R)-2,2,5-Trimethyl-9-(methyl((E)-prop-1-en-1-yl)amino)-9-oxononan-3-yl 2methyl-5-oxopentanoate (416)

To a solution of enamide 268 (20.0 mg, 0.053 mmol) in 1,2-dichloroethane (20 mL) was
added chlorodicyclohexylborane (3.5 mg, 0.016 mmol, 30 mol%) and the reaction
mixture was stirred at room temperature for 1 h. The reaction was heated to reflux and a
solution of Grubbs 2nd generation catalyst (4.5 mg, 10 mol%) in 1,2-dichloroethane
(1mL) was added. Reflux was maintained for 48 h before the reaction mixture was cooled
to room temperature and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel eluting with ethyl acetate-hexanes (1:1) to give the title
compound 416 (19.8 mg, 0.052 mmol, 98% yield) as a yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.89 (s, 9 H, tBu), 0.91 (d, J = 4.0 Hz, 3 H, Me, H-19),

1.20 (d, J = 7.2 Hz, 3 H, Me, H-18), 1.22-1.31 (m, 3 H, CH + CH2, H-5 + H-6), 1.55-1.68
(m, 5 H, CH + 2 × CH2, H-14 + H-4 + H-7), 1.73 (dd, J = 1.2, 6.4 Hz, 3 H, Me, H-12),
1.76-1.83 (m, 1 H, CH of CH2, H-15a), 1.93-2.02 (m, 1 H, CH of CH2, H-15b), 2.36-2.42
(m, 2 H, CH2, H-16), 2.47-2.52 (m, 2 H, CH2, H-8), 3.06 (s, 3 H, NMe), 4.85 (d, J = 10.8
Hz, 1 H, CH, H-3), 4.98-5.05 (m, 1 H, CH, H-11), 6.63 (d, J = 18.0 Hz, 1 H, CH, H-10),
9.77 (s, 1 H, CHO).
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13

C NMR (100 MHz, CDCl3): δC = 15.5 (Me, C-12), 17.5 (Me, C-18), 19.0 (Me, C-19),

22.6 (CH2, C-7), 25.6 (CH2, C-8), 26.0 (tBu, 3 × Me), 29.6 (NMe), 29.9 (CH, C-5), 34.0
(C, C-2), 34.6 (CH2, C-4), 36.8 (CH2, C-6), 37.8 (CH2, C-15), 39.1 (CH, C-14), 41.6
(CH2, C-16), 78.5 (CH, C-3), 106.7 (CH, C-11), 128.9 (CH, C-10), 171.3 (C=O, C-9),
175.6 (C=O, C-13), 201.5 (CHO).
20

[α] D −29.6 (c 0.98, CHCl3).
IR νmax (neat)/cm-1 2930, 2860, 1715, 1637, 1454, 1377, 1319, 1295, 1164, 1092, 1010,
939, 812.
HRMS-ESI: m/z [M + Na]+ calcd. for [C22H39NO4 + H]+: 382.2952; found: 382.2949.
N-((1S,2S)-1-Hydroxy-1-phenylpropan-2-yl)-N-methylpropionamide (427a)

To a solution of (1S,2S)-(+)-pseudoephedrine 426a (4.0 g, 24.1 mmol) in
dichloromethane (50 mL) at room temperature was added triethylamine (4.0 mL, 29.0
mmol). The temperature was maintained as propionic anhydride (3.3 mL, 29.5 mmol) was
added dropwise. The reaction was stirred at room temperature for 30 min then quenched
by the addition of water (20 mL). The organic phase was collected and washed with
saturated aqueous sodium bicarbonate (2 × 20 mL) and aqueous hydrochloric acid (1 M, 2
× 20 mL), dried (Na2SO4) and concentrated in vacuo. The resulting crude white solid was
recrystallized from toluene to give the title compound 427a (5.0 g, 22.6 mmol, 94% yield,
1:3 mixture of rotamers) as a colourless crystaline solid.
M.P. 112-113 ºC.; Lit. 114-115 ºC.309
1

H NMR (400 MHz, CDCl3): δH = (Signals for minor rotational isomer donated with

asterix) *0.97 (d, J = 6.8 Hz, 3 H, Me, H-6), 1.11 (dd, J = 2.8, 7.6 Hz, 3 H, Me, H-6),
1.14 (dt, J = 2.0, 8.8 Hz, 3 H, Me, H-13), *1.18 (dt, J = 1.2, 7.2 Hz, 3 H, Me, H-13), 2.272.35 (m, 2 H, CH2, H-5), *2.36-2.55 (m, 2 H, CH2, H-5), 2.80 (s, 3 H, NMe), *2.92 (s, 3
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H, NMe), *3.96-4.04 (m, 1 H, CH, H-2), 4.28 (br s, 1 H, OH), 4.40-4.47 (m, 1 H, CH, H2), 4.55-4.60 (m, 1 H, CH, H-1), 7.27-7.40 (m, 5 H, 5 × CH, Ar-H).
13

C NMR (100 MHz, CDCl3): δC = (Signals for minor rotational isomer denoted with

asterix) 9.0 (Me, C-6), *9.2 (Me, C-6), 14.5 (Me, C-13), *15.2 (Me, C-13), *26.6 (CH2,
C-5), 27.6 (CH2, C-5), 30.4 (NMe), *57.7 (CH, C-2), 58.3 (CH, C-2), *75.0 (CH, C-1),
76.1 (CH, C-1), 126.4 (2 × Ar-CH), *126.9 (2 × Ar-CH), 127.6 (Ar-CH), *127.9 (ArCH), 128.4 (2 × Ar-CH), *128.7 (2 × Ar-CH), *141.6 (C, C-7), 142.3 (C, C-7), *174.8
(C=O, C-4), 175.8 (C=O, C-4).
Spectroscopic data is consistent with that reported in th.e literature.309,405
20

20

[α] D +111.8 (c 1.00, CHCl3); Lit. [α] D +103.1 (c 0.66, MeOH).406
(R)-N-((1S,2S)-1-hydroxy-1-phenylpropan-2-yl)-N,2-dimethylpent-4-enamide (428a)

To a suspension of lithium chloride (6.02 g, 143.7 mmol) and diisopropylamine (7.5 mL,
53.9 mmol) in THF (30 mL) at −78 ºC was added n-butyllithium (20.0 mL, 2.5 M in
hexanes, 50 mmol). The reaction was warmed to 0 ºC for 15 min then cooled to −78 ºC. A
solution of amide 427a (5.3 g, 23.95 mmol) in THF (5 mL) was cooled to 0 ºC and added
to the LDA solution. The reaction was stirred at −78 ºC for 1 h, then at 0 ºC for 15 min
and finally at room temperature for 5 min before being cooled to 0 ºC. Allyl bromide (3.1
mL, 35.9 mmol) was added and the reaction was stirred at 0 ºC for 15 min. The reaction
was quenched with saturated aqueous ammonium chloride (20 mL) and the aqueous
phase was extracted with ethyl acetate (3 × 50 mL). The combined organic extracts were
washed with brine (50 mL), dired (Na2SO4), filtered and concentrated in vacuo to give the
title compound 428a (6.07 g, 23.2 mmol, 97% yield, 4:1 mixture of rotamers) as a dark
yellow oil.
1

H NMR (400 MHz, CDCl3): δH = (Signals for minor rotational isomer denoted with an

asterix) 1.00-1.10 (m, 6 H, 2 × Me, H-15 + H-16), 2.03-2.10 (m, 1 H, CH of CH2, H-6a),
*2.12-2.19 (m, 1 H, CH of CH2, H-6a), 2.29-2.40 (m, 1 H, CH of CH2, H-6b), *2.45-2.52
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(m, 1 H, CH, H-5), 2.61-2.72 (m, 1 H, CH, H-5), 2.85 (s, 3 H, NMe), *2.89 (s, 3 H,
NMe), *4.04-4.09 (m, 1 H, CH, H-2), 4.45 (br s, 1 H, OH), 4.55-4.60 (m, 1 H, CH, H-2),
4.99 (d, J = 10.4 Hz, 1 H, CH of CH2, H-8a), 5.03 (d, J = 1.6 Hz, 1 H, CH, H-1), 5.10 (d,
J = 18.0 Hz, 1 H, CH of CH2, H-8b), 5.63-5.74 (m, 1 H, CH, H-7), *5.74-5.78 (m, 1 H,
CH, H-7), 7.22-7.38 (m, 5 H, 5 × CH, Ar-H).
13

C NMR (100 MHz, CDCl3): δC = (Signals for minor rotational isomer denoted with

asterix) 14.4 (Me, C-15), *15.5 (Me, C-15), 16.9 (Me, C-17), *17.5 (Me, C-17), *35.7
(NMe), 36.5 (NMe), 38.0 (CH2, C-6), 58.0 (CH, C-5), 61.3 (CH, C-2), *75.4 (CH, C-1),
76.4 (CH, C-1), 116.5 (CH2, C-8), 126.4 (2 × Ar-CH), *126.85 (2 × Ar-CH), *126.92
(Ar-CH), 127.5 (Ar-CH), 128.27 (2 × Ar-CH), *128.7 (2 × Ar-CH), 136.0 (CH, C-7),
*136.7 (CH, C-7), 142.4 (C, C-9), *177.1 (C=O), 178.3 (C=O).
Spectroscopic data is consistent with that reported in the literature.405,407
20.5

20

[α] D +75.0 (c 2.00, CHCl3). Lit. [α] D +76.1 (c 1.5, CHCl3).407
(R)-2-methylpent-4-enoic acid (423a)

To a solution of amide 428a (6.3 g, 24.2 mmol) in methanol (20.0 mL) and tert-butanol
(20.0 mL) was added an aqueous solution of sodium hydroxide (5.1 g, 40 mL, 127.5
mmol) and the reaction was heated to reflux for 24 h. The reaction was concentrated in
vacuo and the aqueous phase was washed with dichloromethane (2 × 50 mL). The
aqueous phase was then acidified (pH 2.0) with aqueous hydrochloric acid (1 M) and
extracted with ethyl acetate (3 × 50 mL), the organic extracts were dried (MgSO4),
filtered and concentrated in vacuo to give the title compound 423a (2.52 g, 22.08 mmol,
92% yield) as a dark yellow liquid.
1

H NMR (400 MHz, CDCl3): δH = 1.18 (d, J = 6.8 Hz, 3 H, Me), 2.17-2.24 (m, 1 H, CH

of CH2, H-3a), 2.40-2.48 (m, 1 H, CH of CH2, H-3b), 2.51-2.59 (m, 1 H, CH, H-2), 5.045.11 (m, 2 H, CH2, H-5), 5.71-5.82 (m, 1 H, CH, H-4).
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13

C NMR (100 MHz, CDCl3): δC = 16.3 (Me), 37.4 (CH2, C-3), 39.1 (CH, C-2), 117.1

(CH2, C-5), 135.1 (CH, C-4), 182.6 (C=O).
Spectroscopic data was consistent with that reported in the literature.313
20.5

25

[α] D −9.6 (c 1.13, CHCl3); lit. [α] D −8.0 (conc. and solvent not reported).311
(R)-((3S,5R)-9-(allyl(methyl)amino)-2,2,5-trimethyl-9-oxononan-3-yl) 2-methylpent4-enoate (424a)

To a solution of acid 423a (63 mg, 0.53 mmol) in benzene (2.0 mL), was added 2,4,6trichlorobenzoyl chloride (0.11 mL, 0.73 mmol) followed by Hünigs base (0.11 mL, 0.65
mmol), alcohol 317a (0.1 g, 0.38 mmol) and DMAP (0.113 g, 0.93 mmol). The reaction
was stirred at room temperature for 12 h, diluted with ethyl acetate (5 mL) and washed
with water (2 × 5 mL) and brine (5 ml), dried (Na2SO4), filtered and concentrated in
vacuo. The crude product was purified by flash chromatography on silica gel eluting with
ethyl acetate-hexanes (1:1) to give the title compound 424a (122 mg, 0.33 mmol, 89%
yield, 1:1 mixture of rotamers) as a yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.85 (s, 9 H, tBu), 0.88 (d, J = 4.8 Hz, 3 H, Me, H-19),

1.01-1.09 (m, 1 H, CH, H-5), 1.15 (d, J = 6.8 Hz, 3 H, Me, H-18), 1.18-1.35 (m, 3 H, CH2
+ CH of CH2, H-6 + H-4a), 1.52-1.65 (m, 3 H, CH2 + CH of CH2, H-7 + H-4b), 2.13 (dt,
J = 6.8, 13.6 Hz, 1 H, CH of CH2, H-15a), 2.26 (dt, J = 7.2, 14.4 Hz, 2 H, CH2, H-8),
2.39-2.54 (m, 2 H, CH + CH of CH2, H-14 + H-15b), 2.90 (d, J = 4.4 Hz, 3 H, NMe),
3.86 (d, J = 4.8 Hz, 1 H, CH of CH2, H-10a), 3.97 (d, J = 5.6 Hz, 1 H, CH of CH2, H10b), 4.81 (d, J = 10.8 Hz, 1 H, CH, H-3), 4.97-5.22 (m, 4 H, 2 × CH2, H-17 + H-12),
5.68-5.79 (m, 2 H, 2 × CH, H-10 + H-16).
13

C NMR (100 MHz, CDCl3): δC (Signals for minor rotational isomer denoted with

asterix) = 16.9 (Me, C-18), *17.0 (Me, C-18), 19.0 (Me, C-19), *22.5 (CH2, C-7), 22.9
(CH2, C-7), 26.0 (tBu, 3 × Me), 29.3 (CH, C-5), 33.1 (CH2, C-15), 33.5 (C, C-2), 33.7
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(CH2, C-6), *34.57 (NMe), 34.62 (NMe), *36.77 (CH2, C-4), 36.80 (CH2, C-4), 37.7
(CH2, C-8), *38.0 (CH2, C-8), 39.6 (CH, C-14), *49.9 (CH2, C-10), 52.1 (CH2, C-10),
*78.10 (CH, C-3), 78.13 (CH, C-3), *116.5 (CH2, C-12), 116.8 (CH2, C-12), 117.0 (CH2,
C-17), 132.6 (CH, C-11), *133.2 (CH, C-11), 135.6 (CH, C-16), 172.7 (C=O, C-9),
*173.2 (C=O, C-9), 175.8 (C=O, C-13).
19.4

[α] D −24.6 (c 1.10, CHCl3).
IR νmax (neat)/cm-1 2960, 1727, 1676, 1650, 1459, 1415, 1376, 1368, 1262, 1173, 1127,
1085, 931, 912.
HRMS-ESI: m/z [M + H]+ calcd. for [C22H39NO3 + H]+: 366.3003; found: 366.2998.
(3R,13R,15S,E)-15-tert-Butyl-3,8,13-trimethyl-1-oxa-8-azacyclopentadec-5-ene-2,9dione (425a)

To a solution of diene 424a (100 mg, 2.75 mmol) in degassed (Ar bubbled through
solvent) 1,2-dichloroethane (80 mL) heated to reflux was added a solution of Grubbs 2nd
generation catalyst (10 mg, 5 mol%) in 1,2-dichloroethane (1mL) and reflux was
maintained for 24 h. A second portion of Grubbs 2nd generation catalyst (10 mg, 5 mol%)
in 1,2-dichloroethane (1 mL) was added and the reflux continued for a further 24 h. The
reaction mixture was concentrated in vacuo and the crude product was purified by flash
chromatography on silica gel eluting with ethyl acetate-hexanes (1:1) to give the title
compound 425a (62 mg, 0.18 mmol, 67% yield) as a dark yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.87 (s, 9 H, tBu), 0.88 (dd, J = 6.0, 14.4 Hz, 3 H, Me,

H-20), 1.09-1.16 (m, 1 H, CH of CH2, H-6a), 1.20 (d, J = 6.8 Hz, 3 H, Me, H-19), 1.211.32 (m, 3 H, CH + CH2, H-5 + H-4), 1.43 (dd, J = 10.0, 14.0 Hz, 1 H, CH of CH2, H-6b),
1.63-1.75 (m, 2 H, CH2, H-3), 2.04-2.15 (m, 2 H, 2 × CH of CH2, H-2a + H-15a), 2.282.53 (m, 3 H, CH + 2 × CH of CH2, H-2b + H-14 + H-15b), 2.95 (s, 3 H, NMe), 3.57 (d, J
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= 17.6 Hz, 1 H, CH of CH2, H-18a), 4.01 (dd, J = 5.2, 17.6 Hz, 1 H, CH of CH2, H-18b),
4.73 (d, J = 9.2 Hz, 1 H, CH, H-7), 5.41-5.57 (m, 2 H, 2 × CH, H-17 + H-16).
13

C NMR (100 MHz, CDCl3): δC = 19.4 (Me, C-20), 19.8 (Me, C-19), 20.2 (CH2, C-3),

25.8 (tBu, 3 × Me), 27.0 (CH, C-5), 30.3 (CH2, C-15), 34.3 (NMe), 34.6 (C, C-8), 35.3
(CH2, C-4), 36.1 (CH2, C-2), 37.1 (CH2, C-6), 41.0 (CH, C-14), 51.1 (CH2, C-18), 79.5
(CH, C-7), 126.4 (CH, C-16), 129.2 (CH, C-17), 172.9 (C=O), 176.3 (C=O).
20

[α] D −37.7 (c 1.00, CHCl3).
IR νmax (neat)/cm-1 2959, 2934, 1722, 1644, 1458, 1398, 1377, 1252, 1197, 1063, 966,
933.
HRMS-ESI: m/z [M + Na]+ calcd. for [C20H35NO3 + Na]+: 360.2509; found: 360.2513.
[M + K]+ calcd. for [C20H35NO3 + K]+: 376.2249; found: 376.2254.
(3R,13R,15S,E)-15-tert-Butyl-3,8,13-trimethyl-1-oxa-8-azacyclopentadec-6-ene-2,9dione (13a)

To

a

solution

of

(3R,13R,15S,E)-15-(tert-butyl)-3,8,13-trimethyl-1-oxa-8-

azacyclopentadec-5-ene-2,9-dione 425a (50 mg, 0.15 mmol) in toluene (10.0 mL) at
reflux was added a solution of carbonylchlorohydridotris(triphenylphosphine)ruthenium
(II) (20 mg, 20 mol%) in toluene (1 mL) and the reflux was maintained for 24 h. The
solvent was concentrated in vacuo and the crude product was purified by flash
chromatography on silica gel eluting with ethyl acetate-hexanes (1:1) to give the title
compound 13a (44 mg, 0.13 mmol, 88% yield) as a yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.87 (s, 9 H, tBu), 0.93 (d, J = 5.6 Hz, 3 H, Me, H-20)

1.23 (d, J = 7.2 Hz, 3 H, Me, H-19), 1.22-1.25 (m, 3 H, CH2 + CH of CH2, H-4a + H-6),
1.35-1.45 (m, 2 H, CH + CH of CH2, H-4b + H-5), 1.54-1.63 (m, 1 H, CH of CH2, H-3a),
1.68-1.78 (m, 2 H, CH2, H-15), 1.88-1.96 (m, 1 H, CH of CH2, H-3b), 2.10-2.20 (m, 1 H,
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CH of CH2, H-16a), 2.21-2.34 (m, 2 H, CH2, H-2), 2.48-2.56 (m, 1 H, CH of CH2, H16b), 2.60-2.67 (dt, J = 8.0, 13.6 Hz, 1 H, CH, H-14), 3.06 (s, 3 H, NMe), 4.78 (d, J = 9.6
Hz, 1 H, CH, H-7), 4.86 (ddd, J = 4.8, 10.4, 13.6 Hz, 1 H, CH, H-17), 6.68 (d, J = 13.6
Hz, 1 H, CH, H-18).
13

C NMR (100 MHz, CDCl3): δC = 19.4 (Me, C-19), 19.5 (Me, C-20), 23.3 (CH2, C-3),

25.9 (tBu, 3 × Me), 27.9 (CH, C-5), 29.1 (NMe), 29.7 (CH2, C-16), 31.7 (CH2, C-15),
31.8 (CH2, C-2), 34.9 (C, C-8), 35.3 (CH2, C-4), 37.0 (CH, C-14), 38.4 (CH2, C-6), 78.6
(CH, C-7), 110.3 (CH, C-17), 129.9 (CH, C-18), 172.1 (C=O), 175.8 (C=O).
Spectroscopic data is consistent with that reported in the literature.292
19.5

24

[α] D −42.6 (c 0.97, CHCl3); Lit. [α] D −44.0 (c 0.16, CHCl3).292
IR νmax (neat)/cm-1 2958, 2922, 2853, 1727, 1639, 1459, 1366, 1334, 1293, 1199, 1165,
1124, 1085, 932.
HRMS-ESI: m/z [M + Na]+ calcd. for [C20H35NO3 + Na]+: 360.2509; found: 360.2514.
[M + H]+ calcd. for [C20H35NO3 + H]+: 338.2690; found: 338.2688.
N-((1R,2R)-1-Hydroxy-1-phenylpropan-2-yl)-N-methylpropionamide (427b)

To a solution of (1R,2R)-pseudoephedrine 426b (4.0 g, 24.1 mmol) in dichloromethane
(50.0 mL) at room temperature was added triethylamine (4.0 mL, 29.0 mmol). The
temperature was maintained as propionic anhydride (3.3 mL, 29.5 mmol) was added
dropwise. The reaction was stirred at room temperature for 30 min then quenched by the
addition of water (20 mL). The organic phase was collected and washed with saturated
aqueous sodium bicarbonate (2 × 20 mL) and aqueous hydrochloric acid (1 M, 2 × 20
mL), dried (Na2SO4) and concentrated in vacuo. The resulting crude white solid was
recrystallized from toluene to give the title compound 427b (4.84 g, 21.87 mmol, 91%
yield, 3:1 mixture of rotamers) as a colourless crystalline solid.
M.P. 111-113 ºC.; Lit. 114-115 ºC.309
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1

H NMR (400 MHz, CDCl3): δH = (Signals for minor rotational isomer denoted with

asterix) *0.98 (d, J = 6.8 Hz, 3 H, Me, H-6), 1.12 (dd, J = 2.8, 7.6 Hz, 3 H, Me, H-6),
1.15 (dt, J = 2.0, 8.8 Hz, 3 H, Me, H-13), *1.19 (dt, J = 1.2, 7.2 Hz, 3 H, Me, H-13), 2.242.42 (m, 2 H, CH2, H-5), *2.44-2.59 (m, 2 H, CH2, H-5), 2.81 (s, 3 H, NMe), *2.93 (s, 3
H, NMe), *4.01 (t, J = 7.2 Hz, 1 H, CH, H-2), 4.27 (br s, 1 H, OH), 4.42-4.46 (m, 1 H,
CH, H-2), 4.56-4.61 (m, 1 H, CH, H-1), 7.27-7.36 (m, 5 H, 5 × CH, Ar-H).
13

C NMR (100 MHz, CDCl3): δC = (Signals for minor rotational isomer denoted with

asterix) 9.2 (Me, C-6), *9.5 (Me, C-6), 14.3 (Me, C-13), *15.2 (Me, C-13), *26.7 (CH2,
C-5), 27.4 (CH2, C-5), 32.4 (NMe), 58.3 (CH, C-2), *75.29 (CH, C-1), 76.4 (CH, C-1),
126.4 (2 × Ar-CH), *126.9 (2 × Ar-CH), 127.6 (Ar-CH), *127.9 (Ar-CH), 128.4 (2 × ArCH), *128.7 (2 × Ar-CH), *141.4 (C, C-7), 142.5 (C, C-7), *174.8 (C=O), 175.9 (C=O).
Spectroscopic data is consistent with that reported in the literature.405,406
20

23

[α] D −135.1 (c 1.00, CHCl3); Lit. [α] D −100.0 (c 0.57, MeOH).405
(S)-N-((1R,2R)-1-Hydroxy-1-phenylpropan-2-yl)-N,2-dimethylpent-4-enamide
(428b)

To a suspension of lithium chloride (6.0 g, 143.7 mmol) and diisopropylamine (7.5 mL,
53.9 mmol) in THF (30 mL) at −78 ºC was added n-butyllithium (20.0 mL, 2.5 M in
hexanes, 50 mmol). The reaction was warmed to 0 ºC for 15 min then cooled to −78 ºC. A
solution of amide 427b (5.3 g, 24.0 mmol) in THF (5 mL) was cooled to 0 ºC and added
to the LDA solution. The reaction was stirred at −78 ºC for 1 h, then at 0 ºC for 15 min
and finally at room temperature for 5 min before being cooled to 0 ºC. Allyl bromide (3.1
mL, 35.9 mmol) was added and the reaction was stirred at 0 ºC for 15 min. The reaction
was quenched with saturated aqueous ammonium chloride (50 mL) and the aqueous
phase was extracted with ethyl acetate (3 × 50 mL). The combined organic phases were
washed with brine (50 mL), dired (Na2SO4), filtered and concentrated in vacuo to give the
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title compound 428b (4.75 g, 18.2 mmol, 76% yield, 4:1 mixture of rotamers) as light
yellow oil.
1

H NMR (400 MHz, CDCl3): δH = (Signals for minor rotamer denoted with asterix) 1.00-

1.10 (m, 6 H, 2 × Me, H-15 + H-17), 2.04-2.12 (m, 1 H, CH of CH2, H-6a), *2.13-2.18
(m, 1 H, CH of CH2, H-6a), 2.29-2.40 (m, 1 H, CH of CH2, H-6b), *2.46-2.54 (m, 1 H,
CH, H-5), 2.62-2.73 (m, 1 H, CH, H-5), 2.85 (s, 3 H, NMe), *2.89 (s, 3 H, NMe), *4.044.09 (m, 1 H, CH, H-2), 4.45 (br s, 1 H, OH), 4.55-4.60 (m, 1 H, CH, H-2), 4.97 (d, J =
10.4 Hz, 1 H, CH of CH2, H-8a), 5.04 (d, J = 1.6 Hz, 1 H, CH, H-1), *5.11 (d, J = 18.0
Hz, 1 H, CH of CH2, H-8a), 5.64-5.74 (m, 1 H, CH, H-7), *5.74-5.79 (m, 1 H, CH, H-7),
7.25-7.35 (m, 5 H, 5 × CH, Ar-H).
13

C NMR (100 MHz, CDCl3): δC = (Signals for minor rotational isomer denoted with

asterix) *14.2 (Me, C-15), 14.5 (Me, C-15), 17.0 (Me, C-17), *21.1 (Me, C-17), 36.6
(NMe), 38.1 (CH2, C-6), 46.9 (CH, C-5), 61.5 (CH, C-2), 76.5 (CH, C-1), 116.5 (CH2, C8), 126.4 (2 × Ar-CH), *126.9 (2 × Ar-CH), 127.6 (Ar-CH), 128.4 (2 × Ar-CH), *128.5
(Ar-CH), 128.8 (2 × Ar-CH), 136.0 (CH, C-7), 142.5 (C, C-9), 178.4 (C=O).
Spectroscopic data is consistent with that reported in the literature.405
20.5

20

[α] D −69.9 (c 1.03, CHCl3). Lit. [α] D −74.9 (c 1.50, CHCl3).407
(S)-2-Methylpent-4-enoic acid (423b)

To a solution of amide 428b (5.4 g, 21.0 mmol) in methanol (14.0 mL) and tert-butanol
(14.0 mL) was added an aqueous solution of sodium hydroxide (3.6 g, 28 mL, 90 mmol)
and the reaction was heated to reflux for 24 h. The reaction was concentrated in vacuo
and the aqueous phase was washed with dichloromethane (2 × 50 mL). The aqueous
phase was then acidified (pH 2.0) with aqueous hydrochloric acid (1 M) and extracted
with ethyl acetate (3 × 40 mL), the combined organic extracts were dried (MgSO4),
filtered and concentrated in vacuo to give the title compound 423b (2.2 g, 19.32 mmol,
92% yield) as a dark yellow liquid.
260

1

H NMR (400 MHz, CDCl3): δH = 1.19 (d, J = 6.8 Hz, 3 H, Me), 2.17-2.24 (m, 1 H, CH

of CH2, H-3a), 2.41-2.48 (m, 1 H, CH of CH2, H-3b), 2.51-2.60 (m, 1 H, CH, H-2), 5.045.12 (m, 2 H, CH2, H-5), 5.72-5.82 (m, 1 H, CH, H-4).
13

C NMR (100 MHz, CDCl3): δC = 16.3 (Me), 37.4 (CH2, C-3), 39.2 (CH, C-2), 117.0

(CH2, C-5), 135.1 (CH, C-4), 182.7 (C=O).
Spectroscopic data was consistent with that reported in the literature.313
20.5

20

[α] D +9.3 (c 1.02, CHCl3); lit. [α] D +9.7 (c 0.4, CHCl3).313
(S)-((3S,5R)-9-(Allyl(methyl)amino)-2,2,5-trimethyl-9-oxononan-3-yl)-2-methylpent4-enoate (424b)

To a solution of acid (S)-7 (63 mg, 0.53 mmol) in benzene (2.0 mL), was added 2,4,6trichlorobenzoyl chloride (0.11 mL, 0.73 mmol) followed by Hünigs base (0.11 mL, 0.65
mmol), alcohol 6 (100 mg, 0.38 mmol) and DMAP (110 mg, 0.93 mmol). The reaction
was stirred at room temperature for 12 h, diluted with ethyl acetate (5 mL), washed with
water (2 × 5 mL), washed with brine (5 mL), dried (Na2SO4), filtered and concentrated in
vacuo. The crude product was purified by flash chromatography on silica gel eluting with
ethyl acetate-hexanes (1:1) to give the title compound 424b (120 mg, 0.35 mmol, 92%
yield, 1:1 mixture of rotamers) as a yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.87 (s, 9 H, tBu), 0.89 (dd, J = 4.4, 6.0 Hz, 3 H, Me,

H-19), 1.15 (d, J = 6.0 Hz, 3 H, Me, H-18), 1.18 (d, J = 6.8 Hz, 2 H, CH2, H-6), 1.20-1.34
(m, 2 H, CH + CH of CH2, H-5 + H-4a), 1.53-1.67 (m, 3 H, CH2 + CH of CH2, H-7 + H4b), 2.10-2.21 (m, 1 H, CH of CH2, H-15a), 2.24-2.31 (m, 2 H, CH2, H-8), 2.41-2.47 (m,
1 H, CH of CH2, H-15b), 2.48-2.57 (m, 1 H, CH, H-14), 2.91 (d, J = 4.0 Hz, 3 H, NMe),
3.88 (d, J = 6.0 Hz, 1 H, CH of CH2, H-10a), 3.99 (d, J = 6.0 Hz, 1 H, CH of CH2, H10b), 4.83 (d, J = 10.8 Hz, 1 H, CH, H-3), 5.00-5.21 (m, 4 H, 2 × CH2, H-12 + H-17),
5.68-5.80 (m, 2 H, 2 × CH, H-11 + H-16).
261

13

C NMR (100 MHz, CDCl3): δC = (Signals for minor rotational isomer signals denoted

with asterix) *16.4 (Me, C-18), 17.0 (Me, C-18), 19.02 (Me, C-19), *19.03 (Me, C-19),
*22.6 (CH2, C-7), 22.9 (CH2, C-7), *25.9 (tBu, 3 × Me), 26.0 (tBu, 3 × Me), 29.3 (CH, C5), 33.1 (NMe), *33.6 (CH2, C-8), 33.7 (CH2, C-8), 34.5 (C, C-2), *34.7 (NMe), 36.87
(CH2, C-4), *36.90 (CH2, C-4), *37.5 (CH2, C-15), 37.7 (CH2, C-15), 38.0 (CH2, C-6),
39.7 (CH, C-14), *50.0 (CH2, C-10), 52.2 (CH2, C-10), 78.15 (CH, C-3), *78.18 (CH, C3), *116.5 (CH2, C-12), 116.8 (CH2, C-12), *117.0 (CH2, C-17), 117.1 (CH2, C-17),
*132.6 (CH, C-11), 133.2 (CH, C-11), *135.3 (CH, C-16), 135.7 (CH, C-16), *172.8
(C=O, C-9), 173.3 (C=O, C-9), 175.8 (C=O, C-13).
19.7

[α] D −12.7 (c 0.99, CHCl3).
IR νmax (neat)/cm-1 2960, 1726, 1676, 1649, 1459, 1377, 1363, 1263, 1173, 1127, 1085,
931, 912.
HRMS-ESI: m/z [M + Na]+ calcd. for [C22H39NO3 + Na]+: 388.2822; found: 388.2825.
[M + K]+ calcd. for [C22H39NO3 + K]+ : 404.2562; found: 404.2560.
(3S,13R,15S,E)-15-tert-Butyl-3,8,13-trimethyl-1-oxa-8-azacyclopentadec-5-ene-2,9dione (425b)

To a solution of diene 424b (100 mg, 2.75 mmol) in degassed (Ar bubbled through
solvent) 1,2-dichloroethane (80 mL), heated to reflux was added a solution of Grubbs 2nd
generation catalyst (10 mg, 5 mol%) in 1,2-dichloroethane (1mL) and reflux was
maintained for 24 h. A second portion of Grubbs 2nd generation catalyst (10 mg, 5 mol%)
in 1,2-dichloroethane (1 mL) was added and reflux continued for a further 24 h. Solvent
was removed in vacuo and the crude product was purified by flash chromatography on
silica gel eluting with ethyl acetate-hexanes (1:1) to give the title compound 425b (59 mg,
0.17 mmol, 63% yield) as a yellow oil.
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1

H NMR (400 MHz, CDCl3): δH = 0.86 (s, 9 H, tBu), 0.89 (d, J = 5.6 Hz, 3 H, Me, H-20),

1.17-1.29 (m, 3 H, CH + CH2, H-5 + H-4), 1.22 (d, J = 7.2 Hz, 3 H, Me, H-19), 1.40 (dd,
J = 10.8, 13.6, 1 H, CH of CH2, H-6a), 1.51-1.61 (m, 1 H, CH of CH2, H-3a), 1.71-1.83
(m, 1 H, CH of CH2, H-3b), 2.01-2.12 (m, 1 H, CH of CH2, H-6b), 2.28-2.43 (m, 4 H, 2 ×
CH2, H-15 + H-2), 2.63-2.72 (m, 1 H, CH, H-14), 2.93 (s, 3 H, NMe), 3.60 (d, J = 16.4
Hz, 1 H, CH of CH2, H-18a), 4.05 (d, J = 16.4 Hz, 1 H, CH of CH2, H-18b), 4.79 (d, J =
10.4 Hz, 1 H, CH, H-7), 5.51-5.55 (m, 2 H, 2 × CH, H-16 + H-17).
13

C NMR (100 MHZ, CDCl3): δC = 17.9 (Me, C-20), 19.1 (Me, C-19), 20.5 (CH2, C-3),

25.7 (CH2, C-4), 25.8 (tBu, 3 × Me), 26.6 (CH, C-5), 29.8 (NMe), 34.2 (C, C-8), 34.6
(CH2, C-15), 35.8 (CH2, C-2), 37.5 (CH2, C-6), 40.8 (CH, C-14), 51.0 (CH2, C-18), 79.2
(CH, C-7), 127.0 (CH, C-16 or C-17), 128.2 (CH, C-16 or C-17), 172.9 (C=O), 174.6
(C=O).
19.5

[α] D −37.8 (c 1.13, CHCl3).
IR νmax (neat)/cm-1 2962, 2918, 1722, 1645, 1457, 1397, 1365, 1251, 1066, 933.
HRMS-ESI: m/z [M + K]+ calcd. for [C20H35NO3 + K]+: 376.2249; found: 376.2246.
(3S,13R,15S,E)-15-tert-Butyl-3,8,13-trimethyl-1-oxa-8-azacyclopentadec-6-ene-2,9dione (13c)

To

a

solution

of

(3S,13R,15S,E)-15-(tert-butyl)-3,8,13-trimethyl-1-oxa-8-

azacyclopentadec-5-ene-2,9-dione 425b (50 mg, 0.15 mmol) in toluene (10.0 mL) at
reflux was added a solution of carbonylchlorohydridotris(triphenylphosphine)ruthenium
(II) (20 mg, 20 mol%) in toluene (1 mL) and reflux maintained for 24 h. The solvent was
removed in vacuo and the crude product purified by flash chromatography on silica gel
eluting with ethyl acetate-hexanes (1:1) to give the title compound 13c (42 mg, 0.12
mmol, 84% yield) as a yellow oil.
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1

H NMR (400 MHz, CDCl3): δH = 0.90 (s, 9 H, tBu), 0.93 (d, J = 6.4 Hz, 3 H, Me, H-20),

1.19 (d, J = 7.2 Hz, 3 H, Me, H-19), 1.23-1.33 (m, 4 H, CH + CH2 + CH of CH2, H-5 +
H-4a + H-6), 1.56-1.8 (m, 4 H, 2 × CH2 + CH2, H-4b + H-3a + H-15), 1.83-1.92 (m, 1 H,
CH of CH2, H-3b), 2.06-2.15 (m, 1 H, CH of CH2, H-16a), 2.18-2.26 (m, 1 H, CH of
CH2, H-16b), 2.40-2.50 (m, 1 H, CH, H-14), 2.53-2.62 (m, 2 H, CH2, H-2), 3.05 (s, 3 H,
NMe), 4.85 (dd, J = 1.2, 10.4 Hz, 1 H, CH, H-7), 5.12 (dt, J = 7.2, 14.0 Hz, 1 H, CH, H17), 6.65 (d, J = 14.0 Hz, 1 H, CH, H-18).
13

C NMR (100 MHz, CDCl3): δC = 17.4 (Me, C-19), 20.5 (Me, C-20), 22.7 (CH2, C-3),

26.0 (tBu, 3 × Me), 27.1 (CH, C-5), 27.7 (NMe), 30.7 (CH2, C-16), 32.9 (CH2, C-15),
33.8 (CH2, C-2), 34.8 (C, C-8), 36.3 (CH, C-14), 36.5 (CH2, C-4), 37.9 (CH2, C-6), 78.9
(CH, C-7), 112.9 (CH, C-17), 130.9 (CH, C-18), 172.5 (C=O), 175.6 (C=O).
Spectroscopic data is consistent with that reported in the literature.292
19.5

23.2

[α] D −43.3 (c 1.04, CHCl3); Lit. [α] D −45.5 (c 0.5, CHCl3).292
IR νmax (neat)/cm-1 2961, 2931, 1723, 1674, 1641, 1461, 1382, 1366, 1335, 1176, 1081,
919, 730.
HRMS-ESI: m/z [M + H]+ calcd. for [C20H35NO3 + H]+: 338.2690; found: 338.2696.
(S)-2-tert-Butyloxirane (278b)

An excess of glacial acetic acid (0.72 mL, 12 mmol) was added dropwise at room
temperature to a suspension of (S,S)-(−)-N,N′-Bis(3,5-di-tert-butylsalicylidene)-1,2cyclohexanediaminocobalt(II) (0.72 g, 1.2 mmol, 2 mol%) in toluene (4.5 mL) and the
mixture was stirred for 30 minutes. Solvent and remaining acid were removed in vacuo,
neat racemic epoxide (XX, 6 g, 60 mmol) was added and the reaction was cooled to 0 ºC.
Water (0.6 mL, 33 mmol) was added, the reaction was allowed to warm to room
temperature and stirred for 48 h. Distillation of the crude product (110 ºC, 760 mmHg)
gave the title compound (2.67 g, 26.66 mmol, 89%) as a colourless oil.
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1

H NMR (400 MHz, CDCl3): δH = 0.90 (s, 9 H, tBu), 2.55-2.57 (m, 1 H, CH of CH2, H-

1a), 2.59-2.62 (m, 1 H, CH, H-2), 2.69-2.70 (m, 1 H, CH of CH2, H-1b).
13

C NMR (100 MHz, CDCl3): δC = 25.5 (tBu, 3 × Me), 30.5 (C, C-3), 44.0 (CH2, C-1),

60.1 (CH, C-2).
Spectroscopic data is consistent with that reported in the literature.194,195
20

20

[α] D +17.0 (c 1.51, PhH); lit. [α] D +12.8 (c 1.92, PhH).195
(R)-2,2-Dimethylhex-5-en-3-ol (444b)

To a stirred suspension of CuI (0.42 g, 2.19 mmol, 10 mol%) in THF (40 mL) at −78 ºC
was added a solution of vinylmagnesium bromide (441) in THF (35.0 mL, 1.0 M, 35.0
mmol). (S)-278b (2.19 g, 21.9 mmol) was added dropwise at −78 ºC, the solution warmed
to −25 ºC and stirred for 16 h. The solution was allowed to warm to 0 ºC and stirred for a
further 1 h, then quenched with saturated aqueous ammonium chloride. The aqueous
phase was extracted with diethyl ether (3 × 40 mL) and the combined organic extracts
dried (MgSO4) filtered and concentrated in vacuo. The crude product was purified by
flash chromatography on silica gel eluting with ethyl acetate-hexanes (1:4) to give the
title compound 444b (1.82 g, 14.2 mmol, 65% yield) as a colourless oil.
1

H NMR (400 MHz, CDCl3): δH = 0.91 (s, 9 H, tBu), 1.63 (br s, 1 H, OH), 1.93-2.02 (m,

1 H, CH of CH2, H-4a), 2.32-2.38 (m, 1 H, CH of CH2, H-4b), 3.24 (dd, J = 2.0, 10.8 Hz,
1 H, CH, H-3), 5.10-5.16 (m, 2 H, CH2, H-6), 5.80-5.91 (m, 1 H, CH, H-5).
13

C NMR (100 MHz, CDCl3): δC = 25.7 (tBu, 3 × Me), 34.6 (C, C-2), 36.5 (CH2, C-4),

78.1 (CH, C-3), 117.7 (CH2, C-6), 136.6 (CH, C-5).
Spectroscopic data is consistent with that reported in the literature.408
20

[α] D +2.6 (c 1.00, CHCl3); lit. [α] D +2.8 (c 10.0, C6H6).323

265

(R)-2,2-dimethylhex-5-en-3-yl acryate (443b)

To a solution of (R)-2,2-dimethylhex-5-en-3-ol 444b (1.82 g, 10.0 mmol) in
dichloromethane (50 mL) was added DMAP (0.35 g, 3.0 mmol, 20 mol%), Hünigs base
(12.4 mL, 70.0 mmol) and acryloyl chloride 277 (3.68 mL, 50.0 mmol) at 0 ºC. The
reaction mixture was allowed to warm to room temperature and stirred for 6 h. The
reaction was cooled to 0 ºC and quenched carefully with saturated aqueous sodium
bicarbonate (50 mL). The aqueous phase extracted with diethyl ether (3 × 25 mL) and the
combined organic extracts dried (Na2SO4), filtered, and concentrated in vacuo. The crude
product was purified by flash chromatography on silica gel eluting with ethyl acetatehexanes (1:4) to give the title compound 443b (2.48 g, 13.6 mmol, 96% yield) as a clear
oil.
1

H NMR (400 MHz, CDCl3): δH = 0.93 (s, 9 H, tBu), 2.17-2.26 (m, 1 H, CH of CH2, H-

4a), 2.37-2.43 (m, 1 H, CH of CH2, H-4b), 4.86 (dd, J = 2.8, 10.4 Hz, 1 H, CH, H-3),
4.96-5.05 (m, 2 H, CH2, H-6), 5.67-5.77 (m, 1 H, CH, H-5), 5.79 (dd, J = 1.6, 10.4 Hz, 1
H, CH of CH2, H-9a), 6.11 (dd, J = 10.4, 17.2 Hz, 1 H, CH, H-8), 6.38 (dd, J = 1.6, 17.2
Hz, 1 H, CH of CH2, H-9b).
13

C NMR (100 MHz, CDCl3): δC = 25.9 (tBu, 3 × Me), 34.6 (CH2, C-4), 34.7 (C, C-2),

79.9 (CH, C-3), 117.0 (CH2, C-6), 128.8 (CH, C-8), 130.2 (CH2, C-9), 135.1 (CH, C-5),
166.0 (C=O).
Spectroscopic data is consistent with that reported in the literature for ent-(443b).222
20

20

[α] D −19.3 (c 1.12, CHCl3); Lit. ent-(443b) [α] D +18.7 (c 7.0, n-pentane).222
IR νmax (neat)/cm-1 2964, 2873, 1724, 1641, 1480, 1469, 1403, 1367, 1295, 1270, 1188,
1047, 980, 915, 807.
HRMS-ESI: m/z [M + Na]+ calcd. for [C11H18O2 + Na]+: 205.1199; found: 205.1201.

266

(R)-6-tert-Butyl-5,6-dihydro-2H-pyran-2-one (442b)

To a solution of diene 443b (1.74 g, 9.5 mmol) in degassed (Ar bubbled through solvent)
dichloromethane (55 mL) at reflux was added a solution of Grubbs 2nd generation catalyst
(80 mg, 0.094 mmol, 1.0 mol%) in dichloromethane (2 mL) and reflux maintained for 24
h. A second portion of Grubbs 2nd generation catalyst (80 mg, 1.0 mol%) was added in
dichloromethane (2 mL) and reflux continued for a further 24 h. The solvent was
removed in vacuo and the crude product was purified by flash chromatography on silica
gel eluting with ethyl acetate-hexanes (1:4) to give the title compound 442b (1.28 g, 8.3
mmol, 87% yield) as a clear oil.
1

H NMR (400 MHz, CDCl3): δH = 0.99 (s, 9 H, tBu), 2.24-2.39 (m, 2 H, CH2, H-5), 4.06

(dd, J = 4.8, 12.0 Hz, 1 H, CH, H-6), 6.01 (dd, J = 2.4, 9.6 Hz, 1 H, CH, H-3), 6.87-6.91
(m, 1 H, CH, H-4).
13

C NMR (100 MHz, CDCl3): δC = 24.5 (CH2, C-5), 25.4 (tBu, 3 × Me), 33.8 (C, C-7),

85.2 (CH, C-6), 121.2 (CH, C-3), 145.4 (CH, C-4), 164.8 (C=O).
Spectroscopic data is consistent with that reported in the literature for ent-(442b).222
20

20

[α] D +110.7 (c 1.72, CHCl3); Lit. ent-(442b) [α] D −115.2 (c 3.5, n-pentane).15
IR νmax (neat)/cm-1 2965 2876, 1707, 1482, 1398, 1382, 1369, 1252, 1152, 1123, 1084,
1044, 1028, 962, 946, 928, 818.
HRMS-ESI: m/z [M + Na]+ calcd. for [C9H14O2 + Na]+: 177.0886; found: 177.0888.
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(4S,6R)-6-tert-Butyl-4-methyltetrahydro-2H-pyran-2-one (274c)

A suspension of CuI (0.37 g, 1.29 mmol) in diethyl ether (6 mL) was cooled to −78 ºC. A
solution of methylmagnesium bromide 440 (6.5 mL, 0.6 M in THF, 3.9 mmol) was added
and the reaction was stirred at −78 ºC for 2 h. A solution of dihydropyranone 442b (0.2 g,
1.29 mol) in diethyl ether (6 mL) was added dropwise over 1 h and the reaction mixture
was stirred at −78 ºC for a further 4 h. The reaction was quenched carefully with saturated
aqueous ammonium chloride (10 mL) and allowed to warm to room temperature. The
aqueous phase was extracted with diethyl ether (3 × 20 mL), and the combined organic
extracts were washed with brine (20 mL), dried (MgSO4), filtered and concentrated in
vacuo. The crude product was purified by flash chromatography on silica gel eluting with
ethyl acetate-hexanes (1:4) to give the title compound 274c (0.16 g, 0.94 mmol, 73%
yield) as a clear oil.
1

H NMR (400 MHz, CDCl3): δH = 0.96 (s, 9 H, tBu), 1.11 (d, J = 6.4 Hz, 3 H, Me), 1.50

(dt, J = 3.6, 14.0 Hz, 1 H, CH of CH2, H-5a), 1.81 (ddd, J = 7.2, 12.0, 14.0 Hz, 1 H, CH
of CH2, H-5b), 2.17-2.23 (m, 2 H, CH + CH of CH2, H-3a + H-4), 2.51 (dd, J = 9.2, 18.4
Hz, 1 H, CH of CH2, H-3b), 3.98 (dd, J = 3.6, 12.0 Hz, 1 H, CH, H-6).
13

C NMR (100 MHz, CDCl3): δC = 21.2 (Me), 24.0 (CH, C-4), 25.4 (tBu, 3 × Me), 29.8

(CH2, C-5), 33.9 (C, C-7), 36.9 (CH2, C-3), 83.7 (CH, C-6), 173.2 (C=O).
Spectroscopic data was consistent with that reported for ent-(274c).222,223
20

20

[α] D −38.8 (c 0.95, CHCl3); Lit. ent-(274c) [α] D +28.3 (c 3.2, Et2O).14; +46.5 (c 0.3,
CHCl3).223
IR νmax (neat)/cm-1 3339, 2962, 2874, 1724, 1629, 1481, 1452, 1399, 1369, 1244, 1166,
1122, 1100, 1073, 1046, 1000.
HRMS-ESI: m/z [M + Na]+ calcd. for [C10H18O2 + Na]+: 193.1199; found: 193.1200.
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(4S,6R)-6-tert-Butyl-4-methyltetrahydro-2H-pyran-2-ol (302b)

To a solution of lactone 274c (100 mg, 0.6 mmol) in dichloromethane (5 mL) at −78 ºC
was added DIBAL-H (1M in toluene, 0.9 mL, 0.9 mmol) and the reaction mixture stirred
for 4 h. The reaction was quenched with methanol (5 mL) and water (5 mL) and allowed
to warm to room temperature. An aqueous solution of hydrochloric acid (1M) was added
dropwise until the solution turned clear. The aqueous phase was extracted with
dichloromethane (3 × 10 mL) and the combined organic extracts washed with brine (10
mL), dried (MgSO4), filtered and concentrated in vacuo. The crude product was purified
by flash chromatography on silica gel eluting with ethyl acetate-hexanes (1:4) to give the
title compound 302b (84 mg, 0.49 mmol, 80% yield, 1:2 mixture of C-2 epimers) as a
yellow oil.
1

H NMR (400 MHz, CDCl3): δH = (Signals for minor epimer denoted with asterix) *0.87

(s, 9 H, tBu), 0.90 (s, 9 H, tBu), 1.08 (d, J = 7.6 Hz, 3 H, Me), *1.12 (d, J = 7.2 Hz, 3 H,
Me), 1.25-1.30 (m, 2 H, CH2, H-3), 1.42-1.54 (m, 2 H, CH2, H-5), *1.62-1.69 (m, 2 H,
CH2, H-3), *1.78-1.85 (m, 2 H, CH2, H-5), *2.31 (d, J = 3.2 Hz, 1 H, CH, H-4), 2.63 (d, J
= 6.0 Hz, 1 H, CH, H-4), 3.28 (dd, J = 2.0, 12.0 Hz, 1 H, CH, H-6), *3.63 (dd, J = 4.0,
11.2 Hz, 1 H, CH, H-6), 4.92 (ddd, J = 2.0, 5.6, 10.0 Hz, 1 H, CH, H-2), *5.29-5.31 (m, 1
H, CH, H-2), lactol OH not observed.
13

C NMR (100 MHz, CDCl3): δC = 18.8 (Me), 24.1 (CH, C-4), 26.0 (tBu, 3 × Me), 30.1

(CH2, C-5), 35.4 (C, C-7), 38.6 (CH2, C-3), 78.4 (CH, C-6), 93.2 (CH, C-2).
20.5

[α] D −4.5 (c 0.40, CHCl3).
IR νmax (neat)/cm-1 3372, 2947, 2869, 1480, 1457, 1395, 1366, 1320, 1259, 1177, 1123,
1082, 1043, 997, 969, 887.
HRMS-ESI: m/z [M + Na]+ calcd. for [C10H20O2 + Na]+: 195.1356; found: 195.1350.
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(5R,7R,E)-Methyl-7-hydroxy-5,8,8-trimethylnon-2-enoate (271b)

A solution of phoshonate 273 (0.37 g, 0.32 mL, 1.74 mmol) in THF (10 mL) was added
to a suspension of NaH (40 mg, 1.67 mmol) in THF (10 mL) at −78 ºC and the reaction
mixture stirred for 2 h. A solution of lactol 302b (100 mg, 0.58 mmol) in THF (10 mL)
was added, the reaction mixture stirred for 16 h and allowed to warm to room
temperature. The reaction was quenched with saturated aqueous sodium chloride (20
mL), diluted with water (20 mL), stirred for 10 min, then extracted with dichloromethane
(3 × 20 mL). The combined organic extracts were washed with brine (20 mL), dried
(MgSO4), filtered and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel eluting with ethyl acetate-hexanes (1:4) to give the title
compound 271b (88 mg, 0.39 mmol, 66% yield) as a yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.86 (s, 9 H, tBu), 0.94 (d, J = 6.8 Hz, 3 H, Me), 1.20-

1.27 (m, 1 H, CH of CH2, H-6a), 1.38 (ddd, J = 1.6, 9.2, 14.0 Hz, 1 H, CH of CH2, H-6b),
1.85-1.94 (m, 1 H, CH, H-5), 1.95-2.03 (m, 1 H, CH of CH2, H-4a), 2.31-2.38 (m, 1 H,
CH of CH2, H-4b), 3.26 (dd, J = 2.0, 9.2 Hz, 1 H, CH, H-7), 3.70 (s, 3 H, OMe), 5.81 (d,
J = 15.2 Hz, 1 H, CH, H-2), 6.95 (ddd, J = 6.8, 7.6, 15.2 Hz, 1 H, CH, H-3), OH not
observed.
13

C NMR (100 MHZ, CDCl3): δC = 20.9 (Me, C-10), 25.5 (tBu, 3 × Me), 29.6 (CH, C-5),

34.9 (C, C-8), 38.1 (CH2, C-6), 38.4 (CH2, C-4), 51.3 (OMe), 77.3 (CH, C-7), 122.2 (CH,
C-2), 148.1 (CH, C-3), 166.9 (C=O).
20.5

[α] D +38.9 (c 1.00, CHCl3).
IR νmax (neat)/cm-1 3461, 2949, 2870, 1724, 1710, 1437, 1364, 1321, 1276, 1206, 1167,
1074, 1044, 1006, 984.
HRMS-ESI: m/z [M + Na]+ calcd. for [C13H24O3 + Na]+: 251.1618; found: 251.1610.
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(5R,7R)-Methyl 7-hydroxy-5,8,8-trimethylnonanoate (316b)

A solution of (5R,7R,E)-methyl-7-hydroxy-5,8,8-trimethylnon-2-enoate 271b (100 mg,
0.42 mmol) in methanol (10 mL) was passed through an H-cube® flow reactor (20 ºC, at
20 Bar with 10 mol% Pd/C). A further 5 mL of methanol was passed through the
apparatus and the solvent was removed in vacuo to give the title compound 316b (97 mg,
0.42 mmol, ~ 100% yield) as yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.86 (s, 9 H, tBu), 0.93 (d, J = 6.8 Hz, 3 H, Me), 1.00-

1.09 (m, 1 H, CH of CH2, H-4a), 1.14-1.21 (m, 1 H, CH of CH2, H-6a), 1.35 (ddd, J =
5.6, 14.8, 16.8 Hz, 1 H, CH of CH2, H-6b), 1.40-1.49 (m, 1 H, CH of CH2, H-4b), 1.501.60 (m, 1 H, CH of CH2, H-3a), 1.62-1.73 (m, 3 H, OH + CH + CH of CH2, H-3b + H-5)
2.28 (dt, J = 6.4, 8.0 Hz, 2 H, CH2, H-2), 3.24 (dd, J = 1.6, 10.0 Hz, 1 H, CH, H-7), 3.65
(s, 3 H, OMe).
13

C NMR (100 MHz, CDCl3): δC = 20.8 (Me, C-10), 22.2 (CH2, C-3), 25.6 (tBu, 3 × Me),

29.6 (CH, C-5), 34.3 (CH2, C-2), 34.8 (CH2, C-4), 34.9 (C, C-8), 39.0 (CH2, C-6), 51.4
(OMe), 77.4 (CH, C-7), 174.2 (C=O).
19.7

[α] D +45.1 (c 1.053, CHCl3).
IR νmax (neat)/cm-1 3463, 2956, 2922, 2850, 2168, 1731, 1460, 1437, 1363, 1258, 1197,
1165, 1087, 1038, 1015, 81, 603.
HRMS-ESI: m/z [M + Na]+ calcd. for [C13H26O3 + Na]+: 253.1774; found: 253.1783.
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(5R,7R)-7-Hydroxy-5,8,8-trimethylnonanoic acid (269b)

To a solution of methyl 7-hydroxy-5,8,8-trimethylnonanoate 316b (100 mg, 0.43 mmol)
in dichloromethane/methanol (5 mL, 9:1), was added a methanolic solution of sodium
hydroxide (112 mg, in 1 mL, 2.8 mmol). After 2.5 h stirring at room temperature, the
solvents were concentrated in vacuo and residue was diluted with water (10 mL), then
washed with diethyl ether (2 × 10 mL) and the organic phases discarded. The aqueous
phase was then cooled (0 ºC) and acidified (pH 2-3) with aqueous hydrochloric acid (1
M), then extracted with dichloromethane (3 × 10 mL). The combined organic extracts
dried (MgSO4), filtered and concentrated in vacuo to give the title compound 269b (86
mg, 0.39 mmol, 91% yield) as a clear oil.
1

H NMR (400 MHz, CDCl3): δH = 0.87 (s, 9 H, tBu), 0.94 (d, J = 6.8 Hz, 3 H, Me), 1.03-

1.14 (m, 1 H, CH of CH2, H-4a) ,1.17-1.24 (m, 1 H, CH of CH2, H-6a), 1.37 (ddd, J =
2.0, 10.0, 14.4 Hz, 1 H, CH of CH2, H-6b), 1.43-1.52 (m, 1 H, CH of CH2, H-4b), 1.531.62 (m, 1 H, CH of CH2, H-3a), 1.63-1.77 (m, 2 H, CH + CH of CH2, H-3b + H-5), 2.34
(dt, J = 8.0, 14.8 Hz, 2 H, CH2, H-2), 3.28 (dd, J = 1.6, 10.0 Hz, 1 H, CH, H-7), CO2H
and OH not observed.
13

C NMR (100 MHz, CDCl3): δC = 20.8 (Me), 21.9 (CH2, C-3), 25.6 (tBu, 3 × Me), 29.6

(CH, C-5), 34.2 (CH2, C-2), 34.7 (CH2, C-4), 34.9 (C, C-8), 38.9 (CH2, C-6), 77.5 (CH,
C-7), 179.2 (C=O).
20.5

[α] D +48.1 (c 1.06, CHCl3).
IR νmax (neat)/cm-1 3297, 2963, 2933, 2875, 2511, 1672, 1468, 1424, 1396, 1366, 1336,
1308, 1273, 1184, 1125, 1106, 1077, 1053, 1030, 1007, 983, 947, 868, 846, 765.
HRMS-ESI: m/z [M + Na]+ calcd. for [C12H24O3 + Na]+: 239.1618; found: 239.1617.
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(5R,7R)-N-Allyl-7-hydroxy-N,5,8,8-tetramethylnonanamide (317c)

To a solution of (5R,7R)-7-hydroxy-5,8,8-trimethylnonanoic acid 269b (86 mg, 0.4
mmol) in dichloromethane (8.0 mL) was added HOAt (55 mg, 0.4 mmol), Nmethylallylamine (46 µL, 0.48 mmol), and EDCI (62 mg, 0.4 mmol). The reaction
mixture was stirred for 4 h and solvent was concentrated in vacuo. The crude product was
purified by flash chromatography on silica gel eluting with methanol-ethyl acetate (1:19)
to give the title compound 317c (92 mg, 0.34 mmol, 85% yield, 1:1 mixture of rotamers)
as a clear oil.
1

H NMR (400 MHz, CDCl3): δH = 0.85 (s, 9 H, tBu), 0.93 (dd, J = 3.6, 6.8 Hz, 3 H, Me),

0.99-1.12 (m, 1 H, CH, H-5), 1.16-1.23 (m, 1 H, CH of CH2, H-6a), 1.34 (ddd, J = 1.6,
9.2, 14.0 Hz, 1 H, CH of CH2, H-6b), 1.43-1.52 (m, 1 H, CH of CH2, H-4a), 1.54-1.60 (m,
1 H, CH of CH2, H-4b), 1.63-1.75 (m, 2 H, CH2, H-3), 1.89 (br s, 1 H, OH), 2.22-2.36 (m,
2 H, CH2, H-2), 2.90 (d, J = 10.8 Hz, 3 H, NMe), 3.25 (dd, J = 1.2, 10.0 Hz, 1 H, CH, H7), 3.88 (d, J = 5.2 Hz, 1 H, CH of CH2, H-10a), 3.97 (d, J = 5.2 Hz, 1 H, CH of CH2, H10b), 5.07-5.20 (m, 2 H, CH2, H-12), 5.66-5.79 (m, 1 H, CH, H-11).
13

C NMR (100 MHz, CDCl3): δC = (Signals for minor rotamers denoted with asterix)

20.9 (Me, C-13), *22.3 (CH2, C-3), 22.6 (CH2, C-3), 25.7 (tBu, 3 × Me), 29.66 (CH, C-5),
*29.73 (CH, C-5), 33.1 (C, C-8), *33.6 (CH2, C-6), 33.7 (CH2, C-6), *34.8 (NMe), 34.9
(NMe), *35.0 (CH2, C-2), 35.1 (CH2, C-2), 39.1 (CH2, C-4), *50.0 (CH2, C-10), 52.2
(CH2, C-10), *77.19 (CH, C-7), 77.21 (CH, C-7), 116.6 (CH2, C12), *117.1 (CH2, C-12),
132.7 (CH, C-11), *133.2 (CH, C-11), 172.9 (C=O), *173.4 (C=O).
19.7

[α] D +36.4 (c 1.01, CHCl3).
IR νmax (neat)/cm-1 3431, 2943, 2868, 1634, 1478, 1464, 1401, 1362, 1276, 1241, 1092,
996, 922.
HRMS-ESI: m/z [M + Na]+ calcd. for [C16H31NO2 + Na]+: 292.2247; found: 292.2250.
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(R)-(3R,5R)-9-(Allyl(methyl)amino)-2,2,5-trimethyl-9-oxononan-3-yl 2-methylpent-4enoate (424c)

To a solution of acid 423a (25 mg, 0.21 mmol) in benzene (0.75 mL) was added 2,4,6trichlorobenzoyl chloride (45 µL, 0.29 mmol) followed by Hünigs base (45 µL, 0.26
mmol), alcohol 317c (40 mg, 0.15 mmol) and DMAP (45 mg, 0.37 mmol). The reaction
was stirred at room temperature for 12 h. The reaction mixture was diluted with ethyl
acetate (5 mL), washed with water (2 × 5 mL), washed with brine (5 mL), dried
(Na2SO4), filtered and the solvent was removed in vacuo. The crude product was purified
by flash chromatography on silica gel eluting with ethyl acetate-hexanes (1:1) to give the
title compound 424c (53 mg, 0.14 mmol, 96% yield, 1:1 mixture of rotamers) as a yellow
oil.
1

H NMR (400 MHz, CDCl3): δH = 0.85 (d, J = 1.2 Hz, 9 H, tBu), 0.87 (dd, J = 2.8, 8.4

Hz, 3 H, Me, H-19), 1.00-1.10 (m, 1 H, CH of CH2, H-4a), 1.14 (ddd, J = 1.6, 2.8, 6.8 Hz,
3 H, Me, H-18), 1.25-1.33 (m, 2 H, CH2, H-6), 1.34-1.40 (m, 1 H, CH, H-5), 1.42-1.54
(m, 2 H, 2 × CH of CH2, H-4b + H-7a), 1.62-1.74 (m, 1 H, CH of CH2, H-7b), 2.09-2.16
(m, 1 H, CH of CH2, H-15a), 2.21-2.31 (m, 2 H, CH2, H-8), 2.38-2.52 (m, 2 H, CH + CH
of CH2, H-15b + H-14), 2.90 (d, J = 10.4 Hz, 3 H, NMe), 3.88 (d, J = 4.8 Hz, 1 H, CH of
CH2, H-10a), 3.96 (d, J = 5.6 Hz, 1 H, CH of CH2, H-10b), 4.77-4.81 (m, 1 H, CH, H-3),
4.98-5.19 (m, 4 H, 2 × CH2, H-12 + H-17), 5.67-5.79 (m, 2 H, 2 × CH, H-11 + H-16).
13

C NMR (100 MHz, CDCl3): δC = (Signals for minor rotational isomer denoted with

asterix) *16.90 (Me, C-18), 16.93 (Me, C-18), *20.60 (Me, C-19), 20.62 (Me, C-19), 22.1
(CH2, C-7), *22.4 (CH2, C-7), *25.91 (tBu, 3 × Me), 25.94 (tBu, 3 × Me), *29.2 (CH, C5), 29.3 (CH, C-5), 33.1 (CH2, C-8), *33.4 (CH2, C-8), *33.8 (C, C-2), 34.5 (C, C-2),
*34.58 (NMe), 34.60 (NMe), 34.9 (CH2, C-4), 37.21 (CH2, C-6), *37.24 (CH2, C-6), 37.6
(CH2, C-15), *37.7 (CH2, C-15), 39.5 (CH, C-14), *39.7 (CH, C-14), *49.9 (CH2, C-10),
52.1 (CH2, C-10), *78.26 (CH, C-3), 78.30 (CH, C-3), *116.5 (CH2, C-12), 116.7 (CH2,
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C-12), 116.8 (CH2, C-17), *116.9 (CH2, C-17), *132.7 (CH, C-11), 133.3 (CH, C-11),
135.6 (CH, C-16), 172.8 (C=O, C-1), *173.3 (C=O, C-1), 175.70 (C=O, C-13), *175.74
(C=O, C-13).
19.7

[α] D +15.7 (c 1.31, CHCl3).
IR νmax (neat)/cm-1 2939, 1726, 1675, 1648, 1460, 1415, 1396, 1377, 1332, 1264, 1222,
1173, 1128, 1107, 994, 957, 931, 912.
HRMS-ESI: m/z [M + Na]+ calcd. for [C22H39NO3 + Na]+: 388.2822; found: 388.2815.
(3R,13R,15R,E)-15-(tert-butyl)-3,8,13-trimethyl-1-oxa-8-azacyclopentadec-5-ene-2,9dione (425c)

To a solution of diene 424c (36 mg, 0.1 mmol) in degassed (Ar bubbled through solvent)
1,2-dichloroethane (30 mL) heated to reflux was added a solution of Grubbs 2nd
generation catalyst (4 mg, 5 mol%) in 1,2-dichloroethane (1mL) and reflux maintained
for 24 h. A second portion of Grubbs 2nd generation catalyst (4 mg, 5 mol%) in 1,2dichloroethane (1 mL) was added and the reflux continued for a further 24 h. Solvent was
removed in vacuo and the crude product was purified by flash chromatography on silica
gel eluting with ethyl acetate-hexanes (1:1) to give the title compound 245c (25 mg, 0.074
mmol, 74% yield)as a dark yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.84 (s, 9 H, tBu), 0.87 (dd, J = 6.0, 8.0 Hz, 3 H, Me,

H-20), 1.23 (d, J = 7.2 Hz, 4 H, CH + Me, H-5 + H-19), 1.26-1.34 (m, 1 H, CH of CH2,
H-6a), 1.39-1.51 (m, 2 H, 2 × CH of CH2, H-2a + H-4a), 1.52-1.62 (m, 2 H, 2 × CH of
CH2, H-2b + H-6b), 1.84-1.93 (m, 1 H, CH of CH2, H-4b). 2.11-2.23 (m, 2 H, 2 × CH of
CH2, H-3a + H-15a), 2.26-2.37 (m, 1 H, CH of CH2, H-3b), 2.49-2.58 (m, 1 H, CH of
CH2, H-15b), 2.66-2.74 (m, 1 H, CH, H-14), 2.97 (s, 3 H, NMe), 3.83 (d, J = 2.8 Hz, 2 H,
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CH2, H-18), 4.85 (d, J = 10.0 Hz, 1 H, CH, H-7), 5.54-5.57 (m, 2 H, 2 × CH, H-17 + H16).
13

C NMR (100 MHz, CDCl3): δC = 16.5 (Me, C-19), 20.0 (Me, C-20), 21.7 (CH2, C-4),

25.8 (C, C-8), 25.9 (tBu, 3 × Me), 27.6 (CH, C-5), 31.1 (CH2, C-3), 33.6 (CH2, C-2), 34.7
(CH2, C-15), 35.0 (NMe), 37.5 (CH2, C-6), 39.6 (CH, C-14), 51.8 (CH2, C-18), 77.0 (CH,
C-7), 127.0 (CH, C-16 or C-17), 127.6 (CH, C-16 or C-17), 173.7 (C=O, C-1), 173.9
(C=O, C-13).
19.7

[α] D −23.2 (c 1.06, CHCl3).
IR νmax (neat)/cm-1 2958, 2929, 2871, 1723, 1645, 1480, 1458, 1397, 1377, 1365, 1252,
1197, 1129, 1064, 967, 933.
HRMS-ESI: m/z [M + H]+ calcd. for [C20H35NO3 + H]+: 338.2690; found: 338.2692.
Palmyrolide A (13f)

To

a

solution

of

(3R,13R,15R,E)-15-(tert-butyl)-3,8,13-trimethyl-1-oxa-8-

azacyclopentadec-5-ene-2,9-dione 425c (9.7 mg, 0.03 mmol) in toluene (2.0 mL) at reflux
was added a solution of carbonylchlorohydridotris(triphenylphosphine)ruthenium (II) (4
mg, 20 mol%) in toluene (1 mL) and the reflux was maintained for 24 h. Solvent was
concentrated in vacuo and the crude product was purified by flash chromatography on
silica gel eluting with ethyl acetate-hexanes (1:1) to give the title compound 13f (8.5 mg,
0.025 mmol, 87% yield) as a yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 0.88 (s, 9 H, tBu), 0.90 (d, J = 6.8 Hz, 3 H, Me, H-20),

1.02-1.12 (m, 1 H, CH of CH2, H-4a), 1.21 (d, J = 7.2 Hz, 3 H, Me, H-19), 1.32-1.41 (m,
2 H, 2 × CH of CH2, H-4b + H-6a), 1.43-1.52 (m, 1 H, CH, H-5), 1.54-1.62 (m, 1 H, CH
of CH2, H-3a), 1.66 (ddd, J = 2.4, 10.8, 14.4 Hz, 1 H, CH of CH2, H-6b), 1.73-1.84 (m, 3
H, CH2 + CH of CH2, H-3b + H-15), 2.25-2.33 (m, 2 H, CH2, H-16), 2.34-2.42 (m, 2 H,
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CH2, H-2), 2.44-2.52 (m, 1 H, CH, H-14), 3.05 (s, 3 H, NMe), 4.88 (dd, J = 1.6, 10.8 Hz,
1 H, CH, H-7), 5.28 (dt, J = 7.2, 14.0 Hz, 1 H, CH, H-17), 6.47 (d, J = 14.0 Hz, 1 H, CH,
H-18).
13

C NMR (100 MHz, CDCl3): δC = 16.8 (Me, C-19), 20.6 (Me, C-20), 24.3 (CH2, C-3),

26.0 (tBu, 3 × Me), 27.0 (CH2, C-16), 29.3 (CH, C-5), 31.7 (NMe), 32.8 (CH2, C-15),
34.4 (CH2, C-2), 34.5 (CH2, C-4), 35.2 (C, C-8), 35.7 (CH2, C-6), 38.9 (CH, C-14), 77.2
(CH, C-7), 117.2 (CH, C-17), 130.6 (CH, C-18), 172.8 (C=O, C-1), 175.2 (C=O, C-13).
Spectroscopic data is consistent with that reported in the literature for isolated182 and
synthetic.291,292
19.9

[α] D

23

−27.4 (c 0.56, CHCl3); Lit. [α] D −29 (c 0.9, CHCl3)16; [α] D −27 (c 0.86,

CHCl3).291,292
IR νmax (neat)/cm-1 2958, 2927, 2872, 1726, 1674, 1643, 1461, 1414, 1382, 1366, 1315,
1204, 1192, 1171, 1121, 1076, 995, 960, 933.
HRMS-ESI: m/z [M + H]+ calcd. for [C20H35NO3 + H]+: 338.2690; found:338.2700.

5.4 Experimental Procedures: Sanctolide A
1,2-Epoxyheptane (549)

To a solution of meta-chloroperoxybenzoic acid (6.0 g, 77 %, 26.8 mmol) in
dichloromethane (70 mL) was added 1-heptene (550) (2.9 mL, 20.4 mmol) and the
reaction was stirred at room temperature for 12 h. The reaction was quenched with
saturated aqueous odium metabisulfite (50 mL), the organic phase was collected and
washed with saturated aqueous sodium carbonate (50 mL) then brine (50 mL). The
organic phase was then dried (MgSO4), filtered and concentrated in vacuo to give the title
compound 549 (2.3 g, 20.0 mmol, 98% yield) as a colourless oil.
1

H NMR (400 MHz, CDCl3): δH = 0.90 (t, J = 7.2 Hz, 3 H, Me), 1.24-1.38 (m, 4 H, 2 ×

CH2, H-4 + H-6), 1.40-1.59 (m, 4 H, 2 × CH2, H-3 + H-5), 2.46 (dd, J = 2.8, 5.2 Hz, 1 H,
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CH of CH2, H-1a), 2.75 (dd, J = 4.0, 5.2 Hz, 1 H, CH, H-2), 2.87-2.95 (m, 1 H, CH of
CH2, H-1b).
13

C NMR (100 MHz, CDCl3): δC = 14.0 (Me), 22.6 (CH2, C-6), 25.6 (CH2, C-4), 31.6

(CH2, C-5), 32.5 (CH2, C-3), 47.1 (CH2, C-1), 52.4 (CH, C-2).
Spectroscopic data is consistent with that reported in the literature.409
(2S)-1,2-Epoxyheptane (549a)

Following the procedure outlined by Jacobsen et al.194
Glacial acetic acid (1.28 mL, 20.4 mmol) was added dropwise to a solution of (S,S)-N,N’bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamino-cobalt(II) (1.20 g, 2.0 mmol,
2.5 mol%) in toluene (19.0 mL) the mixture was stirred at room temperature for 2 h and a
colour change from red to brown was observed. Solvent and remaining acid was removed
in vacuo and 1,2-epoxyheptane 549 (9.32 g, 82.0 mmol) was added, the reaction was
cooled to 0 ºC and water (0.81 mL, 45.0 mmol) was added dropwise, the reaction was
allowed to warm to room temperature and stirred for 48 h. The crude product was purified
by distillation (70-80 ºC, 760 mmHg) to give title compound 549a (4.66 g, 0.041 mmol,
86% yield) as a colourless oil.
1

H NMR (400 MHz, CDCl3): δH = 0.90 (t, J = 7.2 Hz, 3 H, Me), 1.24-1.38 (m, 4 H, 2 ×

CH2, H-6 + H-4), 1.40-1.59 (m, 4 H, 2 × CH2, H-3 + H-5), 2.46 (dd, J = 2.8, 5.2 Hz, 1 H,
CH of CH2, H-1a), 2.75 (dd, J = 4.0, 5.2 Hz, 1 H , CH, H-2), 2.87-2.95 (m, 1 H, CH of
CH2, H-1b).
13

C NMR (100 MHz, CDCl3): δC = 14.0 (Me), 22.6 (CH2, C-6), 25.6 (CH2, C-4), 31.6

(CH2, C-5), 32.5 (CH2, C-3), 47.1 (CH2, C-1), 52.4 (CH, C-2).
Spectroscopic data is consistent with that reported in the literature for racemic
compound.409
19

20

[α] D −11.9 (c 0.75, CHCl3); Lit. [α] D −9.5 (c 1.0, CHCl3).378
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(4S)-1-Nonen-4-ol (500)

To a stirred suspension of copper iodide (0.25 g, 1.31 mmol, 15 mol%) in tetrahydrofuran
(20 mL) at −78 ºC was added a solution of vinylmagnesium bromide 441 (17.5 mL, 1.0
M in THF, 17.5 mmol). (2S)-1,2-epoxyheptane 549a (1.00 g, 8.76 mmol) was added,
reaction was warmed to −25 ºC and stirred for 16 h. The solution was warmed to 0 ºC and
stirred for a further 1 h, then quenched with saturated aqueous ammonium chloride (25
mL). The aqueous phase was extracted with diethyl ether (2 × 25 mL) and the combined
organic extracts washed with brine (25 mL), dried (MgSO4), filtered and concentrated in
vacuo. The crude product was purified by flash chromatography on silica gel eluting with
ethyl acetate-hexanes (1:9) to give the title compound 500 (1.10 g, 7.76 mmol, 88% yield)
as a colourless oil.
1

H NMR (400 MHz, CDCl3): δH = 0.89 (t, J = 6.8 Hz, 3 H, Me), 1.23-1.38 (m, 5 H, 2 ×

CH2 + CH of CH2, H-8 + H-7 + H-6a), 1.40-1.51 (m, 3 H, CH2 + CH of CH2, H-5 + H6b), 1.60 (Br s, 1 H, OH), 2.14 (ddd, J = 7.6, 7.6, 14.0 Hz, 1 H, CH of CH2, H-3a), 2.272.33 (m, 1 H, CH of CH2, H-3b), 3.60-3.70 (m, 1 H, CH, H-4), 5.11 (s, 1 H, CH of CH2,
H-1a), 5.15 (d, J = 3.2 Hz, 1 H, CH of CH2, H-1b), 5.78-5.88 (m, 1 H, CH, H-2).
13

C NMR (100 MHz, CDCl3): δC = 14.0 (Me), 22.6 (CH2, C-8), 25.3 (CH2, C-6), 31.8

(CH2, C-7), 36.8 (CH2, C-5), 41.9 (CH2, C-3), 70.7 (CH, C-4), 118.0 (CH2, C-1), 134.9
(CH, C-2).
Spectroscopic data is consistent with that reported in the literature.351,410,411
19

16

[α] D −8.28 (c 1.15, CHCl3); Lit. [α] D −9.0 (c 1.5, CHCl3).351
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(S)-4-Methoxynon-1-ene (501)

Following the procedure outlined by De Oliveira et al.412
A solution of (4S)-1-nonen-4-ol 500 (2.9 g, 20.0 mmol) in tetrahydrofuran (10 mL) was
added dropwise to a suspension of sodium hydride (1.7 g, 70 % in mineral oil, 40.0
mmol) in tetrahydrofuran (60 mL) at 0 ºC. The mixture was stirred at 0 ºC for 4 h then
allowed to warm to room temperature. Methyl iodide (3.7 mL, 60.0 mmol) was added
dropwise and the reaction mixture was stirred for a further 12 h. The reaction was cooled
to 0 ºC and quenched carefully with saturated aqueous ammonium chloride (25 mL). The
aqueous phase was extracted with diethyl ether (3 × 25 mL) and the combined organic
extracts washed with brine (25 mL), dried (Na2SO4), filtered, and concentrated in vacuo.
The crude product was purified by flash chromatography on silica gel eluting with ethyl
acetate-hexanes (1:9) to give the title compound 501 (3.04 g, 19.5 mmol, 98% yield) as a
colourless oil.
1

H NMR (400 MHz, CDCl3): δH = 0.88 (t, J = 6.4 Hz, 3 H, Me), 1.22-1.41 (m, 6 H, 3 ×

CH2, H-6 + H-7 + H-8), 1.43-1.50 (m, 2 H, CH2, H-5), 2.25 (dd, J = 6.8, 6.8 Hz, 2 H,
CH2, H-3), 3.19 (m, 1 H, CH, H-4), 3.33 (s, 3 H, OMe), 5.04 (d, J = 8.4 Hz, 1 H, CH of
CH2, H-1a), 5.06 (d, J = 15.6 Hz, 1 H, CH of CH2, H-1b), 5.76-5.86 (m, 1 H, CH, H-2).
13

C NMR (100 MHz, CDCl3): δC = 14.0 (Me), 22.6 (CH2, C-8), 24.9 (CH2, C-6), 32.0

(CH2, C-7), 33.3 (CH2, C-5), 37.8 (CH2, C-3), 56.5 (OMe), 80.5 (CH, C-4), 116.7 (CH2,
C-1), 135.0 (CH, C-2).
Spectroscopic data is consistent with that reported in the literature.351
19

16

16

[α] D −11.7 (c 1.50, CHCl3); Lit. [α] D −11.4 (c 1.0, CHCl3).329; Lit. [α] D −12.0 (c 1.4,
CHCl3).351
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(4S)-Methoxy-1,2-Epoxynonane (548)

To a solution of meta-chloroperoxybenzoic acid (3.40 g, 77%, 15.0 mmol) in
dichloromethane (40 mL) was added (S)-4-methoxynon-1-ene 501 (2.00 g, 13.0 mmol)
and the reaction stirred at room temperature for 12 h. The reaction was quenched with
saturated aqueous sodium metabisulfite (25 mL), the organic phase was collected and
washed with saturated aqueous sodium carbonate (25 mL) then brine (25 mL). The
organic phase was dried (MgSO4), filtered and concentrated in vacuo to give the title
compound 548 (2.20 g, 11.7 mmol, 92% yield) as a colourless oil.
1

H NMR (400 MHz, CDCl3): δH = (50:50 mix of diastereomers*) 0.88 (t, J = 6.8 Hz, 3 H,

Me), 1.23-1.40 (m, 6 H, 3 × CH2, H-8 + H-6 + H-7), 1.41-1.62 (m, 2 H, CH2, H-5), 1.631.80 (m, 2 H, CH2, H-3), 2.47 (dd, J = 2.4, 4.4 Hz, 1 H, CH of CH2, H-1a), *2.48 (dd, J =
2.4, 4.4 Hz, 1 H, CH of CH2, H-1a), 2.76 (dd, J = 5.2, 12.8 Hz, 1 H, CH of CH2, H-1b),
*2.79 (dd, J = 5.2, 12.8 Hz, 1 H, CH of CH2, H-1b), 2.96-3.07 (m, 1 H, CH, H-2), *3.33
(s, 3 H, OMe), 3.37 (s, 3 H, OMe).
13

C NMR (100 MHz, CDCl3): δC = (Diastereotopic peaks denoted with asterix) 14.0

(Me), 22.6 (CH2, C-8), 24.8 (CH2, C-6), *24.9 (CH2, C-6), *31.95 (CH2, C-7), 31.97
(CH2, C-7), *33.7 (CH2, C-5), 34.0 (CH2, C-5), *36.3 (CH2, C-3), 37.4 (CH2, C-3), *46.8
(CH2, C-1), 47.5 (CH2, C-1), *49.5 (CH, C-2), 49.8 (CH, C-2), *56.4 (OMe), 57.0 (OMe),
*78.8 (CH, C-4), 78.9 (CH, C-4).
IR νmax (neat)/cm-1 2927, 2857, 1772, 1726, 1459, 1257, 1215, 1092, 920, 840, 751, 728.
HRMS-ESI: m/z [M + Na]+ calcd. for [C10H20O2 + Na]+: 195.1356; found: 195.1361.
(4S)-Methoxy-(2R)-1,2-epoxynonane (548a)
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Glacial acetic acid (0.54 mL, 8.5 mmol) was added dropwise to a solution of (R,R)-N,N’bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamino-cobalt(II) (0.50 g, 0.83 mmol,
4 mol%) in toluene (6.8 mL), the mixture was stirred at room temperature for 2 h and a
colour change from red to brown was observed. Solvent and remaining acid was removed
in vacuo and (4S)-methoxy-1,2-epoxynonane 548 (3.5 g, 20.0 mmol) added. The reaction
was cooled to 0 ºC, water (0.2 mL, 11.0 mmol) was added dropwise the mixture was
allowed to warm to room temperature and stirred for 48 h. The crude product was purified
by flash chromatography on silica gel eluting with ethyl acetate-hexanes (1:9) to give the
title compound 548a (1.21 g, 7.0 mmol, 70% yield) as a colourless oil.
1

H NMR (400 MHz, CDCl3): δH = 0.88 (t, J = 6.8 Hz, 3 H, Me), 1.23-1.39 (m, 6 H, 3 ×

CH2, H-6 + H-7 + H-8), 1.43-1.61 (m, 3 H, CH2 + CH of CH2, H-5 + H-3a), 1.70-1.78
(m, 1 H, CH of CH2, H-3b), 2.48 (dd, J = 2.8, 5.2 Hz, 1 H, CH of CH2, H-1a), 2.80 (dd, J
= 4.0, 5.2 Hz, 1 H, CH of CH2, H-1b), 3.02-3.08 (m, 1 H, CH, H-4), 3.34-3.40 (m, 1 H,
CH, H-2), 3.38 (s, 3 H, OMe).
13

C NMR (100 MHz, CDCl3): δC = 14.0 (Me), 22.6 (CH2, C-8), 24.7 (CH2, C-6), 32.0

(CH2, C-7), 33.9 (CH2, C-5), 37.4 (CH2, C-3), 47.5 (CH2, C-1), 49.8 (CH, C-4), 56.9
(OMe), 78.9 (CH, C-2).
19.7

[α] D +28.6 (c 0.57, CHCl3).
IR νmax (neat)/cm-1 2929, 2859, 1729, 1459, 1257, 1092, 922, 852, 751, 673.
HRMS-ESI: m/z [M + Na]+ calcd. for [C10H20O2 + Na]+: 195.1356; found: 195.1348.
(4S,6S)-6-Methoxyundec-1-en-4-ol (497a)

To a stirred suspension of copper iodide (0.025 mg, 0.13 mmol, 15 mol%) in diethyl ether
(1.5 mL) at −78 ºC was added a solution of vinylmagnesium bromide 441 (1.4 mL, 1.0 M
in THF, 1.4 mmol). A solution of (4S)-methoxy-(2R)-1,2-epoxynonane 548a (0.15 g, 0.87
mmol) in diethyl ether (1.3 mL) was added dropwise and the reaction was warmed to −25
ºC and stirred for 16 h. The reaction mixture was warmed to 0 ºC and stirred for a further
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1 h, then quenched with saturated aqueous ammonium chloride (5 mL). The aqueous
phase was extracted with diethyl ether (2 × 5 mL) and the combined organic phases
washed with brine (5 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude
product was purified by flash chromatography on silica gel eluting with ethyl acetatehexanes (1:9) to give the title compound 497a (0.16 g, 0.80 mmol, 93% yield) as a
colourless oil.
1

H NMR (400 MHz, CDCl3): δH = 0.89 (t, J = 6.8 Hz, 3 H, Me), 1.25-1.35 (m, 6 H, 3 ×

CH2, H-8 + H-9 + H-10), 1.40-1.51 (m, 1 H, CH of CH2, H-5a), 1.55-1.71 (m, 3 H, CH +
CH of CH2, H-5b + H-7), 2.24 (dt, J = 1.2, 7.2 Hz, 2 H, CH2, H-3), 2.89 (br s, 1 H, OH),
3.37 (s, 3 H, OMe), 3.44-3.50 (m, 1 H, CH, H-6), 3.90-3.98 (m, 1 H, CH, H-4), 5.04-5.15
(m, 2 H, CH2, H-1), 5.84 (ddt, J = 7.2, 10.4, 14.4 Hz, 1 H, CH, H-2).
13

C NMR (100 MHz, CDCl3): δC = 14.0 (Me), 22.6 (CH2, C-10), 25.0 (CH2, C-8), 32.0

(CH2, C-9), 33.0 (CH2, C-7), 38.9 (CH2, C-5), 42.2 (CH2, C-3), 56.8 (OMe), 67.9 (CH, C4), 79.3 (CH, C-6), 117.5 (CH2, C-1), 135.0 (CH, C-2).
Spectroscopic data is consistent with that reported in the literature.329
20

[α] D +29.4 (c 1.13, CHCl3); Lit. [α] D +25.1 (c 1.2, CHCl3).329
(4S,6S)-6-Methoxyundec-1-en-4-yl methacrylate (566)

A solution of (4S,6S)-6-methoxyundec-1-en-4-ol 497a (0.85 g, 4.24 mmol) in
dichloromethane (25 mL) was added to DMAP (0.10 g, 20 mol%, 0.85 mmol) under an
argon atmosphere. The mixture was cooled to 0 ºC, Hünig’s base (4.0 mL, 21.2 mmol)
was added and the reaction was stirred for 1 h. Freshly distilled methacryloyl chloride
(5.1 mL, 50.9 mmol) was added dropwise, the reaction was allowed to warm to room
temperature and stirred for 12 h. The reaction was then cooled to 0 ºC and quenched
carefully with saturated aqueous sodium bicarbonate (10 mL). The aqueous phase was
extracted with diethyl ether (3 × 10 mL) and the combined organic extracts dried
(Na2SO4), filtered, and concentrated in vacuo. The crude product was purified by flash
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chromatography on silica gel eluting with ethyl acetate-hexanes (1:19) to give the title
compound 566 (0.98 g, 3.70 mmol, 86% yield) as a clear oil.
1

H NMR (400 MHz, CDCl3): δH = 0.88 (t, J = 6.8 Hz, 3 H, Me, H-11), 1.23-1.33 (m, 6 H,

3 × CH2, H-8 + H-9 + H-10), 1.37-1.46 (m, 1 H , CH of CH2, H-5a), 1.47-1.56 (m, 1 H,
CH of CH2, H-5b), 1.63-1.73 (m, 2 H, CH2, H-7), 1.93 (dd, J = 1.2, 1.6 Hz, 3 H, Me, H15), 2.30-2.42 (m, 2 H, CH2, H-9), 3.09-3.19 (m, 1 H, CH, H-6), 3.28 (s, 3 H, OMe),
5.03-5.10 (m, 2 H, CH2, H-1), 5.15-5.21 (m, 1 H, CH, H-8), 5.52 (t, J = 1.6 Hz, 1 H, CH
of CH2, H-14a), 5.71-5.81 (m, 1 H, CH, H-2), 6.08 (s, 1 H, CH of CH2, H-14b).
13

C NMR (100 MHz, CDCl3): δC = 14.0 (Me, C-11), 18.3 (Me, C-15), 22.6 (CH2, C-10),

24.6 (CH2, C-9), 32.0 (CH2, C-8), 33.6 (CH2, C-7), 36.7 (CH2, C-5), 39.4 (CH2, C-3),
56.9 (OMe), 71.0 (CH, C-4), 77.6 (CH, C-6), 117.8 (CH2, C-1), 124.9 (CH2, C-14), 133.5
(CH, C-2), 136.7 (C, C-13), 166.9 (C=O).
19.7

[α] D +40.4 (c 1.04, CHCl3).
IR νmax (neat)/cm-1 2929, 2860, 1715, 1638, 1453, 1377, 1318, 1294, 1164, 1093, 937,
812, 693.
HRMS-ESI: m/z [M + Na]+ calcd. for [C16H28O3 + Na]+: 291.1931; found: 291.1920.
(S)-6-((S)-2-Methoxyheptyl)-3-methyl-5,6-dihydro-2H-pyran-2-one (496)

To a solution of diene 556 (0.10 g, 3.7 mmol) in toluene (15 mL) at reflux was added a
solution of Grubbs 2nd generation catalyst (0.015 mg, 0.017 mmol, 5 mol%) in toluene (5
mL) and reflux was maintained for 24 h. A second portion of Grubbs 2nd generation
catalyst (0.015 mg, 5 mol%) in toluene (5 mL) was added to the reaction and reflux was
continued for 24 h. The reaction mixture was concentrated in vacuo and the crude product
was purified by flash chromatography on silica gel eluting with ethyl acetate-hexanes
(1:4) to give the title compound 496 (0.06 g, 2.5 mmol, 67% yield) as a clear oil.
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1

H NMR (400 MHz, CDCl3): δH = 0.88 (t, J = 6.4 Hz, 3 H, Me, H-13), 1.24-1.34 (m, 6 H,

3 × CH2, H-10 + H-11 + H-12), 1.37-1.47 (m, 1 H, CH of CH2, H-9a), 1.49-1.56 (m, 1 H,
CH of CH2, H-9b), 1.61 (ddd, J = 2.8, 10.4, 14.8 Hz, 1 H, CH of CH2, H-7a), 1.85 (ddd, J
= 2.4, 9.6, 14.8 Hz, 1 H, CH of CH2, H-7b), 1.91 (dd, J = 1.6, 3.6 Hz, 3 H, Me, H-14),
2.23-2.32 (m, 2 H, CH2, H-5), 3.35 (s, 3 H, OMe), 3.48-3.56 (m, 1 H, CH, H-8), 4.544.65 (m, 1 H, CH, H-6), 6.53-6.59 (m, 1 H, CH, H-4).
13

C NMR (100 MHz, CDCl3): δC = 13.9 (Me, C-13), 17.0 (Me, C-14), 22.5 (CH2, C-12),

24.2 (CH2, C-10), 30.4 (CH2, C-5), 32.0 (CH2, C-11), 33.4 (CH2, C-9), 40.4 (CH2, C-7),
57.0 (OMe), 75.0 (CH, C-6), 76.3 (CH, C-8), 128.3 (C, C-3), 139.1 (CH, C-4), 166.09
(C=O).
19.7

[α] D −2.36 (c 1.14, CHCl3).
IR νmax (neat)/cm-1 2956, 2929, 2858, 1707, 1458, 1377, 1136, 1085, 995, 912, 866, 662.
HRMS-ESI: m/z [M + Na]+ calcd. for [C14H24O3 + Na]+: 263.1618; found: 263.1618.
(3S,6S)-6-((S)-2-Methoxyheptyl)-3-methyltetrahydro-2H-pyran-2-one (495a)

A solution of dihydropyranone 496 (0.066 g, 0.27 mmol) in ethyl acetate (10 mL) was
passed through an H-cube® flow reactor (30 ºC, at 30 Bar with 10 mol% Pd/C cartrige).
Additional ethyl acetate (5 mL) was passed through the apparatus and solvent was
removed in vacuo to give the title compound 495a (0.066 g, 0.27 mmol, ~100% yield) as
a colourless oil.
1

H NMR (400 MHz, CDCl3): δH = 0.89 (t, J = 6.4 Hz, 3 H, Me, H-13), 1.21 (d, J = 6.8

Hz, 3 H, Me, H-14), 1.24-1.37(m, 6 H, 3 × CH2, H-10 + H-11 + H-12), 1.47-1.75 (m, 5 H,
CH2 + 3 × CH of CH2, H-9 + H-4a + H-5a + H-7a), 1.85-1.93 (m, 1 H, CH of CH2, H4b), 1.94-2.06 (m, 1 H , CH of CH2, H-7b), 2.05-2.14 (m, 1 H, CH of CH2, H-5b), 2.562.69 (m, 1 H, CH, H-3), 3.34 (s, 3 H, OMe), 3.46-3.55 (m, 1 H, CH, H-8), 4.50-4.57 (m, 1
H, CH, H-6).
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13

C NMR (100 MHz, CDCl3): δC = 14.0 (Me, C-13), 16.1 (Me, C-14), 22.6 (CH2, C-12),

24.3 (CH2, C10), 25.7 (CH2, C-11), 27.3 (CH2, C-5), 32.1 (CH2, C-4), 33.1 (CH, C-3),
33.4 (CH2, C-9), 40.9 (CH2, C-7), 57.0 (OMe), 74.8 (CH, C-8), 76.5 (CH, C-6), 176.5
(C=O).
20

[α] D +7.9 (c 1.02, CHCl3).
IR νmax (neat)/cm-1 2917, 2849, 1729, 1462, 1378, 1242, 1188, 1085, 1049, 1023, 914,
731, 646.
HRMS-ESI: m/z [M + Na]+ calcd. for [C14H26O3 + Na]+: 265.1774; found: 265.1782.
(2S,5S,7S)-N-Allyl-5-hydroxy-7-methoxy-N,2-dimethyldodecanamide (491)

Trimethylaluminium (0.070 mL, 2 M in toluene, 0.14 mmol) was added dropwise to a
solution of N-methylallylamine (0.015 mL, 0.16 mmol) in dichloromethane (0.3 mL). The
mixture was stirred for 30 min and added via syringe to a solution of lactone 495a (0.020
g, 0.08 mmol) in dichloromethane (0.3 mL). The reaction was heated to 40 °C and stirred
for 24 h before a second aliquot of trimethylaluminium (0.070 mL, 2 M in toluene, 0.14
mmol) and N-methylallylamine (0.015 mL, 0.16 mmol) in dichloromethane (0.3 mL) was
added and the reaction was stirred for a further 24 h. The reaction was quenched carefully
with an aqueous hydrochloric acid (1M, 2.0 mL) and the aqueous phase was extracted
with dichloromethane (3 × 2 mL). The combined organic extracts were washed with brine
(5 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude product was
purified by flash chromatography on silica gel eluting with ethyl acetate-methanol (99:1)
to give the title compound 491 (0.015 g, 0.050 mmol, 63% yield, 50:50 mixture of
rotamers) as a clear oil.
1

H NMR (300 MHz, CDCl3): δH = 0.89 (t, J = 8.4 Hz, 3 H, Me, H-12), 1.11 (dd, J = 4.8,

9.2 Hz, 3 H, Me, H-13), 1.22-1.35 (m, 6 H, 3 × CH2, H-9 + H-10 + H-11), 1.38-1.69 (m,
7 H, 3 × CH2 + CH of CH2, H-8 + H-6 + H-4 + H-3a), 1.74-1.92 (m, 1 H, CH of CH2, H286

3b), 2.56-2.78 (m, 1 H, CH, H-2), 2.93 (d, J = 4.8 Hz, 3 H, NMe), *2.98 (d, J = 4.8 Hz, 3
H, NMe), 3.34 (s, 3 H, OMe), 3.41-3.49 (m, 1 H, CH, H-7), 3.73-3.88 (m, 1 H, CH, H-5),
3.91-4.04 (m, 2 H, CH2, H-15), 5.09-5.23 (m, 2 H, CH2, H-17), 5.67-5.85 (m, 1 H, CH,
H-16).
13

C NMR (75MHz, CDCl3): δC = (Rotamer signals denoted by asterix) 14.0 (Me, C-12),

18.0 (Me, C-13), *18.6 (Me, C-13), 22.6 (CH2, C-11), 25.1 (CH2, C-9), 29.9 (CH2, C-3),
*30.2 (CH2, C-3), 32.0 (CH2, C-10), 32.9 (CH2, C-4), *33.0 (CH2, C-4), 33.8 (NMe),
*34.7 (NMe), 35.7 (CH2, C-8), *35.7 (CH2, C-8), *35.9 (CH, C-2), 36.0 (CH, C-2), *39.3
(CH2, C-6), 39.5 (CH2, C-6), *50.2 (CH2, C-15), 52.0 (CH2, C-15), 56.7 (OMe), *68.0
(CH, C-5), 68.6 (CH, C-5), *79.4 (CH, C-7), 79.5 (CH, C-7), *116.6 (CH2, C-17), 117.0
(CH2, C-17), *133.1 (CH, C-16), 133.2 (CH, C-16), 162.3 (C=O).
20

[α] D +20.5 (c 1.13, CHCl3).
IR νmax (neat)/cm-1 3422, 2930, 1736, 1626, 1463, 1404, 1373, 1265, 1089, 924.
HRMS-ESI: m/z [M + Na]+ calcd. for [C18H35NO3 + Na]+: 336.2509; found: 336.2521.
(S)-2-Hydroxy-3-methylbutanoic acid (343)

Following the procedure outlined by Li et al.389
L-Valine

343 (8.00 g, 68.0 mmol) was placed in a 3-neck flask with two addition funnels

attached, water (50 mL) was added and the suspension was cooled to 0 ºC. Aqueous
sulfuric acid (37.5 mL, 2 M, 75.0 mmol) was added dropwise from one addition funnel
until valine 343 was completely dissolved, at which stage dropwise addition of aqueous
sodium nitrate (5.17 g, 37.5 mL, 2 M, 75.0 mmol) began. Addition speed of the acid
solution was adjusted to match that of the sodium nitrate until addition of both solutions
was complete. The reaction was stirred at 0 ºC for 3 h then allowed to warm to room
temperature and stirred for 24 h. The reaction mixture was extracted with ethyl acetate (5
× 30 mL), the combined organic extracts where washed with brine (100 mL), dried
(Na2SO4), filtered and concentrated in vacuo. The crude product was recrystalised from
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diethyl ether and hexanes to give the title compound 493 (6.70 g, 57.0 mmol, 84% yield)
as a crystalline white solid.
M.P. 64-66 ºC.; Lit. 65-66 ºC.
1

H NMR (400 MHz, CDCl3): δH = 0.93 (d, J = 7.2 Hz, 3 H, Me), 1.07 (d, J = 7.2 Hz, 3 H,

Me), 2.13-2.21 (m, 1 H, CH, H-3), 4.15 (d, J = 3.6 Hz, 1 H, CH, H-2), OH peaks not
observed.
13

C NMR (100 MHz, CDCl3): δC = 15.9 (Me), 18.8 (Me), 32.0 (CH, C-3), 74.8 (CH, C-

2), 178.8 (C=O).
Spectroscopic data is consistent with that reported in the literature.389
20

[α] D +18.67 (c 0.97, CHCl3); Lit. [α] D +19 (c 2.08, CHCl3).389
(S)-2-(Acryloyloxy)-3-methylbutanoic acid (492)

To a solution of (S)-2-hydroxy-3-methylbutanoic acid (493) (0.50 g, 4.2 mmol) in
dichloromethane (25 mL) was added triethylamine (3.0 mL, 20 mmol) and the reaction
was cooled to 0 ºC. Acryloyl chloride (1.0 mL, 12.0 mmol) was added dropwise, the
reaction mixture was allowed to warm to room temperature and stirred for 12 h. The
reaction was quenched with saturated aqueous sodium bicarbonate (25 mL) and the
aqueous phase was washed with dichloromethane (2 × 25 mL). The aqueous layer was
acidified to pH 2.0 with aqueous hydrochloric acid (1 M) and extracted with
dichloromethane (3 × 25 mL). The combined organic extracts were washed with brine (25
mL), dried (MgSO4), filtered and concentrated in vacuo to give title compound 492 (0.57
g, 3.3 mmol, 79% yield) as a viscous yellow oil.
1

H NMR (400 MHz, CDCl3): δH = 1.04 (d, J = 3.6 Hz, 3 H, Me), 1.07 (d, J = 3.6 Hz, 3 H,

Me), 2.29-2.37 (m, 1 H, CH, H-3), 4.98 (d, J = 4.4 Hz, 1 H, CH, H-2), 5.92 (dd, J = 1.2,
10.4 Hz, 1 H, CH of CH2, H-7a), 6.21 (dd, J = 10.4, 17.2 Hz, 1 H, CH, H-6), 6.49 (dd, J =
1.2, 17.2 Hz, 1 H, CH of CH2, H-7b), 8.55 (br s, 1 H, OH).
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13

C NMR (100 MHz, CDCl3): δC = 17.1 (Me), 18.8 (Me), 30.1 (CH, C-3), 76.3 (CH, C-

2), 127.5 (CH, C-6), 131.9 (CH2, C-7), 165.7 (C=O, C-5), 175.1 (C=O, C-1).
20

[α] D −20.8 (c 1.06, CHCl3).
IR νmax (neat)/cm-1 2971, 2939, 1713, 1635, 1466, 1407, 1256, 1184, 1129, 1059, 1017,
982, 947, 810.
HRMS-ESI: m/z [M + Na]+ calcd. for [C8H12O4 + Na]+: 195.0628; found: 195.0626.
(S)-(2S,5S,7S)-1-(Allyl(methyl)amino)-7-methoxy-2-methyl-1-oxododecan-5-yl-2(acryloyloxy)-3-methylbutanoate (490)

To a solution of (S)-2-(acryloyloxy)-3-methylbutanoic acid (492) (12.0 mg, 0.058 mmol)
in benzene (0.1 mL) was added 2,4,6-trichlorobenzoyl chloride (11.0 μL, 0.07 mmol),
Hünig’s base (14.0 μL, 0.079 mmol), a solution of alcohol 491 (11.0 mg, 0.035 mmol) in
benzene (0.15 mL) and DMAP (14.0 mg, 0.12 mmol) and the reaction was stirred at room
temperature for 6 h. The reaction was diluted with ethyl acetate (5 mL) and washed with
saturated aqueous sodium bicarbonate (5 mL), hydrochloric acid (1 M, 5 mL) and brine (5
mL). The organic phase was dried (MgSO4), filtered and concentrated in vacuo. The
crude product was purified by flash chromatography on silica gel eluting with ethyl
acetate-hexane (1:1) to give the title compound (0.015 g, 0.032 mmol, 92% yield) as a
colourless oil.
1

H NMR (400 MHz, CDCl3): δH = 0.89 (t, J = 6.8 Hz, 3 H, Me, H-12), 1.01 (d, J = 5.6

Hz, 3 H, Me), 1.05 (d, J = 5.6 Hz, 3 H, Me), 1.08 (d, J = 4.8 Hz, 3 H, Me, H-27), *1.10
(d, J = 4.8 Hz, 3 H, Me, H-27), 1.20-1.35 (m, 7 H, CH of CH2 + 3 × CH2, H-9 + H-10 +
H-11 + H-8a), 1.35-1.46 (m, 2 H, 2 × CH of CH2, H-8b + H-4a), 1.48-1.65 (m, 5 H, CH
of CH2 + 2 × CH2, H-4b + H-3 + H-6), 1.69-1.78 (m, 1 H, CH, H-2), 2.23-2.32 (m, 1 H,
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CH, H-7), 2.56-2.77 (m, 1 H, CH, H-16), 2.92 (s, 3 H, NMe), *2.98 (s, 3 H, NMe), 3.043.11 (m, 1 H, CH, H-5), 3.29 (s, 3 H, OMe), 3.91-4.00 (m, 2 H, CH2, H-23), 4.88 (dd, J =
4.0, 7.2 Hz, 1 H, CH, H-15), 5.09-5.21 (m, 2 H, CH2, H-25), 5.68-5.83 (m, 1 H, CH, H24), 5.89 (dd, J = 1.6, 10.4 Hz, 1 H, CH of CH2, H-21a), 6.15-6.24 (m, 1 H, CH, H-20),
6.46 (dd, J = 1.6, 10.4 Hz, 1 H, CH of CH2, H-21b).
13

C NMR (75MHz, CDCl3): δC = (Rotamer signals denoted by asterix) 14.0 (Me, C-12),

17.2 (Me, C-17a), 17.3 (Me, C-27), *18.0 (Me, C-27), 19.0 (Me, C-17b), 22.6 (CH2, C11), 24.6 (CH2, C-9), 29.0 (CH2, C-3), *29.4 (CH2, C-3), 30.1 (CH, C-16), 32.0 (CH2, C4), *32.4 (CH2, C-4), 32.5 (CH2, C-10), 33.4 (CH2, C-8), *33.9 (NMe), 34.7 (NMe),
*35.3 (CH, C-2), 35.4 (CH, C-2), *39.0 (CH2, C-6), 39.1 (CH2, C-6), 50.2 (CH2, C-23),
*52.0 (CH2, C-23), 56.9 (OMe), *72.2 (CH, C-5), 72.7 (CH, C-5), 77.1 (CH, C-7), 77.2
(CH, C-15), *116.5 (CH2, C-25), 116.9 (CH2, C-25), 127.9 (CH, C-20), 131.5 (CH2, C21), 133.1 (CH, C-24), *133.3 (CH, C-24), 165.6 (C=O, C-1), 169.3 (C=O, C-1), *175.9
(C=O, C-19), 176.6 (C=O, C-19).
20

[α] D −7.1 (c 1.54, CHCl3).
IR νmax (neat)/cm-1 2970, 2940, 2881, 1715, 1635, 1466, 1407, 1372, 1183, 1129, 1111,
1058, 1017, 982, 809.
HRMS-ESI: m/z [M + Na]+ calcd. for [C26H45NO6 + Na]+: 490.3139; found: 490.3160.
(3S,11S,14S)-3-Isopropyl-14-((S)-2-methoxyheptyl)-9,11-dimethyl-1,4-dioxa-9azacyclotetradec-6-ene-2,5,10-trione (Z)-(573a) and (E)-(573b)

A solution of Grubbs 2nd generation catalyst (8.0 mg, 0.009 mmol, 30 mol%) in
chloroform (2 mL) was added dropwise to a refluxing solution of diene 490 (15 mg,
0.032 mmol) in chloroform (2.5 mL). The reaction was heated under reflux for 12 h, then
mixture was filtered through a plug of silica gel rinsing with ethyl acetate (5 mL). The
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solvent was removed in vacuo and the crude product was purified by flash
chromatography on silica gel eluting with ethyl acetate-hexanes (1:4) to give the product
as an unseperable mixture of Z-573a and E-573b isomers (7.3 mg, 0.017 mmol, 50%
yield) . The mass was confirmed by HRMS and this mixture was used for the synthesis of
(2S,5S,7S,15S)-sanctolide A (14a) with no further purification.
HRMS-ESI: m/z [M + Na]+ calcd. for [C24H41NO6 + Na]+: 462.2826; found: 462.2812.
(2S,5S,7S,15S)-Sanctolide A (14a)

To a solution of the olefin mixture 573 (7.3 mg, 0.017 mmol) in toluene (1 mL) at reflux
was added a solution of carbonylchlorohydridotris(triphenylphosphine)ruthenium (II) (4
mg, 20 mol%) in toluene (1 mL) and reflux was maintained for 24 h. The reaction
mixture was concentrated in vacuo and the crude product was purified by flash
chromatography on silica gel eluting with ethyl acetate-hexanes (1:1) to give the title
compound 14a (3.7 mg, 0.0085 mmol, 51% yield) as a yellow oil.
1

H NMR (300 MHz, CDCl3): δH = 0.89 (t, J = 6.6 Hz, 3 H, Me, H-12), 1.00 (d, J = 6.9

Hz, 3 H, Me, H-17), 1.03 (d, J = 6.9 Hz, 3 H, Me, H-18), 1.09 (d, J = 6.6 Hz, 3 H, Me, H13), 1.23-1.32 (m, 6 H, 3 × CH2, H-9 + H-10 + H-11), 1.38-1.85 (m, 8 H, 4 × CH2, H-3,
H-4, H-6, H-8), 2.32-2.43 (m, 1 H, CH, H-16), 3.01-3.07 (m, 1 H, CH, H-2), 3.09 (s, 3 H,
NMe), 3.11-3.16 (m, 1 H, CH, H-7), 3.20 (dd, J = 1.8, 6.3 Hz, 2 H, CH2, H-20), 3.29 (s, 3
H, OMe), 5.03 (d, J = 4.8 Hz, 1 H, CH, H-15), 5.11-5.22 (m, 1 H, CH, H-21), 5.25-5.32
(m, 1 H, CH, H-5), 7.17 (d, J = 14.1 Hz, CH, H-22).
13

C NMR (75 MHz, CDCl3): δC = 14.0 (Me, C-12), 16.1 (Me, C-13), 17.2 (Me, C-17a),

18.7 (Me, C-17b), 22.6 (CH2, C-11), 24.3 (CH2, C-10), 28.7 (CH2, C-3), 30.1 (CH, C-16),
30.4 (CH2, C-4), 30.6 (NMe), 32.0 (CH2, C-9), 33.3 (CH2, C-8), 34.9 (CH2, C-20), 36.2
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(CH, C-2), 38.5 (CH2, C-6), 56.6 (OMe), 74.2 (CH, C-5), 77.3 (CH, C-15), 77.6 (CH, C7), 104.7 (CH, C-21), 132.1 (CH, C-22), 169.1 (C=O, C-19), 170.3 (C=O, C-14), 175.6
(C=O, C-1).
22

[α] D +38.6 (c 0.30, MeOH).
IR νmax (neat)/cm-1 2973, 1686, 1459, 1415, 1365, 1249, 1168.
HRMS-ESI: m/z [M + Na]+ calcd. for [C24H41NO6 + Na]+: 462.2862; found: 462.2810.
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Appendix
1

H and 13C NMR Spectral Data

293

Methyl 2,6-dibromoisonicotinate (193)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

294

Methyl 2-bromo-6-((3-methoxyphenyl)amino)isonicotinate (214)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

295

2-Bromo-N,N-diisopropyl-6-((3-methoxyphenyl)amino)isonicotinamide (190)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

296

2-Bromo-4-(methoxycarbonyl)-6-((3-methoxyphenyl)amino)pyridine-1-oxide (234)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

297

2-Bromo-4-(diisopropylcarbamoyl)-6-((3-methoxyphenyl)amino)pyridine-1-oxide
(235)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

298

7-Methoxy-4-(methoxycarbonyl)-9H-pyrido[2,3-b]indole 1-oxide (236)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

299

N-Phenylpyridin-2-amine (167)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

300

2-(Phenylamino)pyridine-1-oxide (242)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

301

9H-pyrido[2,3-b]indole (15)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

302

(R)-2-tert-Butyloxirane (278a)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

303

(S)-2,2,5-Trimethylhex-5-en-3-ol (276)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

304

(S)-2,2,5-Trimethylhex-5-en-3-yl acrylate (293)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

305

(S)-6-tert-Butyl-4-methyl-5,6-dihydro-2H-pyran-2-one (275)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

306

(4S,6S)-6-tert-Butyl-4-methyltetrahydro-2H-pyran-2-one (274a)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

307

(4S,6S)-6-tert-Butyl-4-methyltetrahydro-2H-pyran-2-ol (302a)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

308

(5R,7S)-Methyl-7-hydroxy-5,8,8-trimethylnon-2-enoate (271a)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

309

(5R,7S)-Methyl-7-hydroxy-5,8,8-trimethylnonanoate (316a)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

310

(5R,7S)-7-Hydroxy-5,8,8-trimethylnonanoic acid (269a)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

311

(5R,7S)-N-allyl-7-hydroxy-N-5,8,8-tetramethylnonanamide (317a)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

312

(5R,7S)-7-Hydroxy-N,5,8,8-tetramethyl-N-((E)-prop-1-en-1-yl)nonanamide (267)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

313

(S)-Ethyl (2-hydroxy-1-phenylethyl)carbamate (356)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

314

(S)-4-Phenyloxazolidin-2-one (353)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

315

Methacryloyl chloride (369)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

316

(S)-4-Isopropyl-3-methacryloyloxazolidin-2-one (373)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

317

(S)-4-benzyl-3-methacryloyloxazolidin-2-one (374)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

318

(S)-3-methacryloyl-4-phenyloxazolidin-2-one (370)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

319

(S)-4-Isopropyl-3-((R)-2-methylhex-5-enoyl)oxazolidin-2-one (341a(I))

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

320

(S)-4-Isopropyl-3-((S)-2-methylhex-5-enoyl)oxazolidin-2-one (341b(I))

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

321

(S)-4-Benzyl-3-((R)-2-methylhex-5-enoyl)oxazolidin-2-one (341a(II))

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

322

(S)-4-Benzyl-3-((S)-2-methylhex-5-enoyl)oxazolidin-2-one (341a(II))

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

323

(S)-3-((R)-2-Methylhex-5-enoyl)-4-phenyloxazolidin-2-one (341a(III))

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

324

(S)-3-((S)-2-Methylhex-5-enoyl)-4-phenyloxazolidin-2-one (341a(III))

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

325

(R)-2-methylhex-5-enoic acid (266a)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

326

(R)-(3S,5R)-2,2,5-Trimethyl-9-(methyl((E)-prop-1-en-1-yl)amino)-9-oxononan-3-yl 2methylhex-5-enoate (268)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

327

(R)-(3S,5R)-2,2,5-Trimethyl-9-(methyl((E)-prop-1-en-1-yl)amino)-9-oxononan-3-yl 2methyl-5-oxopentanoate (416)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

328

N-((1S,2S)-1-Hydroxy-1-phenylpropan-2-yl)-N-methylpropionamide (427a)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

329

(R)-N-((1S,2S)-1-hydroxy-1-phenylpropan-2-yl)-N,2-dimethylpent-4-enamide (428a)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

330

(R)-2-methylpent-4-enoic acid (423a)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

331

(R)-((3S,5R)-9-(allyl(methyl)amino)-2,2,5-trimethyl-9-oxononan-3-yl) 2-methylpent4-enoate (424a)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

332

(3R,13R,15S,E)-15-tert-Butyl-3,8,13-trimethyl-1-oxa-8-azacyclopentadec-5-ene-2,9dione (425a)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

333

(3R,13R,15S,E)-15-tert-Butyl-3,8,13-trimethyl-1-oxa-8-azacyclopentadec-6-ene-2,9dione (13a)

Compound 1 1H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

334

N-((1R,2R)-1-Hydroxy-1-phenylpropan-2-yl)-N-methylpropionamide (427b)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

335

(S)-N-((1R,2R)-1-Hydroxy-1-phenylpropan-2-yl)-N,2-dimethylpent-4-enamide
(428b)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

336

(S)-2-Methylpent-4-enoic acid (423b)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

337

(S)-((3S,5R)-9-(Allyl(methyl)amino)-2,2,5-trimethyl-9-oxononan-3-yl)-2-methylpent4-enoate (424b)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

338

(3S,13R,15S,E)-15-tert-Butyl-3,8,13-trimethyl-1-oxa-8-azacyclopentadec-5-ene-2,9dione (425b)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

339

(3S,13R,15S,E)-15-tert-Butyl-3,8,13-trimethyl-1-oxa-8-azacyclopentadec-6-ene-2,9dione (13c)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

340

(S)-2-tert-Butyloxirane (278b)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

341

(R)-2,2-Dimethylhex-5-en-3-ol (444b)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

342

(R)-2,2-dimethylhex-5-en-3-yl acryate (443b)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

343

(R)-6-tert-Butyl-5,6-dihydro-2H-pyran-2-one (442b)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

344

(4S,6R)-6-tert-Butyl-4-methyltetrahydro-2H-pyran-2-one (274c)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

345

(4S,6R)-6-tert-Butyl-4-methyltetrahydro-2H-pyran-2-ol (302b)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

346

(5R,7R,E)-Methyl-7-hydroxy-5,8,8-trimethylnon-2-enoate (271b)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

347

(5R,7R)-Methyl 7-hydroxy-5,8,8-trimethylnonanoate (316b)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

348

(5R,7R)-7-Hydroxy-5,8,8-trimethylnonanoic acid (269b)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

349

(5R,7R)-N-Allyl-7-hydroxy-N,5,8,8-tetramethylnonanamide (317c)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

350

(R)-(3R,5R)-9-(Allyl(methyl)amino)-2,2,5-trimethyl-9-oxononan-3-yl 2-methylpent-4enoate (424c)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

351

(3R,13R,15R,E)-15-(tert-butyl)-3,8,13-trimethyl-1-oxa-8-azacyclopentadec-5-ene-2,9dione (425c)

1

H NMR (400 MHz, CDCl3)

13

C NMR (100 MHz, CDCl3)

352

Palmyrolide A (13f)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

353

(2S)-1,2-Epoxyheptane (549a)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

354

(4S)-1-Nonen-4-ol (500)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

355

(S)-4-Methoxynon-1-ene (501)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

356

(4S)-Methoxy-1,2-Epoxynonane (548)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

357

(4S)-Methoxy-(2R)-1,2-epoxynonane (548a)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

358

(4S,6S)-6-Methoxyundec-1-en-4-ol (497a)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

359

(4S,6S)-6-Methoxyundec-1-en-4-yl methacrylate (566)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

360

(S)-6-((S)-2-Methoxyheptyl)-3-methyl-5,6-dihydro-2H-pyran-2-one (496)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

361

(3S,6S)-6-((S)-2-Methoxyheptyl)-3-methyltetrahydro-2H-pyran-2-one (495a)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

362

(2S,5S,7S)-N-Allyl-5-hydroxy-7-methoxy-N,2-dimethyldodecanamide (491)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

363

(S)-2-Hydroxy-3-methylbutanoic acid (343)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

364

(S)-2-(Acryloyloxy)-3-methylbutanoic acid (492)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

365

(S)-(2S,5S,7S)-1-(Allyl(methyl)amino)-7-methoxy-2-methyl-1-oxododecan-5-yl-2(acryloyloxy)-3-methylbutanoate (490)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

366

(2S,5S,7S,15S)-Sanctolide A (14a)

1

H NMR (400 MHZ, CDCl3)

13

C NMR (100 MHz, CDCl3)

367

References
(1)
D'Mello, S. R.; Chin, P. C. Curr. Drug Targets 2005, 4, 3-23.
(2)
Schwarcz, R.; Guidetti, P.; Sathyasaikumar, K. V.; Muchowski, P. J. Prog.
Neurobiol. 2010, 90, 230-245.
(3)
Cheng, Y. D.; Al-Khoury, L.; Zivin, J. A. NeuroRX 2004, 1, 36-45.
(4)
Palmer, G. C. Curr. Drug Targets 2001, 2, 241-271.
(5)
Maas, A. I. R. Expert Opin. Inv. Drug. 2001, 10, 753-767.
(6)
Levi, M. S.; Brimble, M. A. Curr. Med. Chem. 2004, 11, 2383-2397.
(7)
Štolc, S. Life Sci. 1999, 65, 1943-1950.
(8)
Schanne, F. A. X.; Kane, A. B.; Young, E. E.; Farber, J. L. Science 1979,
206, 700-702.
(9)
Choi, D. W.; Maulucci-Gedde, M.; Kriegstein, A. R. J. Neurosci. 1987, 7,
357-366.
(10) Pender, J. W. Journal of The American Medical Association 1971, 217,
1126-1130.
(11) Sakakibara, I.; Takahashi, H.; Yuzurihara, M.; Katoh, T.; Kubo, M.;
Hayashi, K.; Ishige, A.; Amagaya, S.; Okada, M.; Maruno, M. Natural Medicines 1997,
51, 79-83.
(12) Shimada, Y.; Goto, H.; Itoh, T.; Sakakibara, I.; Kubo, M.; Sasaki, H.;
Terasawa, K. J. Pharm. Pharmacol. 1999, 51, 715-722.
(13) Yano, S.; Horiuchi, H.; Horie, S.; Aimi, N.; Sakai, S.-i.; Watanabe, K.
Planta Med. 1991, 57, 403-406.
(14) Horie, S.; Yano, S.; Aimi, N.; Sakai, S.-i.; Watanabe, K. Life Sci. 1992, 50,
491-498.
(15) Mimaki, Y.; Toshimizu, N.; Yamada, K.; Sashida, Y. Yakuga. Zasshi
1997, 117, 1011-1021.
(16) Bönöczk, P.; Gulyás, B.; Adam-Vizi, V.; Nemes, A.; Kárpáti, E.; Kiss, B.;
Kapás, M.; Szántay, C.; Koncz, I.; Zelles, T.; Vas, A. Brain Res. Bull. 2000, 53, 245-254.
(17) WHO,
World
Health
Organisation
Ageing
Facts;
www.who.int/features/factfiles/ageing/ageing_facts/en/index1.html
(date
accessed
28.03.2014).
(18) SNZ, Statistics New Zealand: New Zealand's Population is Ageing;
www.stats.govt.nz/browse_for_stats/population/estimates_and_projections/ageingpopulation-property-market.aspx#ageing (date accessed 28.03.2014).
(19) MRC,
Medical
Research
Council
www.mrc.ac.uk/Ourresearch/Boardpanelsgroups/NMHB/Programme/Neurodegeneration/
index.htm (date accessed 07.01.2014).
(20) ADI, Alzheimer's Disease International: World Alzheimer's Disease
Report
2013;
www.alz.co.uk/research/WorldAlzheimerReport2013ExecutiveSummary.pdf
(date
accessed 07.01.2014).
(21) Sattler, R.; Tymianski, M. Journal of Molecular Medicine 2000, 78, 3-13.
(22) Gardoni, F.; Luca, M. D. Eur. J. Pharmacol. 2006, 545, 2-10.
(23) Sattler, R.; Tymianski, M. J. Mol. Med 2000, 78, 3-13.
(24) Nicotera, P. Encyclopedia of Biological Chemistry 2004, 1, 352-355.
(25) Syntichaki, P.; Tavernarkis, N. Nat. Rev. Neurosci. 2003, 4, 672-684.
(26) Rossi, D. J.; Oshima, T.; Attwell, D. Nature 2000, 403, 229-344.
368

(27) Choi, D. W. Trends Neurosci. 1988, 11, 465-469.
(28) Choi, D. W. J. Neurosci. 1990, 10, 2493-2501.
(29) Stout, A. K.; Raphael, H. M.; Kanterewicz, B. I.; Klann, E.; Reynolds, I. J.
Nat. Neurosci. 1998, 1, 366-373.
(30) Coyle, J. T.; Puttfarcken, P. Science 1993, 262, 689-695.
(31) Choi, D. W. J. Neurosci. 1987, 7, 369-379.
(32) Tymianski, M.; Charlton, M. P.; Carlen, P. L.; Tator, C. H. Brain Res.
1993, 607, 319-323.
(33) Tymianski, M.; Charlton, M. P.; Carlen, P. L.; Tator, C. H. J. Neurosci.
1993, 13, 2085-2104.
(34) Manev, H.; Favaron, M.; Guidotti, A.; Costa, E. Mol. Pharmacol. 1989,
36, 106-112.
(35) Szydlowska, K.; Tymianski, M. Cell Calcium 2010, 47, 122-129.
(36) Sattler, R.; Charlton, M. P.; Hafner, M.; Tymianski, M. J. Neurochem.
1998, 71, 2349-2364.
(37) Aarts, M. M.; Tymianski, M. Curr. Mol. Med. 2004, 4, 137-147.
(38) Albrecht, P.; Lewerenz, J.; Dirtmer, S.; Noack, R.; Maher, P.; Methner, A.
CNS Neurol. Disord. Dr. 2010, 9, 373-382.
(39) http://quizlet.com (date accessed 07.02.2014).
(40) Dawson, T. M.; Dawson, V. L. Nat. Neurosci. 2002, 5, 1058-1061.
(41) Castaldo, P.; Cataldi, M.; Magi, S.; Lariccia, V.; Arcangeli, S.; Amoroso,
S. Prog. Neurobiol. 2009, 87, 58-79.
(42) Zinman, L.; Cudkowicz, M. Lancet Neurol. 2011, 10, 481-490.
(43) Sarhasivam, S.; Shaw, P. J. Lancet Neurol. 2005, 4, 500-509.
(44) Ross, C. A.; Tabrizi, S. J. Lancet Neurol. 2011, 10, 83-98.
(45) Moquin, C.; Guyot, M. Tetrahedron Lett. 1984, 25, 5047-5048.
(46) Moquin-Pattey, C.; Guyot, M. Tetrahedron 1989, 45, 3445-3450.
(47) Oda, T.; Lee, J.-S.; Sato, Y.; Kabe, Y.; Sakamoto, S.; Handa, H.;
Mangindaan, R. E. P.; Namikoshi, M. Mar. Drugs 2009, 7, 589-599.
(48) Kim, J.-S.; Shin-ya, K.; Furihata, K.; Hayakawa, Y.; Seto, H. Tetrahedron
Lett. 1997, 38, 3431-3434.
(49) Majumder, S.; Bhuyan, P. J. Synlett 2011, 11, 1547-1550.
(50) Gupta, S.; Kumar, B.; Kundu, B. J. Org. Chem. 2011, 76, 10154-10162.
(51) Choshi, T.; Yamada, S.; Sugino, E.; Kuwada, T.; Hibino, S. Synlett 1995,
147-148.
(52) Choshi, T.; Yamada, S.; Sugino, E.; Kuwada, T.; Hibino, S. J. Org. Chem.
1995, 60, 5899-5904.
(53) Freudenthal, R.; Locatelli, F.; Hermitte, G.; Maldonado, H.; Lafourcade,
C.; Delorenzi, A.; Romano, A. Neurosci. Lett. 1998, 242, 143-146.
(54) Albensi, B. C.; Mattson, M. P. Synapse 2000, 35, 151-159.
(55) Meffert, M. K.; Chang, J. M.; Wiltgen, B. J.; Fanselow, M. S.; Baltimore,
D. Nat. Neurosci. 2003, 6, 1072-1078.
(56) Levenson, J. M.; Choi, S.; Lee, S.-Y.; Cao, Y. A.; Ahn, H. J.; Worley, K.
C.; Pizzi, M.; Liou, H.-C.; Sweatt, J. D. J. Neurosci. 2004, 24, 3933-3943.
(57) Merlo, E.; Freudenthal, R.; Romano, A. Neuroscience 2002, 112, 161-172.
(58) Shin-ya, K.; Kim, J.-S.; Furihata, K.; Hayakawa, Y.; Seto, H. J. Asian Nat.
Prod. Res. 2000, 2, 121-132.
(59) Lawson, W.; Perkin, W. H.; Robinson, R. J. Chem. Soc., Perkin Trans. 1
1924, 125, 626-657.
369

(60) Freak, R. H.; Robinson, R. J. Chem. Soc. 1938, 2013-2015.
(61) Stephenson, L.; Warburton, W. K. J. Chem. Soc. C 1970, 1355-1364.
(62) Peczyńska-Czoch, W.; Pognan, F.; Kaczmarek, Ł.; Boratyński, J. J. Med.
Chem. 1994, 37, 3503-3510.
(63) Vera-Luque, P.; Alajarin, R.; Alvarez-Builla, J.; Vaquero, J. J. Org. Lett.
2006, 8, 415-418.
(64) Molina, P.; Alajarín, M.; Vidal, A.; Sánchez-Andrada, P. J. Org. Chem.
1992, 57, 929-939.
(65) Forbes, I. T.; Johnson, C. N.; Thompson, M. Synth. Commun. 1993, 23,
715-723.
(66) Stolle, W. A. W.; Marcelis, A. T. M.; Koetsier, A.; Plas, H. C. v. d.
Tetrahedron 1989, 45, 6511-6518.
(67) Tahri, A.; Buysens, K. J.; Eycken, E. V. V. d.; Vandenberghe, D. M.;
Hoornaert, G. J. Tetrahedron 1998, 54, 13211-13226.
(68) Ma, Z.; Ni, F.; Woo, G. H. C.; Lo, S.-M.; Roveto, P. M.; Schaus, S. E.;
Snyder, J. K. Beilstein J. Org. Chem. 2012, 8, 829-840.
(69) Chavan, N. L.; Nayak, S. K.; Kusurkar, R. S. Tetrahedron 2010, 66, 18271831.
(70) Achab, S.; Guyot, M.; Potier, P. Tetrahedron Lett. 1993, 34, 2127-2133.
(71) Smitrovich, J. H.; Davies, I. W. Org. Lett. 2004, 6, 533-535.
(72) Puldo, M.; Csányi, D.; Moreau, F.; Hajós, G.; Riedl, Z.; Sapi, J.
Tetrahedron 2007, 63, 10320-10329.
(73) Hostyn, S.; Baelen, G. V.; Lemiére, G. L. F.; Maes, B. U. W. Adv. Synth.
Catal. 2008, 350, 2653-2660.
(74) Laha, J. K.; Petrou, P.; Cuny, G. D. J. Org. Chem. 2009, 74, 3152-3155.
(75) Basavaiah, D.; Reddy, D. M. Org. Biomol. Chem. 2012, 10, 8774-8777.
(76) Levacher, V.; Boussad, N.; Dupas, G.; Bourguignon, J.; Quéguiner, G.
Tetrahedron 1992, 48, 831-840.
(77) Benoit, R.; Dupas, G.; Bourguignon, J.; Quéguiner, G. Synthesis 1987,
1987, 1124-1126.
(78) Achab, S.; Guyot, M.; Potier, P. Tetrahedron Lett. 1995, 36, 2615-2618.
(79) Abouabdellah, A.; Dodd, R. H. Tetrahedron Lett. 1998, 39, 2119-2122.
(80) Portela-Cubillo, F.; Surgenor, B. A.; Aitken, R. A.; Walton, J. C. J. Org.
Chem. 2008, 73, 8124-8127.
(81) Ghahremanzadeh, R.; Ahadi, S.; Bazgir, A. Tetrahedron Lett. 2009, 50,
7379-7381.
(82) Ono, A.; Narasaka, K. Chem. Lett. 2001, 30, 146-147.
(83) Tanaka, K.; Kitamura, M.; Narasaka, K. Bull. Chem. Soc. Jpn. 2005, 78,
1659-1664.
(84) Barun, O.; Patra, P. K.; Ila, H.; Junjappa, H. Tetrahedron Lett. 1999, 40,
3797-3800.
(85) Iaroshenko, V. O.; Groth, U.; Kryvokhyzha, N. V.; Obeid, S.; Tolmachev,
A. A. Synlett 2008, 3, 343-346.
(86) Iaroshenko, V. O.; Wang, Y.; Zhang, B.; Volochnyuk, D.; Sosnovskikh, V.
Y. Synthesis 2009, 14, 2393-2402.
(87) Erba, E.; Gelmi, M. L.; Pocar, D. Tetrahedron 2000, 56, 9991-9997.
(88) Bonini, C.; Funicello, M.; Spagnolo, P. Synlett 2006, 10, 1574-1576.
(89) Kumar, A. S.; Nagarajan, R. Org. Lett. 2011, 13, 1398-1401.

370

(90) Kumar, A. S.; Rao, P. V. A.; Nagarajan, R. Org. Biomol. Chem. 2012, 10,
5084-5093.
(91) Bringmann, G.; Tasler, S.; Endress, H.; Peters, K.; Peters, E.-M. Synthesis
1998, 1998, 1501-1505.
(92) Liger, F.; Popowycz, F.; Besson, T.; Picot, L.; Galmarini, C. M.; Joseph,
B. Bioorg. Med. Chem. 2007, 15, 5615-5619.
(93) Clark, V. M.; Cox, A.; Herbert, E. J. J. Chem. Soc. 1968, 831-833.
(94) Gawinecki, R.; Boszczyk, W.; Rasala, D.; Bak, T. J. Photochem.
Photobiol. A: Chem. 1993, 71, 133-136.
(95) Laha, J. K.; Barolo, S. M.; Rossi, R. A.; Cuny, G. D. J. Org. Chem. 2011,
76, 6421-6425.
(96) Bonini, C.; Chiummiento, L.; Funicello, M.; Spagnolo, P. Tetrahedron
2000, 56, 1517-1521.
(97) Bonini, C.; D'Auria, M.; Funicello, M.; Romaniello, G. Tetrahedron 2002,
58, 3507-3512.
(98) Bonini, C.; Funicello, M.; Scialpi, R.; Spagnolo, P. Tetrahedron 2003, 59,
7515-7520.
(99) Nesi, R.; Giomi, D.; Papaleo, S.; Bracci, S. J. Org. Chem. 1989, 54, 706708.
(100) Knölker, H.-J. Chem. Lett. 2009, 38, 8-13.
(101) Schmidt, M.; Knölker, H.-J. Synlett 2009, 15, 2421-2424.
(102) Forke, R.; Jäger, A.; Knölker, H.-J. Org. Biomol. Chem. 2008, 6, 24812483.
(103) Agarwal, S.; Cämmerer, S.; Filali, S.; Fröhner, W.; Knöll, J.; Krahl, M. P.;
Reddy, K. R.; Knölker, H.-J. Curr. Org. Chem. 2005, 9, 1601-1614.
(104) Lorimer, A. V.; O'Connor, P. D.; Brimble, M. A. Synthesis 2008, 27642770.
(105) Maes, B. U. W.; Loones, K. T. L.; Hostyn, S.; Diels, G.; Rombouts, G.
Tetrahedron 2004, 60, 11559-11564.
(106) Amb, C. M.; Rasmussen, S. C. J. Org. Chem. 2006, 71, 4696-4699.
(107) Kelly, T. R.; Lee, Y.-J.; Mears, R. J. J. Org. Chem. 1997, 62, 2774-2781.
(108) Kosugi, M.; Kameyama, M.; Migita, T. Chem. Lett. 1983, 12, 927-928.
(109) Guram, A. S.; Buchwald, S. L. J. Am. Chem. Soc. 1994, 116, 7901-7902.
(110) Paul, F.; Patt, J.; Hartwig, J. F. J. Am. Chem. Soc. 1994, 116, 5969-5970.
(111) Guram, A. S.; Rennels, R. A.; Buchwald, S. L. Angew. Chem. Int. Ed.
1995, 34, 1348-1350.
(112) Louie, J.; Hartwig, J. F. Tetrahedron Lett. 1995, 36, 3609-3612.
(113) Wolfe, J. P.; Wagaw, S.; Buchwald, S. L. J. Am. Chem. Soc. 1996, 118,
7215-7216.
(114) Driver, M. S.; Hartwig, J. F. J. Am. Chem. Soc. 1996, 118, 7217-7218.
(115) Shekhar, S.; Ryberg, P.; Hartwig, J. F.; Mathew, J. S.; Blackmond, D. G.;
Strieter, E. R.; Buchwald, S. L. J. Am. Chem. Soc. 2006, 128, 3584-3591.
(116) Mann, G.; Hartwig, J. F. J. Am. Chem. Soc. 1996, 118, 13109-13110.
(117) Hartwig, J. F.; Kawatsura, M.; Hauck, S. I.; Shaughnessy, K. H.; AlcazarRoman, L. M. J. Org. Chem. 1999, 64, 5575-5580.
(118) Wolfe, J. P.; Buchwald, S. L. J. Org. Chem. 2000, 65, 1144-1157.
(119) Li, J. J.; Gribble, G. W. Palladium in Heterocyclic Chemistry - A Guide
for the Synthetic Chemist; Pergamon: Oxford, 2000; Vol. 20.
(120) Linton, E. P. J. Am. Chem. Soc. 1940, 62, 1954-1948.
371

(121) Mizuno, Y.; Ikeda, K.; Endo, T.; Tsuchida, K. Heterocycles 1977, 7, 11891195.
(122) MacCoss, M.; Ryu, E. K.; White, R. S.; Last, R. L. J. Org. Chem. 1980,
45, 788-794.
(123) Ochiai, M.; Aki, O.; Morimoto, A.; Okada, T.; Kaneko, T. Tetrahedron
Lett. 1972, 13, 2345-2348.
(124) Iwamatsu, K.; Shudo, K.; Okamoto, T. Heterocycles 1983, 20, 5-8.
(125) Albini, A.; Clausen, E. C.; Cohen, M. S. Heterocyclic N-Oxides; CRC
Press, 1991.
(126) Lee, J. D.; Brown, D. S.; Melsom, B. G. A. Acta Crystalogr. B. 1969, 25,
1378-1385.
(127) O'Connor, C. J.; Sinn, E.; Carlin, R. L. Inorg. Chem. 1977, 16, 3314-3320.
(128) Youssif, S. ARKIVOC 2001, 2001, 242-268.
(129) Chucholowski, A. W.; Uhlendorf, S. Tetrahedron Lett. 1990, 31, 19491952.
(130) Nesi, R.; Giomi, D.; Papaleo, S.; Bracci, S.; Dapporto, P. Synthesis 1988,
884-886.
(131) Nesi, R.; Giomi, D.; Papaleo, S.; Corti, M. J. Org. Chem. 1990, 55, 12271230.
(132) Nesi, R.; Giomi, D.; Papaleo, S.; Turchi, S. J. Org. Chem. 1992, 57, 37133716.
(133) Copéret, C.; Adolfsson, H.; Sharpless, K. B. J. Chem. Soc. Chem.
Commun. 1997, 1565-1566.
(134) Rudolph, J.; Reddy, K. L.; Chiang, J. P.; Sharpless, K. B. J. Am. Chem.
Soc. 1997, 119, 6189-6190.
(135) Yudin, A. K.; Sharpless, K. B. J. Am. Chem. Soc. 1997, 119, 11536-11537.
(136) Murray, R. W.; Iyanar, K.; Chen, J.; Wearing, J. T. Tetrahedron Lett.
1995, 36, 6415-6418.
(137) Zhu, Z.; Espenson, J. H. J. Org. Chem. 1995, 60, 7728-7732.
(138) Murray, R. W.; Iyanar, K.; Chen, J.; Wearing, J. T. Tetrahedron Lett.
1996, 37, 805-808.
(139) Goti, A.; Nannelli, L. Tetrahedron Lett. 1996, 37, 6025-6028.
(140) Murray, R. W.; Iyanar, K.; Chen, J.; Wearing, J. T. J. Org. Chem. 1996,
1996, 23.
(141) Yamazaki, S. Bull. Chem. Soc. Jpn. 1997, 70, 877-883.
(142) Copéret, C.; Aldolfsson, H.; Khuong, T.-A. V.; Yudin, A. K.; Sharpless,
K. B. J. Org. Chem. 1998, 63, 1740-1741.
(143) Campeau, L.-C.; Stuart, D. R.; Leclerc, J.-P.; Bertrand-Laperle, M.;
Villemure, E.; Sun, H.-Y.; Lasserre, S.; Guimond, N.; Lecavallier, M.; Fagnou, K. J. Am.
Chem. Soc. 2009, 131, 3291-3306.
(144) Kress, T. J. J. Org. Chem. 1985, 50, 3073-3076.
(145) Copéret, C.; Adolfsson, H.; Chiang, J. P.; Yudin, A. K.; Sharpless, K. B.
Tetrahedron Lett. 1998, 39, 761-764.
(146) Bremner, D. H.; Sturrock, K. R.; Wishart, G.; Mitchell, S. R.; Nicoll, S.
M.; Jones, G. Synth. Commun. 1997, 27, 1535-1542.
(147) Greenhalgh, R. P. Synlett 1992, 1992, 235-236.
(148) Kwiatkowski, N.; Jelluma, N.; Filippakopoulos, P.; Soundararajan, M.;
Manak, M. S.; Kwon, M.; Choi, H. G.; Sim, T.; Deveraux, Q. L.; Rottmann, S.; Pellman,

372

D.; Shah, J. V.; Kops, G. J. P. L.; Knapp, S.; Gray, N. S. Nat. Chem. Biol. 2010, 6, 359368.
(149) Kim, H. R.; Jung, J. H.; Kim, J. N.; Ryu, E. K. Synth. Commun. 1990, 20,
637-640.
(150) Cartwright, D.; Ferguson, J. R.; Giannopoulos, T.; Varvounis, G.;
Wakfield, B. J. Tetrahedron 1995, 51, 12791-12796.
(151) Brougham, P.; Cooper, M. S.; Cummerson, D. A.; Heaney, H.; Thompson,
N. Synthesis 1987, 1987, 1015-1017.
(152) Hollins, R. A.; Merwin, L. H.; Nissan, R. A.; Wilson, W. S.; Gilardi, R. J.
Heterocycl. Chem. 1996, 33, 895-904.
(153) Ritter, H.; Licht, H. H. J. Heterocycl. Chem. 1995, 32, 585-590.
(154) Ramaiah, K.; Srinivasan, V. R. P. Indian. Acad. Sci. A 1962, 55, 360-366.
(155) Thellend, A.; Battioni, P.; Sanderson, W.; Mansuy, D. Synthesis 1997, 12,
1387-1388.
(156) Gregory, J. R.; Edward, J. B. J. Chem. Res. (S) 1993, 412.
(157) Subbaraman, L. R.; Subbaraman, J.; Behrman, E. J. Biochemistry (Mosc).
1969, 8, 3059-3066.
(158) Ferrer, M.; Sánchez-Baeza, F.; Messeguer, A. Tetrahedron 1997, 53,
15877-15888.
(159) Adam, W.; Briviba, K.; Duschek, F.; Golsch, D.; Kiefer, W.; Sies, H. J.
Chem. Soc. Chem. Commun. 1995, 1831-1832.
(160) Murray, R. W.; Jeyaraman, R. J. Org. Chem. 1985, 50, 2847-2853.
(161) Murray, R. W.; Singh, M. J. Org. Chem. 1990, 55, 2954-2959.
(162) Murray, R. W.; Singh, M. Synth. Commun. 1989, 19, 3509-3522.
(163) Murray, R. W.; Rajadhyaksha, S. N.; Mohan, L. J. Org. Chem. 1989, 54,
5783-5788.
(164) Murray, R. W.; Singh, M.; Rath, N. Tetrahedron Asymmet. 1996, 7, 16111619.
(165) Cheshev, P.; Marra, A.; Dondoni, A. Carbohydr. Res. 2006, 341, 27142716.
(166) Gallopo, A. R.; Edwards, J. O. J. Org. Chem. 1981, 46, 1684-1688.
(167) Murray, R. W.; Singh, M. Tetrahedron Lett. 1988, 29, 4677-4680.
(168) McKillop, A.; Kemp, D. Tetrahedron 1989, 45, 3299-3306.
(169) Bomnarda, I.; Raharivelomanana, P.; Ramanoelina, P. A. R.; Faure, R.;
Bianchini, J.-P.; Gaydou, E. M. Anal. Chim. Acta 2001, 447, 113-123.
(170) Rhie, S. Y.; Ryu, E. K. Heterocycles 1995, 41, 323-328.
(171) Reddy, K. R.; Maheswari, C. U.; Venkateshwar, M.; Kantam, M. L. Adv.
Synth. Catal. 2009, 351, 93-96.
(172) Murahashi, S.-I. Angew. Chem. Int. Ed. 1995, 34, 2443-2465.
(173) Liu, Y.; Bai, Y.; Zhang, J.; Li, Y.; Jiao, J.; Qi, X. Eur. J. Org. Chem. 2007,
2007, 6084-6088.
(174) Greeves, N., The University of Liverpool: Chem Tube 3D;
http://www.chemtube3d.com/ (date accessed 09.03.2014).
(175) Hernandez-Perez, A. C.; Collins, S. K. Angew. Chem. Int. Ed. 2013, 52,
12696-12700.
(176) Dhanabal, T.; Sangeetha, R.; Mohan, P. S. Tetrahedron 2006, 62, 62586263.
(177) Carbery, D. R. Org. Biomol. Chem. 2008, 6, 3455-3460.
(178) Suyama, T. L.; Gerwick, W. H. Org. Lett. 2008, 10, 4449-4452.
373

(179) Nunnery, J. K.; Mevers, E.; Gerwick, W. H. Curr. Opin. Biotechnol. 2010,
21, 787-793.
(180) Singh, S.; Kate, B. N.; Banerjee, U. C. Crit. Rev. Biotechnol. 2005, 25, 7395.
(181) Wagoner, R. M. V.; Drummond, A. K.; Wright, J. L. C. Adv. Appl.
Microbiol. 2007, 61, 89-217.
(182) Pereira, A. R.; Cao, Z.; Engene, N.; Soria-Mercado, I. E.; Murray, T. F.;
Gerwick, W. H. Org. Lett. 2010, 12, 4490-4493.
(183) Klein, D.; Braekman, J. C.; Daloze, D.; Hoffmann, L.; Castillo, G.;
Demoulin, V. J. Nat. Prod. 1999, 62, 934-936.
(184) Klein, D.; Braekman, J.-C.; Daloze, D. Tetrahedron Lett. 1996, 37, 75197520.
(185) Kang, H.-S.; Krunic, A.; Orjala, J. Tetrahedron Lett. 2012, 53, 3563-3567.
(186) Nogle, L. M.; Gerwick, W. H. Org. Lett. 2002, 4, 1095-1098.
(187) Wrasidlo, W.; Mielgo, A.; Torres, V. A.; Barbero, S.; Stoletov, K.;
Suyama, T. L.; Klemke, R. L.; Gerwick, W. H.; Carson, D. A.; Stupack, D. G. P. Nat.
Acad. Sci. USA. 2008, 105, 2313-2318.
(188) Marsault, E.; Peterson, M. L. J. Med. Chem. 2011, 54, 1961-2004.
(189) Matthew, S.; Salvador, L. A.; Schupp, P. J.; Paul, V. J.; Luesch, H. J. Nat.
Prod. 2010, 73, 1544-1552.
(190) Matsumori, N.; Kaneno, D.; Murata, M.; Nakamura, H.; Tachibana, K. J.
Org. Chem. 1999, 64, 866-876.
(191) Toumi, M.; Rincheval, V.; Young, A.; Gergeres, D.; Turos, E.; Couty, F.;
Mignotte, B.; Evano, G. Eur. J. Org. Chem. 2009, 2009, 3368-3386.
(192) Wu, M.-J.; Yeh, J.-Y. Org. Prep. Proced. Int. 1994, 26, 671-711.
(193) Tokunaga, M.; Larrow, J. F.; Kakiuchi, F.; Jacobsen, E. N. Science 1997,
277, 936-938.
(194) Nielsen, L. P. C.; Stevenson, C. P.; Blackmond, D. G.; Jacobsen, E. N. J.
Am. Chem. Soc. 2004, 126, 1360-1362.
(195) Pouységu, L.; Chassaing, S.; Dejugnac, D.; Lamidey, A.-M.; Miqueu, K.;
Sotiropoulos, J.-M.; Quideau, S. Angew. Chem. Int. Ed. 2008, 47, 3552-3555.
(196) Huston, R. C.; Tiefenthal, H. E. J. Org. Chem. 1951, 16, 673.
(197) Huynh, C.; Derguini-Boumechal, F.; Linstrumelle, G. Tetrahedron Lett.
1979, 17, 1503-1506.
(198) Erdik, E. Tetrahedron 1984, 40, 641-657.
(199) Castaldi, M. P.; Troast, D. M.; John A. Porco, J. Org. Lett. 2009, 11, 33623365.
(200) Román, J. G.; Soderquist, J. A. J. Org. Chem. 2007, 72, 9772-9775.
(201) Martinez-Solorio, D.; Jennings, M. P. J. Org. Chem. 2010, 75, 4095-4104.
(202) Ishihara, K.; Nakayama, M.; Ohara, S.; Yamamoto, H. Tetrahedron 2002,
58, 8179-8188.
(203) Ishihara, K.; Nakagawa, S.; Sakakura, A. J. Am. Chem. Soc. 2005, 127,
4168-4169.
(204) Komura, K.; Ozaki, A.; Ieda, N.; Sugi, Y. Synthesis 2008, 3407-3410.
(205) Chen, C.-T.; Munot, Y. S. J. Org. Chem. 2005, 70, 8625-8627.
(206) Aavula, S. K.; Chikkulapalli, A.; Hanumanthappa, N.; Jyothi, I.; Kumar,
C. H. V.; Manjunatha, S. G. Tetrahedron Lett. 2013, 54, 5690-5694.
(207) Dohi, S.; Moriyama, K.; Togo, H. Eur. J. Org. Chem. 2013, 2013, 78157822.
374

(208) Sundby, E.; Perk, L.; Anthonsen, T.; Aasen, A. J.; Hansen, T. V.
Tetrahedron 2004, 60, 521-524.
(209) Ziegler, P. D. K.; Holzkamp, D. E.; Breil, D. H.; Martin, D. H. Angew.
Chem. 1955, 67, 426.
(210) Hérisson, P. J.-L.; Chauvin, Y. Makromolek. Chem. 1971, 141, 161-176.
(211) Vougioukalakis, G. C.; Grubbs, R. H. Chem. Rev. 2010, 110, 1746-1787.
(212) Samojłowicz, C.; Bieniek, M.; Grela, K. Chem. Rev. 2009, 109, 37083742.
(213) Scholl, M.; Ding, S.; Lee, C. W.; Grubbs, R. H. Org. Lett. 1999, 1, 953956.
(214) Garber, S. B.; Kingsbury, J. S.; Gray, B. L.; Hoveyda, A. H. J. Am. Chem.
Soc. 2000, 122, 8198-8179.
(215) Yamamoto, K.; Biswas, K.; Gaul, C.; Danishefsky, S. J. Tetrahedron Lett.
2003, 44, 3297-3299.
(216) Guinchard, X.; Roulland, E. Org. Lett. 2009, 11, 4700-4703.
(217) UCDAVIS,
Catalytic
Hydrogenation
of
Alkenes;
http://chemwiki.ucdavis.edu/Organic_Chemistry/Hydrocarbons/Alkenes/Reactions_of_Al
kenes/Catalytic_Hydrogenation (date accessed 15.01.2014).
(218) Irfan, M.; Glasnov, T. N.; Kappe, C. O. ChemSusChem 2011, 4, 300-316.
(219) Damm, M.; Glasnov, T. N.; Kappe, C. O. Org. Process Res. Dev. 2010,
14, 215-224.
(220) Wiles, C.; Watts, P. Green Chem. 2012, 14, 38-54.
(221) O'Brien, M.; Taylor, N.; Polyzos, A.; Baxendale, I. R.; Ley, S. V. Chem.
Sci. 2011, 2, 1250-1257.
(222) Xu, Z.; Chen, Z.; Ye, T. Tetrahedron Asymmet. 2004, 15, 355-363.
(223) Ma, D.; Zou, B.; Cai, G.; Hu, X.; Liu, J. O. Chem. Eur. J. 2006, 12, 76157626.
(224) Grethe, G.; Sereno, J.; Williams, T. H.; Uskokovic, M. R. J. Org. Chem.
1983, 48, 5315-5317.
(225) Cohen, N.; Banner, B. L.; Lopresti, R. J.; Wong, F.; Rosenberger, M.; Liu,
Y.-Y.; Thom, E.; Liebman, A. A. J. Am. Chem. Soc. 1983, 105, 3661-3672.
(226) RajanBabu, T. V.; Chenard, B. L.; Petti, M. A. J. Org. Chem. 1986, 51,
1704-1712.
(227) Storer, R. I.; Takemoto, T.; Jackson, P. S.; Brown, D. S.; Baxendale, I. R.;
Ley, S. V. Chem. Eur. J. 2004, 10, 2529-2547.
(228) Ishii, H.; Dzyuba, S. V.; Nakanishi, K. Org. Biomol. Chem. 2005, 3, 34713472.
(229) Núñez, M. G.; Benéitez, A.; Moro, R. F.; Marcos, I. S.; Basabe, P.;
Broughton, H. B.; Urones, J. G. Synlett 2009, 3, 390-394.
(230) Galatsis, P. In e-EROS Encyclopedia of Reagents for Organic Synthesis
John Wiley & Sons, Ltd: 2001.
(231) Wadsworth, W. S.; Emmons, W. D. J. Am. Chem. Soc. 1961, 83, 17331738.
(232) Kürti, L.; Czakó, B. Strategic Applications of Named Reactions in Organic
Synthesis; Elsevier Academic Press: Burlington, Massachusetts.
(233) Edmonds, M.; Abell, A. The Wittig Reaction; Wiley: Weinheim, Germany,
2004.
(234) Maryanoff, B. E.; Reitz, A. B. Chem. Rev. 1989, 89, 863-927.
(235) Wilson, Z. E.; Brimble, M. A. Org. Biomol. Chem. 2010, 8, 1284-1286.
375

(236) Theodorou, V.; Skobridis, K.; Tzakos, A. G.; Ragoussis, V. Tetrahedron
Lett. 2007, 48, 8230-8233.
(237) Sheehan, J. C.; Hess, G. P. J. Am. Chem. Soc. 1955, 77, 1067-1068.
(238) El-Faham, A.; Albericio, F. Chem. Rev. 2011, 111, 6557-6602.
(239) Benoiton, N. L.; Chen, F. M. F. J. Chem. Soc. Chem. Commun. 1981, 543545.
(240) Carpino, L. A. J. Am. Chem. Soc. 1993, 115, 4397-4398.
(241) Carpino, L. A.; El-Faham, A. Tetrahedron 1999, 55, 6813-6830.
(242) Carpino, L. A.; El-Faham, A.; Minor, C. A.; Albericio, F. J. Chem. Soc.
Chem. Commun. 1994, 201-203.
(243) Krompiec, S.; Pigulla, M.; Kuźnik, N.; Krompiec, M.; Marciniec, B.;
Chadyniak, D.; Kasperczyk, J. J. Mol. Catal. A: Chem. 2005, 225, 91-101.
(244) Stille, J. K.; Becker, Y. J. Org. Chem. 1980, 45, 2139-2145.
(245) Hubert, A. J.; Feron, A.; Goebbels, G.; Warin, R.; Teyssié, P. J. Chem.
Soc. Perk. Trans. 2 1977, 2, 11-14.
(246) Tatsumi, K.; Hoffmann, R.; Yamamoto, A.; Stille, J. K. Bull. Chem. Soc.
Jpn. 1981, 54, 1857-1867.
(247) Onishi, M.; Oishi, S.; Sakaguchi, M.; Takaki, I.; Hiraki, K. Bull. Chem.
Soc. Jpn. 1986, 59, 3925-3930.
(248) Ershova, V. A.; Golovin, A. V.; Pogrebnyak, V. M. J. Organomet. Chem.
2002, 658, 147-152.
(249) Meugnot, B.; Cintrat, J.-C.; Rousseau, B. Tetrahedron 2004, 60, 35753579.
(250) Hubert, A. J.; Moniotte, P.; Goebbels, G.; Warin, R.; Teyssié, P. J. Chem.
Soc. Perk. Trans. 2 1973, 2, 1954-1957.
(251) Sergeyev, S.; Hesse, M. Synlett 2002, 8, 1313-1317.
(252) Murai, T.; Kasai, Y.; Ishihara, H.; Kato, S. J. Org. Chem. 1992, 57, 55425545.
(253) Delogu, G.; Faedda, G.; Gladiali, S. J. Organomet. Chem. 1984, 268, 167174.
(254) Krompiec, S.; Pigulla, M.; Szczepankiewicz, W.; Bieg, T.; Kuźnik, N.;
Leszczynska-Sejda, K.; Kubicki, M.; Borowiak, T. Tetrahedron Lett. 2001, 42, 70957098.
(255) Krompiec, S.; Pigulla, M.; Bieg, T.; Szczepankiewicz, W.; Kuźnik, N.;
Krompiec, M.; Kubicki, M. J. Mol. Catal. A: Chem. 2002, 189, 169-185.
(256) Krompiec, S.; Pigulla, M.; Krompiec, M.; Baj, S.; Mrowiec-Białoń, J.;
Kasperczyk, J. Tetrahedron Lett. 2004, 45, 5257-5261.
(257) Balázs, Á.; Hetényi, A.; Szakonyi, Z.; Sillanpää, R.; Fülöp, F. Chem. Eur.
J. 2009, 15, 7376-7381.
(258) Kasaya, Y.; Hoshi, K.; Terada, Y.; Nishida, A.; Shuto, S.; Arisawa, M.
Eur. J. Org. Chem. 2009, 4606-4613.
(259) Levison, J. J.; Robinson, S. D. J. Chem. Soc. A 1970, 2947-2954.
(260) Evans, D. A.; Takacs, J. M.; McGee, L. R.; Ennis, M. D.; Mathre, D. J.;
Bartroli, J. Pure Appl. Chem. 1981, 53, 1109-1127.
(261) Evans, D. A. Aldrichim. Acta 1982, 15.
(262) Wu, Y.; Shen, X. Tetrahedron Asymmet. 2000, 11, 4359-4363.
(263) Roush, W. R.; Brown, B. B. J. Org. Chem. 1993, 58, 2162-2172.
(264) Evans, D. A.; Bartroli, J.; Shih, T. L. J. Am. Chem. Soc. 1981, 103, 21272129.
376

(265) Evans, D. A.; Ellman, J. A.; Dorow, R. L. Tetrahedron Lett. 1987, 28,
1123-1126.
(266) Evans, D. A.; Ennis, M. D.; Mathre, D. J. J. Am. Chem. Soc. 1982, 104,
1737-1739.
(267) Bull, S. D.; Davis, S. G.; Garner, A. C.; Kruchinin, D.; Key, M.-S.;
Roberts, P. M.; Savory, E. D.; Smith, A. D.; Thomson, J. E. Org. Biomol. Chem. 2006, 4,
2945-2964.
(268) McKennon, M. J.; Meyers, A. I. J. Org. Chem. 1993, 58, 3568-3571.
(269) McLeod, M. C.; Wilson, Z. E.; Brimble, M. A. Org. Lett. 2011, 13, 53825385.
(270) Harutyunyan, S. R.; Hartog, T. d.; Geurts, K.; Minnaard, A. J.; Feringa, B.
L. Chem. Rev. 2008, 108, 2824-2852.
(271) Rossiter, B. E.; Swingle, N. M. Chem. Rev. 1992, 92, 771-806.
(272) Hayashi, T.; Yamasaki, K. Chem. Rev. 2003, 103, 2829-2844.
(273) Sibi, M. P.; Manyem, S. Tetrahedron 2000, 56, 8033-8061.
(274) Krause, N.; Hoffmann-Röder, A. Synthesis 2001, 171-196.
(275) Hird, A. W.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2003, 42, 1276-1279.
(276) Hosomi, A.; Sakurai, H. Tetrahedron Lett. 1976, 17, 1295-1298.
(277) Hosomi, A.; Sakurai, H. J. Am. Chem. Soc. 1977, 1977, 5.
(278) Wu, M.-J.; Wu, C.-C.; Lee, P.-C. Tetrahedron Lett. 1992, 33, 2547-2548.
(279) Williams, D. R.; Mullins, R. J.; Miller, N. A. Chem. Commun. 2003, 22202221.
(280) Kawamura, T.; Kochi, J. K. J. Am. Chem. Soc. 1972, 94, 648-650.
(281) Welsch, T.; Tran, H.-A.; Witulski, B. Org. Lett. 2010, 12, 5644-5647.
(282) Stals, P. J. M.; Everts, J. C.; Bruijn, R. d.; Filot, I. A. W.; Smulders, M. M.
J.; Martín-Rapún, R.; Pidko, E. A.; Greef, T. F. A. d.; Palmans, A. R. A.; Meijer, E. W.
Chem. Eur. J. 2010, 16, 810-821.
(283) Ahad, S. M.; Ange, A. L.; Bates, R. B.; Bell, B. L.; Bodour, A. A.;
Bourne, B. R.; Contreras, C. G.; Goldberg, E. L.; Gunatilaka, A. A. L.; King, S.; Lee, A.
K.; Low, R. L.; Maier, R. M.; Marlor, K. M.; Marron, M. T.; Scolnik, R. C.; Streeter, M.
J.; Strelczuk, M.; Trinh, L. N.; Truong, V. K.; Vissering, S. P.; Weick, M. C.; Williams,
M. T. Tetrahedron 2010, 66, 9107-9112.
(284) Neises, B.; Steglich, W. Angew. Chem. Int. Ed. 1978, 17, 522-524.
(285) Ohta, S.; Shimabayashi, A.; Aono, M.; Okamoto, M. Synthesis 1982, 10,
833-834.
(286) Amour, J.-d.; Twibanire, K.; Grindley, T. B. Org. Lett. 2011, 13, 29882991.
(287) Dourtoglou, V.; Ziegler, J.-C.; Gross, B. Tetrahedron Lett. 1978, 19, 12691272.
(288) Carpino, L. A.; Imazumi, H.; El-Faham, A.; Ferrer, F. J.; Zhang, C.; Lee,
.; Foxman, B. M.; Henklein, P.; Hanay, C.; gge, C. M.; Wenschuh, H.; Klose, J.;
Beyermann, M.; Bienert, M. Angew. Chem. Int. Ed. 2002, 41, 441-445.
(289) Inanaga, J.; Hirata, K.; Saeki, H.; Katsuki, T.; Yamaguchi, M. Bull. Chem.
Soc. Jpn. 1979, 52, 1989-1993.
(290) Pilli, R. A.; Victor, M. M. Tetrahedron Lett. 1998, 39, 4421-4424.
(291) Tello-Aburto, R.; Johnson, E. M.; Valdez, C. K.; Maio, W. A. Org. Lett.
2012, 14, 2150-2153.
(292) Tello-Aburto, R.; Newar, T. D.; Maio, W. A. J. Org. Chem. 2012, 77,
6271-6289.
377

(293) Evans, D. A.; Fitch, D. M. J. Org. Chem. 1997, 62, 454-455.
(294) Robinson, A.; Aggarwal, V. K. Angew. Chem. Int. Ed. 2010, 49, 66736675.
(295) Dhimitruka, I.; SantaLucia, J. Org. Lett. 2006, 8, 47-50.
(296) Conrad, J. C.; Eelman, M. D.; Silva, J. A. D.; Monfette, S.; Parnas, H. H.;
Snelgrove, J. L.; Fogg, D. E. J. Am. Chem. Soc. 2007, 129, 1024-1025.
(297) Toumi, M.; Couty, F.; Evano, G. J. Org. Chem. 2008, 73, 1270-1281.
(298) Shu, C.; Zeng, X.; Hao, M.-H.; Wei, X.; Yee, N. K.; Busacca, C. A.; Han,
Z.; Farina, V.; Senanayake, C. H. Org. Lett. 2008, 10, 1303-1306.
(299) Stivala, C. E.; Gu, Z.; Smith, L. L.; Zakarian, A. Org. Lett. 2012, 14, 804807.
(300) Fürstner, A.; Langemann, K. J. Org. Chem. 1996, 61, 3942-3943.
(301) Fürstner, A.; Langemann, K. Synthesis 1997, 792-803.
(302) Fürstner, A.; Langemann, K. J. Am. Chem. Soc. 1997, 119, 9130-9136.
(303) Abell, A. D.; Alexander, N. A.; Aitken, S. G.; Chen, H.; Coxon, J. M.;
Jones, M. A.; McNabb, S. B.; Mustcfoft-Taylor, A. J. Org. Chem. 2009, 74, 4354-4356.
(304) Nagarapu, L.; Gaikwad, H. K.; Bantu, R.; Manikonda, S. R.; Kumar, C.
G.; Pombala, S. Tetrahedron Lett. 2012, 53, 1287-1291.
(305) Robinson, A. J.; Elaridi, J.; Lierop, B. J. V.; Mujcinovic, S.; Jackson, W.
R. J. Pept. Sci. 2007, 13, 280-285.
(306) Gau, H.-M.; Lee, C.-S.; Lin, C.-C.; Jiang, M.-K.; Ho, Y.-C.; Kuo, C.-N. J.
Am. Chem. Soc. 1996, 118, 2936-2941.
(307) Banwell, M. G. e-EROS Encyclopedia of Reagents for Organic Synthesis
Wiley: New York, 1995.
(308) Myers, A. G.; Yang, B. H.; Chen, H.; Gleason, J. L. J. Am. Chem. Soc.
1994, 116, 9361-9362.
(309) Myers, A. G.; Yang, B. H.; Chen, H.; McKinstry, L.; Kopecky, D. J.;
Gleason, J. L. J. Am. Chem. Soc. 1997, 119, 6496-6511.
(310) Myers, A. G.; McKinstry, L. J. Org. Chem. 1996, 61, 2428-2440.
(311) Zhang, K.; Peng, Q.; Hou, X.-L.; Wu, Y. D. Angew. Chem. Int. Ed. 2008,
10, 2361-2366.
(312) Sergeyev, S. A.; Hesse, M. Helv. Chim. Acta 2003, 86, 465-473.
(313) Fécourt, F.; Lopez, G.; Lee, A. V. D.; Martinez, J.; Dewynter, G.
Tetrahedron Asymmet. 2010, 21, 2361-2366.
(314) Gilles, A.; Martinez, J.; Cavelier, F. J. Org. Chem. 2009, 74, 4298-4304.
(315) Jiang, L.; Job, G. E.; Klapars, A.; Buchwald, S. L. Org. Lett. 2003, 5,
3667-3669.
(316) Pirkle, W. H.; Adams, P. E. J. Org. Chem. 1980, 45, 4117-4121.
(317) Kim, D.; Lee, J.; Shim, P. J.; Lim, J. I.; Doi, T.; Kim, S. J. Org. Chem.
2002, 67, 771-781.
(318) Kido, F.; Sinha, S. C.; Abiko, T.; Watanabe, M.; Yoshikoshi, A. J. Chem.
Soc. Chem. Commun. 1990, 418-420.
(319) Takano, S.; Shimazaki, Y.; Moriya, M.; Ogasawara, K. Chem. Lett. 1990,
19, 1177-1180.
(320) Kido, F.; Sinha, S. C.; Abiko, T.; Watanabe, M.; Yoshikoshi, A.
Tetrahedron 1990, 46, 4887-4906.
(321) Kharasch, M. S.; Tawney, P. O. J. Am. Chem. Soc. 1941, 63, 2308-2316.
(322) Nakamura, E.; Mori, S. Angew. Chem. Int. Ed. 2000, 39, 3750-3771.

378

(323) Bonini, B. F.; Comes-Franchini, M.; Fochi, M.; Mazzanti, G.; Ricci, A.;
Varchi, G. Tetrahedron Asymmet. 1998, 9, 2979-2981.
(324) Wadsworth, A. D.; Furkert, D. P.; Sperry, J.; Brimble, M. A. Org. Lett.
2012, 14, 5374-5377.
(325) Sudhakar, G.; Reddy, K. J.; Nanubolu, J. B. Tetrahedron 2013, 69, 24192429.
(326) Philkhana, S. C.; Seetharamsingh, B.; Dangat, Y. B.; Vanka, K.; Reddy, D.
S. Chem. Commun. 2013, 3342-3344.
(327) Corey, E. J.; Bakshi, R. K.; Shibata, S. J. Am. Chem. Soc. 1987, 1987, 18.
(328) Bonne, D.; Dekhane, M.; Zhu, J. J. Am. Chem. Soc. 2005, 127, 6926-6927.
(329) Marco, J. A.; García-Pla, J.; Carda, M.; Murga, J.; Falomir, E.; Trigili, C.;
Notararigo, S.; Díaz, J. F.; Barasoain, I. Eur. J. Med. Chem. 2001, 46, 1630-1637.
(330) Denmark, S. E.; Fu, J. Chem. Rev. 2003, 103, 2763-2793.
(331) Hoffmann, R. W. Pure Appl. Chem. 1988, 60, 123-130.
(332) Yamamoto, Y.; Asao, N. Chem. Rev. 1993, 93, 2207-2293.
(333) Brown, H. C.; Ramachandran, P. V. Pure Appl. Chem. 1994, 66, 201-212.
(334) Brown, H. C.; Ramachandran, V. Pure Appl. Chem. 1991, 63, 307-316.
(335) Herold, T.; Schrott, U.; Hoffmann, R. W. Chem. Ber. 1981, 114, 359-374.
(336) Hoffmann, R. W.; Herold, T. Chem. Ber. 1981, 114, 375-383.
(337) Hoffmann, R. W. Angew. Chem. Int. Ed. 1982, 21, 555-566.
(338) Hoffmann, R. W. Angew. Chem. Int. Ed. 1987, 26, 489-503.
(339) Hoffmann, R. W.; Niel, G.; Schlapbach, A. Pure Appl. Chem. 1990, 62,
1993-1998.
(340) Haruta, R.; Ishiguro, M.; Ikeda, N.; Yamamoto, H. J. Am. Chem. Soc.
1982, 104, 7667-7669.
(341) Ikeda, N.; Arai, I.; Yamamoto, H. J. Am. Chem. Soc. 1986, 108, 483-486.
(342) Roush, W. R.; Halterman, R. L. J. Am. Chem. Soc. 1986, 108, 294-296.
(343) Roush, W. R.; Walts, A. E.; Hoong, L. K. J. Am. Chem. Soc. 1985, 107,
8186-8190.
(344) Ramachandran, P. V. Aldrichim. Acta 2002, 35, 23-35.
(345) Brown, H. C. J. Am. Chem. Soc. 1983, 105, 2092-2093.
(346) Brown, H. C.; Jadhav, P. K. J. Org. Chem. 1984, 49, 4089-4091.
(347) Brown, H. C.; Desai, M. C.; Jadhav, P. K. J. Org. Chem. 1982, 47, 50655069.
(348) Jadhav, P. K.; Bhat, K. S.; Perumal, P. T.; Brown, H. C. J. Org. Chem.
1986, 51, 432-439.
(349) Ramachandran, P. V.; Chen, G.-M.; Brown, H. C. Tetrahedron Lett. 1997,
38, 2417-2420.
(350) Chandra, J. S.; Reddy, M. V. R. ARKIVOC 2007, 2007, 121-144.
(351) Li, Y.; Chen, J.; Cao, X.-P. Synthesis 2006, 2, 320-324.
(352) Chen, L.; Wiemer, D. F. J. Org. Chem. 2002, 67, 7561-7564.
(353) Kuczkowski, R. L. Chem. Soc. Rev. 1992, 21, 79-83.
(354) Gallaher, K. L.; Kuczkowski, R. L. J. Org. Chem. 1976, 41, 892-893.
(355) Simpson, P.; Tschaen, D.; Verhoeven, T. R. Synth. Commun. 1991, 21,
449-458.
(356) Terada, M.; Mikami, K. J. Chem. Soc. Chem. Commun. 1994, 833-834.
(357) Aoki, S.; Mikami, K.; Terada, M.; Nakai, T. Tetrahedron 1993, 49, 17831792.

379

(358) Hanawa, H.; Abe, N.; Meruoka, K. Tetrahedron Lett. 1999, 40, 53655368.
(359) Hanawa, H.; Uraguchi, D.; Konishi, S.; Hashimoto, T.; Maruoka, K.
Chem. Eur. J. 2003, 9, 4405-4413.
(360) Costa, A. L.; Piazza, M. G.; Tagliavini, E.; Trombini, C.; Umani-Ronchi,
A. J. Am. Chem. Soc. 1993, 115, 7001-7002.
(361) Corey, E. J.; Lee, T. W. Chem. Commun. 2001, 1321-1329.
(362) Das, B.; Shinde, D. B.; Kanth, B. S.; Kamle, A.; Kumar, C. G. Eur. J.
Med. Chem. 2011, 46, 3124-3129.
(363) Reddy, D. S.; Mohapatra, D. K. Eur. J. Org. Chem. 2013, 2013, 10511057.
(364) Li, C.-J.; Chan, T.-H. Tetrahedron 1999, 55, 11149-11176.
(365) Nair, V.; Ros, S.; Jayan, C. N.; Pillai, B. S. Tetrahedron 2004, 60, 19591982.
(366) Araki, S.; Ito, H.; Butsugan, Y. J. Org. Chem. 1988, 53, 1831-1833.
(367) Loh, T.-P.; Zhou, J.-R.; Yin, Z. Org. Lett. 1999, 1, 1855-1857.
(368) Hirayama, L. C.; Gamsey, S.; Knueppel, D.; Steiner, D.; DeLaTorre, K.;
Singaram, B. Tetrahedron Lett. 2005, 46, 2315-2318.
(369) Haddad, T. D.; Hirayama, L. C.; Singaram, B. J. Org. Chem. 2010, 75,
642-649.
(370) Podlech, J.; Maier, T. C. Synthesis 2003, 633-655.
(371) Capps, S. M.; Lloyd-Jones, G. C.; Murray, M.; Peakman, T. M.; Walsh, K.
E. Tetrahedron Lett. 1998, 39, 2853-2856.
(372) Babu, S. A.; Yasuda, M.; Shibata, I.; Baba, A. J. Org. Chem. 2005, 70,
10408-10419.
(373) Tussa, L.; Lebreton, C.; Mosset, P. Chem. Eur. J. 1997, 3, 1064-1070.
(374) Gupta, P.; Naidu, S. V.; Kumar, P. Tetrahedron Lett. 2004, 45, 849-851.
(375) Sharpless, K. B.; Verhoeven, T. R. Aldrichim. Acta 1979, 12, 63-74.
(376) Dryuk, V. G. Tetrahedron 1976, 32, 2855-2866.
(377) Kim, C.; Traylor, T. G.; Perrin, C. L. J. Am. Chem. Soc. 1998, 120, 95139516.
(378) Haase, B.; Schneider, M. P. Tetrahedron Asymmet. 1993, 4, 1017-1026.
(379) Choi, J.; Lee, B.; Yu, C.-M. Chem. Commun. 2011, 47, 3811-3813.
(380) Balakrishanan, M.; Rao, G. V.; Venkatasubramanian, N. J. Chem. Soc.
Perk. Trans. 2 1974, 1093-1096.
(381) Hoffmann, R. W.; Ditrich, K. Liebigs Ann. Chem. 1990, 1990, 23-29.
(382) Basha, A.; Lipton, M.; Weinreb, S. M. Tetrahedron Lett. 1977, 18, 41714174.
(383) Chung, S. W.; Uccello, D. P.; Choi, H.; Montgomery, J. I.; Chen, J. Synlett
2011, 2072-2074.
(384) Li, J.; Subramaniam, K.; Smith, D.; Qiao, J. X.; Li, J. J.; Qian-Cutrone, J.;
Kadow, J. F.; Vite, G. D.; Chen, B.-C. Org. Lett. 2012, 14, 214-217.
(385) Khouri, F. F.; Kaloustian, M. K. J. Am. Chem. Soc. 1986, 108, 6683-6695.
(386) Levin, J. I.; Turos, E.; Weinreb, S. M. Synth. Commun. 1982, 989-995.
(387) Kim, S.; Wu, J. Y.; Zhang, Z.; Tang, W.; Doss, G. A.; Dean, B. J.;
DiNinno, F.; Hammond, M. L. Org. Lett. 2005, 7, 411-414.
(388) Müller, J.; Feifel, S. C.; Schmiederer, T.; Zocher, R.; Süssmuth, R. D.
ChemBioChem 2009, 10, 323-328.

380

(389) Li, W.-R.; Ewing, W. R.; Harris, B. D.; Joullié, M. M. J. Am. Chem. Soc.
1990, 112, 7659-7672.
(390) Butler, R. N. Chem. Rev. 1975, 75, 241-257.
(391) Brewster, P.; Hiron, F.; Hughes, E. D.; Ingold, C. K.; Rao, P. A. D. S. Nat.
Chem. Biol. 1950, 166, 179-180.
(392) Bacardit, R.; Moreno-Mañas, M. J. Chem. Ecol. 1983, 9, 703-714.
(393) Valverde, S.; Hernandez, A.; Gomez, A. M. Nat. Prod. Lett. 1993, 2, 2125.
(394) Pirkle, W. H.; Adams, P. E. J. Org. Chem. 1978, 43, 378-379.
(395) Procter, G.; Russell, A. T.; Murphy, P. J.; Tan, T. S.; Mather, A. N.
Tetrahedron 1988, 44, 3953-3973.
(396) Diba, A. K.; Noll, C.; Richter, M.; Gieseler, M. T.; Kalesse, M. Angew.
Chem. Int. Ed. 2010, 49, 8367-8369.
(397) Paterson, I.; Smith, J. D.; Ward, R. A. Tetrahedron 1995, 51, 9413-9436.
(398) Lundgren, R. J.; Sappong-Kumankumah, A.; Stradiotto, M. Chem. Eur. J.
2010, 16, 1983-1991.
(399) Miura, K.; Wang, D.; Hosomi, A. J. Am. Chem. Soc. 2005, 127, 93669367.
(400) Lewis, N.; McKillop, A.; Taylor, R. J. K.; Watson, R. J. Synth. Commun.
1995, 25, 561-568.
(401) Alouane, N.; Boutier, A.; Baron, C.; Vrancken, E.; Mangeney, P. Synthesis
2006, 885-889.
(402) Evans, D. A.; Chapman, K. T.; Bisaha, J. J. Am. Chem. Soc. 1988, 110,
1238-1256.
(403) Tyrrell, E.; Allen, J.; Jones, K.; Beauchet, R. Synthesis 2005, 2393-2399.
(404) Ghosh, A. K.; Gong, G. J. Org. Chem. 2006, 71, 1085-1093.
(405) Stang, E. M.; White, M. C. Nature Chemistry 2009, 7, 547-551.
(406) III, A. B. S.; Dong, S.; Fox, R. J.; Brenneman, J. B.; Vanecko, J. A.;
Maegawa, T. Tetrahedron 2011, 67, 9809-9828.
(407) Lentsch, C.; Rinner, U. Org. Lett. 2009, 11, 5326-5328.
(408) Thadani, A. N.; Batey, R. A. Org. Lett. 2002, 4, 3827-3830.
(409) Dubois, G.; Murphy, A.; Stack, T. D. P. Org. Lett. 2003, 5, 2469-2472.
(410) Bora, P. P.; Sema, H. A.; Wahlang, B.; Bez, G. J. Chem. Pharm. Res.
2011, 3, 524-531.
(411) Ishikawa, M.; Amaike, M.; Itoh, M.; Warita, Y.; Kitahara, T. Biosci.
Biotech. Biochem. 2003, 67, 2210-2214.
(412) Oliveria, E. O. D.; Graf, K. M.; Patel, M. K.; Baheti, A.; Kong, H.-S.;
MacArthur, L. H.; Dakshanamurthy, S.; Wang, K.; Brown, M. L.; Paige, M. Bioorg. Med.
Chem. 2011, 19, 4322-4329.

Fin.

381

