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Supervisor’s Foreword

The application of biomimetic complexity generating reactions in natural products 
synthesis often enables access to structurally complex cores that may otherwise 
seem inconceivable.

For example, pericyclic reaction cascades, in particular those involving elec-
trocyclisations, enabled the elegant one-pot transformation of relatively simple 
linear polyene precursors into structurally complex polycyclic frameworks bear-
ing multiple stereocentres. The choice of photochemical or thermal conditions 
allowed control over the relative stereochemistry of the products. The prevalence 
of such frameworks, in a wide range of γ-pyrone-containing polypropionate natu-
ral products isolated from sacoglossan molluscs, has stoked significant synthetic 
interest in this area in recent years. Work in our research group has focused on 
a specific subset of these natural products, the tridachiahydropyrones, which are 
unusual since the polypropionate sidechain is fused to the dihydropyrone core. 
Dr. Powell’s Ph.D. research, detailed in this thesis, represents an extension of this 
work beyond the traditional synthetic chemistry viewpoint to address fundamental 
matters including the evolutionary purpose of such metabolites.

The first chapter provides an informative introduction to this area of biomimetic 
natural product synthesis, in particular focusing on the role of electrocyclisation 
reaction cascades, from K.C. Nicolaou’s seminal synthesis of the endiandric acids, 
to the more recent research carried out on the tridachiahydropyrones and related 
sacoglossan metabolites. The thesis then sets out to explore the hypothesis that 
these secondary metabolites function as photo-protective membrane antioxidants, 
shielding the producing organisms from the damaging effects of UV radiation.

To this end, in Chap. 2, the biomimetic total syntheses of a number of mem-
bers of the tridachiahydropyrone family are described. Advances made during these 
efforts include an improved Suzuki cross-coupling and photochemically induced 
rearrangements and oxidations leading to the isolation of two novel hydroperoxides.

The interactions of the tridachiahydropyrones with a series of model membranes 
are next investigated. Chapter 3  describes the synthesis of a range of liposomes 
as experimental cell membrane models, and the use of fluorescence spectroscopic 

http://dx.doi.org/10.1007/978-3-319-22069-7_2
http://dx.doi.org/10.1007/978-3-319-22069-7_3
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methods to study and characterize the binding of the tridachiahydropyrones to 
these systems. An important contribution is the demonstration that the key natural 
product-forming electrocyclisation reaction can occur within the membranes.

Chapter 4 details investigations into the membrane photo-protective and anti-
oxidant properties of the tridachihydropyrones. A number of assay techniques 
are used to assess the ability of the metabolites to protect membranes from the 
damaging effects of UV radiation, with the metabolites exhibiting concentration-
dependent antioxidant activity. The demonstration that these compounds influence 
the photochemical peroxidation of membrane lipids provides an insight into the 
potential biological function of this intriguing family of natural products.

In addition to the main body of work, the final chapter of the thesis describes 
the development of a synthetic route to alkenyl nitriles by the palladium-catalysed 
cyanation of halide precursors using acetone cyanohydrin. Alkenyl nitriles are 
important compounds with applications ranging from pharmaceuticals to cataly-
sis, but have traditionally proved capricious to synthesise. The applicability of this 
methodology to a wide range of substrates, including highly substituted examples 
bearing diverse functionality, makes this a worthwhile contribution to the existing 
literature on transition metal-catalysed cross-coupling reactions.

The thesis as a whole combines a high level of detailed scientific methodol-
ogy with a reasoned and engaging discussion of the experimental results, making 
it both a useful and rewarding read.

Nottingham, UK
May 2015  

Dr. John E. Moses

http://dx.doi.org/10.1007/978-3-319-22069-7_4
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Abstract

This thesis primarily details synthetic and biophysical studies on the tridachiahy-
dropyrone family of natural products. The general aim of this work was to explore 
a hypothesis regarding the location and function of these metabolites, isolated 
from sacoglossan molluscs. Specifically, it was hypothesised that tridachiahy-
dropyrone is synthesised photochemically from linear polyene precursors via a 
selective double bond isomerisation-6π electrocyclisation sequence which occurs 
within the cell membrane of the producing organism. Furthermore, it was postu-
lated that this reaction sequence, and subsequent photochemical transformations 
of tridachiahydropyrone into the related products phototridachiahydropyrone and 
oxytridachiahydropyrone, serve to protect the producing mollusc from the damag-
ing effects of UV radiation.

First, the proposed polyene precursors were synthesised using a convergent 
strategy dependent upon a late-stage Suzuki coupling. Their photochemical, bio-
mimetic conversion into tridachiahydropyrone, phototridachiahydropyrone and 
oxytridachiahydropyrone, was then accomplished.

The interactions of tridachiahydropyrone and its biomimetic precursors with 
model membrane systems were next explored, using a fluorescence spectroscopic 
technique. This work demonstrated that the molecules bind to phospholipid vesi-
cles (PLVs) of varying compositions. The synthesis of tridachiahydropyrone 
within the PLVs was also achieved.

The propensity of the compounds to act as sunscreens was lastly investigated, 
by measuring the degree of protection against photochemically induced lipid per-
oxidation they conferred on irradiated PLVs, using the thiobarbituric acid reactive 
substances assay. At high compound concentrations the compounds were found to 
act as sunscreens, whilst at lower concentrations pro-oxidant activity was observed.

In addition to this main work, methodology for the palladium-catalysed cyana-
tion of vinyl halides with acetone cyanohydrin was developed. Conditions were 
optimised using β-bromostyrene, and shown to be applicable to a range of diverse 
substrates. The protocol proved chemoselective for vinyl bromides in the presence 
of aryl bromides, which were left unaffected and available for further chemical 
transformations, adding to the synthetic utility of the reaction.
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1.1  Tridachiahydropyrone and Related Natural Products

1.1.1  γ-Pyrone-Containing Polypropionates from 
Sacoglossan Molluscs

In recent years, a number of structurally diverse γ-pyrone-containing polypropion-
ate natural products have been isolated from opisthobranch molluscs of the order 
Sacoglossa (Fig. 1.1) [1–4].

Many of these possess complex structural frameworks and have been shown 
to exhibit interesting biological activities [5]. A common structural feature of 
this family of molecules is a γ-pyrone moiety appended to an unsaturated, pol-
yketide-derived side-chain. Tridachiahydropyrone (9) [6] and oxytridachiahy-
dropyrone (10) [7] are unusual in possessing a dihydropyrone group, with the 
γ-dihydropyrone fused to the side-chain, forming a bicyclic core.

Tridachiahydropyrone (9) was first isolated by Cimino et al. in 1996 from the 
Caribbean sacoglossan mollusc Tridachia crispata [9]. The relative configuration 
of the ring substituents at C-5 and C-10 were originally assigned as trans on the 
basis of nOe studies (Fig. 1.2). However, an unambiguous total synthesis in 2005 
of the originally proposed isomer 11 by Perkins and co-workers warranted the 
structural reassignment of the natural product, as spectroscopic data of the synthe-
sised compound did not match that of the natural sample [8]. It was subsequently 
speculated that the cis diastereomer 9 might be the true structure of the natural 
product, and this was confirmed by the completion of its total synthesis in 2008 by 
Moses et al. [9]. Further work by the Moses group also led to the structural reas-
signment of tridachiahydropyrones B (12) and C (13) as oxytridachiahydropyrone 
(10) (See Sect. 1.3) [10].

Chapter 1
Introduction

© Springer International Publishing Switzerland 2016 
K.J. Powell, Synthetic and Biophysical Studies on the Tridachiahydropyrone 
Family of Natural Products, Springer Theses, DOI 10.1007/978-3-319-22069-7_1
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1.1.2  Biosynthesis of γ-Pyrone-Containing Polypropionate 
Natural Products

γ-Pyrone-containing polypropionate natural products originate from polyketides, 
which can undergo assorted reductive transformations to give diverse products 
with varying levels of unsaturation. Polyketide biosynthesis occurs on a multi-
enzyme complex, consisting of a protein dimer of acyl carrier protein (ACP) and 
condensing enzyme (CE), with the basic sequence involving iterative Claisen 
condensations of acid derivatives such as malonyl coenzyme-A (MCoA, 14) and 
methylmalonyl coenzyme-A (mMCoA, 15) onto starter units such as acetyl CoA 
(16) and propionyl CoA (17) (Scheme 1.1) [11].
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Fig. 1.1  γ-Pyrone-containing polypropionates from sacoglossan molluscs
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In addition to chain-extension via the Claisen condensation, further modifica-
tion of the polyketide backbone can take place by reduction of the carbonyl groups 
to varying extents. Some carbonyl groups are left untouched, some reduced to 
hydroxyl groups, some to olefinic motifs, and some reduced completely to alkanes 
(Scheme 1.2).

The α-methoxy-γ-pyrone unit itself arises from the cyclisation of three ketide 
units. The final three extension units condensed into the polyketide chain are left 
unmodified by reductive enzymes, giving a triketide which readily cyclises, with 
concurrent release from the acyl carrier protein. The immediate product is the 
γ-hydroxy-α-pyrone 18. Tautomerisation to the γ-pyrone tautomer 19 followed by 
an enzyme-mediated regioselective O-methylation occurs to give the α-methoxy- 
γ-pyrone 20 (Scheme 1.3) [12].

The condensation, reduction, cyclisation and methylation steps shown above 
result in an α-methoxy-γ-pyrone unit appended to a linear polyketide-derived 
side-chain of varying degrees of reduction. However, the majority of γ-pyrone-
containing natural products isolated from sacoglossan molluscs do not possess 
linear side-chains, instead exhibiting complex carbon frameworks commonly 
characterised by cyclic motifs. For example, 9,10-deoxytridachione (2) [13] pos-
sesses a 1,3-cyclohexadiene unit, whilst ocellapyrone A (5)1d is endowed with a 
bicyclo[4.2.0]octadiene appendage (Fig. 1.1).
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Scheme 1.2  Reductive modification of the polyketide backbone
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It has been proposed that these complex structures arise from various electro-
cyclisation and cycloaddition reactions of linear polyene side-chains, undergone 
post-pyrone formation. For example, Trauner pointed out the wide variety of skel-
etal types that can be theoretically obtained from pericyclic transformations of a 
relatively simple (E,Z,Z,E)-tetraene 21, further observing that isomerisations of the 
alkene geometries lead to an even greater number of potential cyclisation products 
(Scheme 1.4) [14].

Furthermore, many elegant biomimetic syntheses of natural products have 
been carried out using electrocyclisation reactions—often as part of cascade 
sequences—to generate high structural complexity from relatively simple 
precursors.

1.1.3  Biomimetic Electrocyclisations in Natural Product 
Synthesis

The earliest example of a biomimetic electrocyclisation cascade sequence in natu-
ral product synthesis is in Nicolaou’s syntheses of the endiandric acids, isolated 
by Black in the early 1980s [15]. To explain the racemic nature of these natural 
products, Black proposed that they are formed spontaneously from achiral poly-
ene precursors through non-enzymatically assisted electrocyclisation and cycload-
dition cascades. In 1982 Nicolaou reported the synthesis of the methyl esters of 
all endiandric acids A-G in a one-operation cascade approach from linear polyene 
precursors [16]. The synthesis of endiandric acids A, D and E methyl esters (32, 
30 and 31 respectively) is outlined below (Scheme 1.5).
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Scheme 1.4  Structural complexity generated from the tetraene 21
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The octatetraene 28 was synthesised by a double Lindlar hydrogenation of 
dialkyne 27, and underwent a spontaneous 8π conrotatory electrocyclisation fol-
lowed by a 6π disrotatory electrocyclisation of the initial cyclisation product 29 
(not isolated). This cascade sequence gave rise to endiandric esters D (30) and 
E (31). Heating to 100 °C in toluene resulted in an intramolecular Diels-Alder 
cycloaddition of 31, affording endiandric ester A (32). Endiandric esters B, C, F 
and G were synthesised analogously from a similar dialkyne precursor.

Like members of the endiandric acid family, ocellapyrone A (5) has a 
bicyclo[4.2.0]octadiene framework. As such it was hypothesised that 5 is also bio-
synthesised from a tetraene precursor via an 8π–6π electrocyclisation cascade. To 
test this hypothesis, Trauner et al. constructed the pyrone-polyene 35 using a Stille 
coupling of the pyrone fragment 34 with the stannane 33 [14]. The tetraene 35 
underwent an 8π–6π electrocyclisation cascade in situ. The product of the initial 
8π cyclisation, 36, exists as a mixture of exo and endo conformers, with subse-
quent 6π cyclisation of these conformers leading to ocellapyrone A (5) and isomer 
37 respectively. The endo product 37 was found to dominate. Ocellapyrone B (6) 
was obtained by exposure of 37 to oxygen (Scheme 1.6).

CO2Me
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27 28

8π con
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HH

CO2Me

6π dis
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H

CO2Me

H

H

H

H

H

[4+2]

endiandric acid A methyl ester (32)

Scheme 1.5  Nicolaou’s biomimetic synthesis of the endiandric acid methyl esters. Reagents and 
conditions: a H2, Pd/BaSO4, quinoline; b PhMe, 100 °C
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Moses and co-workers took this hypothesis one step further, speculating that 
the original biosynthetic polyene precursor was not the (E,Z,Z,E)-tetraene 35 but 
the all E isomer 40 [17]. Furthermore, they postulated that this polyene was the 
precursor to a number of γ-pyrone polypropionate natural products, diversification 
occurring via selective double bond isomerisations followed by varying electro-
cyclisations or cycloadditions. Thus the polyene 40 was synthesised by a Suzuki 
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Scheme 1.6  Trauner’s synthesis of the ocellapyrones. Reagents and conditions: a Pd(PPh3)4, 
CsF, CuI, DMF; b O2, methylene blue, CHCl3, hν, reflux
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coupling of the boronic ester 38 with the vinylic bromo-pyrone 39, and subse-
quently subjected to thermal and photochemical conditions (Scheme 1.7).

Thermal conditions afforded 9,10-deoxytridachione (2) and ocellapyrone A (5), 
whilst photochemical conditions led to isolation of photodeoxytridachione (3) and 
iso-9,10-deoxytridachione (41), all natural products.

It was proposed that 9,10-deoxytridachione (2) and iso-9,10-deoxytridachione 
(41) arise from the all E polyene 40 via an initial selective double bond isomerisa-
tion followed by 6π electrocyclisation of the (E,Z,E,E)-isomer 42 (Scheme 1.8). 
Under thermal conditions disrotatory electrocyclisation occurs, leading to 
9,10-deoxytridachione (2), whilst under photochemical conditions the conrotatory 
mode is allowed, affording iso-9,10-deoxytridachione (41) [17].

It is thought that photodeoxytridachione (3) arises from 40 via 9,10-deoxy-
tridachione (2), which is formed under photochemical conditions following 
two selective double bond isomerisations of 40 and subsequent 6π conrotatory 
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Scheme 1.7  Moses’ synthesis of γ-pyrone polypropionate natural products from the common 
precursor 40. Reagents and conditions: a Pd(PPh3)4, aq. KOH, THF, 80 °C; b xylenes, 150 °C, 
dark; c hν, cyclohexane
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electrocyclisation of the (E,Z,Z,E)-isomer 35. A photochemical [σ2a + π2a] rear-
rangement of 9,10-deoxytridachione (2) would lead to photodeoxytridachione (3) 
(Scheme 1.9) [17]. An alternative mechanism for the photochemical conversion of 
2 into 3 involving diradical species has also been proposed [18].

Ocellapyrone A (5) also arises from 40 via 35. Following the two selective dou-
ble bond isomerisations, this time promoted thermally, an 8π–6π electrocyclisa-
tion cascade (Scheme 1.6) leads to the natural product [17].
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Scheme 1.8  Mechanism for the formation of 2 and 41 from 40
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from 40
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1.1.4  Tridachiahydropyrone: Biosynthetic Hypothesis

Tridachiahydropyrone (9) is produced by the marine mollusc Tridachia crispata 
[6]. These molluscs, like many from which a wide range of γ-pyrone polypropion-
ate natural products has been isolated, are shell-less creatures and so are vulner-
able to predation. They are known to excrete chemicals as a form of defence [19], 
with many of the γ-pyrone polypropionates isolated showing biological activities 
[5].

The originally proposed structure of tridachiahydropyrone (11) would be 
formed from the (Z,E,E)-polyene 43 upon a thermal 6π disrotatory electrocyclisa-
tion. Perkins demonstrated that this structure was not that of the natural product 
[8]. The revised structure of tridachiahydropyrone (9) would be formed from the 
(Z,E,E)-polyene 43 upon a 6π conrotatory electrocyclisation (Scheme 1.10).

The 6π conrotatory mode of electrocyclisation is promoted under photochemi-
cal conditions. Furthermore, a photochemical [4 + 2] cycloaddition of 9 with 
singlet oxygen (1O2) would furnish tridachiahydropyrone B (12), with a further  
E/Z isomerisation leading to tridachiahydropyrone C (13). These observations, 
coupled with the fact that the molluscs reside in areas exposed to direct sunlight, 
underpin the biosynthetic hypothesis proposed by Moses et al. [10].

It is proposed that tridachiahydropyrone (9) originates from a photochemical 
6π conrotatory electrocyclisation of the (Z,E,E)-polyene 43, itself generated from 
a selective double bond isomerisation of the all E isomer 44 (Scheme 1.11).
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Scheme 1.10  Possible pathways to the tridachiahydropyrones from polyene 43
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Previous work in the Moses group has resulted in the synthesis of 9 from both 
43 [9] and 44 [10], providing strong experimental support for their hypothesis (see 
Sect. 1.3).

Seminal labelling studies carried out by Ireland and Scheuer in 1979 demon-
strated the non-enzymatic in vivo photochemical transformation of 9,10-deoxytri-
dachione (2) into photodeoxytridachione (3) [20]. This work led them to conclude 
that γ-pyrone polypropionate metabolites served as sunscreens in the shell-less 
molluscs which, in addition to being vulnerable to predation, are often found 
in shallow lagoons exposed to strong sunlight. It was postulated that metabo-
lites such as 2 are biosynthesised and then transported to the tissue of the diges-
tive diverticula, flanking the dorsal surface, with photochemical transformations 
occurring when the ultraviolet (UV) radiation penetrating this surface exceeds the 
absorption limits of the γ-pyrone moiety [20]. Thus excess radiation is dispersed 
by being channelled into driving photochemical reactions, forming further natural 
products such as 3, whilst protecting the mollusc from the damaging effects of UV 
radiation.

In light of these studies it is proposed that, in the case of tridachiahydropyrone 
(9), the linear polyene 44 is produced by the mollusc as a photoprotective agent, 
its possession of a conjugated polyene and γ-pyrone unit making it an excel-
lent chromophore. When the level of UV radiation exceeds the absorption limit 
of 44, the selective double bond isomerisation-6π conrotatory electrocyclisation 
sequence outlined in Scheme 1.11 is triggered.

Given the fact that, in order to act as effective sunscreens, the metabolites need 
to be near the surface of the mollusc, it is further hypothesised that the polyene 
44 is located in the cell membrane. It is reasonable that a linear polyene-pyrone 
such as 44 would sit comfortably in the phospholipid bilayer of a cell membrane, 
given its structural resemblance to a phospholipid: both possess a polar head group 
(γ-pyrone/phosphate moiety) and hydrophobic tail (polyene/fatty acid chain) 
(Fig. 1.3).

Thus it is hypothesised that the polyene 44 becomes embedded in the phospho-
lipid bilayer of the cell membrane near the surface of the mollusc and, upon pro-
longed exposure to strong sunlight, undergoes the photochemical transformation 
to tridachiahydropyrone (9), which is subsequently released from the bilayer.
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Scheme 1.11  Proposed origin of tridachiahydropyrone (9)
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1.2  UV Light-Induced Cell Damage

Photochemical damage to biological cells can occur by the direct absorption of 
UV light by cell components, or via generation of reactive oxygen species (ROS) 
which attack a wide range of cellular targets, exerting oxidative stress on the cell.

This damage has varying range of effects, leading to DNA mutations, decreased 
membrane fluidity, and inactivation of vital enzymes. If left unchecked, oxidative 
injury can induce senescence and even trigger cell death [21].

1.2.1  Direct Damage to DNA

Direct absorption of UV-B radiation by cellular DNA results in two major classes 
of lesion, both affecting the pyrimidine bases thymine (T, 46) and cytosine (C, 51) 
(Scheme 1.12) [22].

The first is the formation of cyclobutane pyrimidine dimers (CPDs), account-
ing for ~75 % of direct UV-induced damage to DNA. Absorption of UV-B by thy-
mine or cytosine causes a [2 + 2] cycloaddition between the carbon–carbon double 
bonds of neighbouring bases, resulting in a four-membered ring structure, 47 or 52.
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The second, accounting for ~25 % of lesions, is the formation of 6-4 photo-
products (6-4PPs). These 6-4PPs (49 and 54) possess a single covalent bond, 
between C6 (of the 5′ end) and C4 (of the 3′ end) of the pyrimidine bases 
involved. This is formed via collapse of an intermediate unstable oxetane 48 
(when the 3′ end is thymine) or azetidine 53 (when the 3′ end is cytosine), formed 
photochemically. The 6-4PPs readily undergo photoisomerisation to the dewar iso-
mers 50/55 upon exposure to wavelengths longer than 290 nm.

Both types of lesion can cause distortions to the DNA helix, with CPDs and 
6-4PPs causing kinks of 7–9° and 44° respectively.
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1.2.2  Cell Damage via Reactive Oxygen Species

UV light contributes to the formation of reactive oxygen species (ROS), which can 
attack various cell components, including DNA and lipids, leading to oxidative 
cell damage. The main contribution of UV light to ROS production relates to sin-
glet oxygen and hydroxyl radical formation (Scheme 1.13) [21].

Singlet oxygen can be generated from the triplet ground state by photosensi-
tisation reactions. This involves absorption of UV radiation by a photosensitiser 
molecule, raising it in energy to an excited state. This excitation energy can then 
be transferred to a ground state oxygen molecule, converting it to the excited sin-
glet state, whilst the photosensitiser returns to its ground state. Many biomolecules 
found in cells are effective photosensitisers, including riboflavin [23] and various 
porphyrins [24].

The main mechanism for the formation of hydroxyl radicals in biological sys-
tems is from hydrogen peroxide. Hydrogen peroxide is produced in cells by the 
superoxide dismutase (SOD)-catalysed disproportionation of the superoxide anion 
[21]. Superoxide is known to form from ground state oxygen through a variety of 
processes, including auto-oxidation reactions [25] and the mitochondrial electron 
transport chain [26]. The absorption of UV light by hydrogen peroxide can lead to 
direct homolysis into hydroxyl radicals. However the more prominent mechanism 
of hydroxyl formation from hydrogen peroxide is the iron (II)-mediated Fenton 
reaction. It has been shown that UV radiation induces release of iron from storage 
proteins, leading to an increase in free iron (II) available for this Fenton chemistry 
[27].

1.2.2.1  Damage to DNA

In addition to direct interaction with pyrimidine bases, UV irradiation leads to the 
formation of reactive oxygen species (ROS) which can themselves cause damage 
to DNA. Attack by the hydroxyl radical is the main source of this type of damage.

The radical [˙OH] can add to the purine bases at the 4-, 5- or 8-positions, form-
ing adducts which can further undergo a variety of reduction, oxidation and/or 
ring opening transformations, affording a wide range of possible end products. 
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Pyrimidines are also attacked by [˙OH] to give multiple products. A selection of 
these products is outlined in Fig. 1.4 [21].

Singlet oxygen can also cause DNA lesions, but is far more limited in its attack 
than the hydroxyl radical, restricted mainly to addition across the 4,8-bond of gua-
nine’s imidazole ring, affording unstable endoperoxides which degrade to give 
various products including 8-oxo-7,8-dihydroguanine (8-oxoG, 65) (Fig. 1.4) [28].

1.2.2.2  Damage to Proteins

The chemistry of oxidative protein damage is even more complex than that 
of DNA due to the large number of amino acid residues available for modifica-
tion. Attack by hydroxyl radical or singlet oxygen generates a huge variety of 
oxidation products, either by addition of the ROS or hydrogen atom abstraction. 
Initial attack by hydroxyl radical leads to free radicals which can combine with 
ground state oxygen to form peroxides, or alkoxyl radicals which can fragment by 
β-scission, releasing carbonyls from the proteins. Furthermore, peroxides can form 
on the peptide backbone and on amino acid side chains. Oxidative damage to histi-
dine residues in particular can lead to enzyme inactivation [21].
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1.2.2.3  Damage to Cell Membranes: Lipid Peroxidation

The polyunsaturated fatty acid (PUFA) side chains of the phospholipids which 
comprise the bilayer of cell membranes are a major target of attack for ROS. The 
general mechanistic pathway for lipid peroxidation is outlined in Scheme 1.14 [29].

Initiation of peroxidation is usually caused by abstraction of an allylic hydro-
gen atom from the fatty acid side chain 68 by a radical species—hydroxyl radical 
readily initiates PUFA peroxidation. Rearrangement of the resultant carbon-cen-
tred radical 69 to form a more stable conjugated diene 70 then occurs, followed by 
combination with ground state oxygen to give a peroxyl radical 71. This radical can 
either abstract a hydrogen atom from a neighbouring PUFA to form a hydroperox-
ide 72, or cyclise and react with a further molecule of oxygen before the propaga-
tion step of hydrogen abstraction occurs. This latter pathway generates the bicyclic 
endoperoxides 75. These can eventually decompose, by heating or in the presence 
of metal ions, to end products such as malondialdehyde (MDA, 76) along with a 
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range of unsaturated aldehydes including 4-hydroxy-2-trans-nonenal (HNE), trans-
4-hydroxy-2-hexenal (HHE) and acrolein. Epoxides, ketones and hydrocarbons 
have also been identified as lipid peroxide decomposition products [21].

Many of these end products of lipid peroxidation are themselves cytotoxic and 
mutagenic, and can go on to cause further damage to the cell, cross-linking proteins 
and causing DNA lesions by reaction with amino acid residues and DNA bases.

Hydroperoxides can be generated in a non-radical fashion by an ene reaction of 
the PUFA with singlet oxygen, although the relevance of this pathway in vivo is 
currently unclear [30].

1.2.3  Prevention of Oxidative Cell Damage: Low Molecular 
Mass Antioxidants

Whilst biological systems have developed a number of sophisticated mechanisms 
to repair the damage caused to cells by oxidative stress [31], a key element of the 
defence against such damage lies in prevention. A combination of antioxidant 
defence enzymes and simple low molecular mass antioxidant molecules are gener-
ally used to prevent oxidative damage [21].

Low molecular mass agents shown to have a protective effect against oxida-
tive cell damage (Fig. 1.5) include tocopherols (e.g. α-tocopherol, 77) [32], 
ascorbic acid (78) [33], flavonoids (e.g. quercetin, 79) [34] and carotenoids (e.g. 
β-carotene, 80) [35]. The main mechanism of action as antioxidants appears to 
be the scavenging of ROS. This defence system often involves complex interplay 
between various antioxidant species; for example ascorbate cooperates with vita-
min E, regenerating α-tocopherol (77) from α-tocopherol radicals in membranes 
(see Sect. 4.4, Scheme 4.5) [36].

Fig. 1.5  Structures of some 
well known low molecular 
mass antioxidants
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Many antioxidants are lipophilic in nature and as such tend to reside in the mem-
brane bilayer of cells. A particularly interesting example is that of vitamin D3 (chole-
calciferol, 83). In addition to its role in the regulation of calcium and phosphate 
metabolism, cholecalciferol (83) has been shown to exert photoprotective effects, in 
particular as an inhibitor of membrane lipid peroxidation [37]. The biosynthesis of 
83 (Scheme 1.15) [38] bears a striking resemblance to that of the proposed biogen-
esis of tridachiahydropyrone (9), both pathways involving a photochemical 6π elec-
trocyclisation reaction. It has been suggested that this pathway is partly responsible 
for the protective action against the damaging effects of UV light [37].

1.3  Tridachiahydropyrone: Previous Work

In 2008 Moses and co-workers reported the first total synthesis of tridachiahy-
dropyrone (9) [9], prompting the revision of its structure from the originally pro-
posed 11 [6]. The synthesis utilised the (Z,E,E)-polyene 43 as a precursor to the 
natural product, providing support for the biomimetic hypothesis. A Suzuki cou-
pling strategy was employed to construct 43. Boronic ester 84 was coupled with 
Z-bromopyrone 85, affording the polyene 43 in 30 % yield. The biomimetic step 
was then attempted, with a solution of 43 in MeOH being placed in natural day-
light for 3 days. This resulted in the complexity-generating transformation to race-
mic tridachiahydropyrone (9), which was isolated in 29 % yield (Scheme 1.16).
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Scheme 1.15  Biosynthesis of the membrane antioxidant cholecalciferol (83)
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The Suzuki coupling fragment 84 was prepared in six steps from commercially 
available isovaleraldehyde (86), using Wittig and Corey-Fuchs methodology to 
extend the carbon chain (Scheme 1.17). The Z-bromopyrone 85 was synthesised 
using a known route [17].

Having proven the feasibility of the 6π conrotatory electrocyclisation, the 
group then set about constructing the all E-polyene 44 in an analogous manner 
[10]. Boronic ester 84 was coupled to the known E-bromopyrone [17] 39 under 
the same conditions, affording 44 in 55 % yield (Scheme 1.18).

A sample of 44 in deuterated MeOH was irradiated using a UV lamp, and the 
reaction monitored by 1H NMR spectroscopy (Scheme 1.19). This revealed for-
mation of the (Z,E,E)-polyene 43, corresponding to a selective E/Z double bond 
isomerisation. Further irradiation led to the gradual disappearance of the two poly-
enes 43 and 44, accompanied by formation of tridachiahydropyrone (9). Prolonged 
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irradiation resulted in the formation of a new, unexpected, product. The structure 
of the new photoproduct, named phototridachiahydropyrone (93), was determined 
by spectroscopic analysis and X-ray crystallography. The formation of 93 can be 
explained as arising from a photochemical [1,3]-sigmatropic rearrangement of tri-
dachiahydropyrone (9). Whilst phototridachiahydropyrone (93) has not been iso-
lated from natural sources, it is reasonable to assume that it is a natural product yet 
to be discovered.

A further biosynthetic hypothesis, namely that tridachiahydropyrones B (12) 
and C (13), isolated as an inseparable mixture in 2000 by Schmitz and co-work-
ers [7], were derived from a photochemical [4 + 2] cycloaddition of tridachi-
ahydropyrone (9) with singlet oxygen, was also explored [10]. Thus a solution 
of tridachiahydropyrone (9) in CHCl3 was irradiated under a continuous flow of 
molecular oxygen in the presence of methylene blue. This resulted in complete 
conversion to a new product, the NMR spectroscopic data for which was in agree-
ment with that reported for the inseparable mixture of 12 and 13 (Scheme 1.20).

However, nOe studies indicated that the two proposed inseparable geometric 
isomers were in fact rotameric forms of a single molecule, which was determined 
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to have the structure 10 and named oxytridachiahydropyrone (Scheme 1.21). 
Oxytridachiahydropyrone (10) arises from endo addition of singlet oxygen to tri-
dachiahydropyrone (9), singlet oxygen approaching its concave face exclusively.

1.4  Aims of This Work

The aim of this work was to further explore the hypothesis regarding the biosyn-
thetic origin of tridachiahydropyrone (9) (Sect. 1.1.4), building on the previous work 
of the group outlined above (Sect. 1.3), and focusing on the chemical biology of the 
molecule and its biomimetic precursors. The research focussed on two main areas.

The first aim of this work was to explore the feasibility of the sunscreen hypoth-
esis, specifically the likelihood that the polyene precursors (44 and 43) to tridachi-
ahydropyrone (9) are located in the phospholipid bilayer of the cell membrane. 
This was achieved by studying the interactions of the molecules with a series of 
model membrane systems, utilising fluorescence-based biophysical techniques.

The second aim was to investigate the photoprotective and antioxidant proper-
ties of the pyrone molecules. A number of assay techniques were used in order 
to establish if the molecules indeed offer protection to cell components from the 
damaging effects of UV radiation, and furthermore to explore the mechanistic ori-
gin of these effects.

In order to achieve these aims the organic synthesis of tridachiahydropyrone (9) 
and its precursors was initially required.
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2.1  Revised Synthetic Route

The main problem with the original synthetic route to tridachiahydropyrone (9) 
was the Suzuki coupling step of the boronic ester 84 with the bromo-pyrone 
fragments 85 and 39 to form the biomimetic precursors 43 and 44 (see Sect. 1.3, 
Schemes 16 and 18) [1, 2]. In addition to being fairly low yielding the yields 
themselves were found to be inconsistent. As this occurred at such a late stage 
in the synthesis it was thought preferable to improve upon this reaction if 
possible.

It was postulated that using the iodo-pyrones 94 and 95 in place of their bromo-
analogues could improve the efficiency of this step, as iodo compounds are known 
to be more reactive in cross coupling reactions due to the lower strength of their 
bonds to carbon in comparison with the other halides [3]. Thus the original ret-
rosynthesis was revised (Scheme 2.1).

2.2  Synthesis of the Boronic Ester Coupling Fragment

This synthetic strategy towards the polyenes 43 and 44 had a common intermedi-
ate in the boronic ester 84. This was synthesised from isovaleraldehyde (86) in six 
steps following the known methodology (Scheme 2.2) [1].

The synthesis proceeded smoothly, with yields comparable to the literature. 
One modification was made, with Dess-Martin periodinane (DMP) being used for 
the oxidation of the allylic alcohol 89 to the aldehyde 90 instead of the original 
MnO2-mediated strategy. This improved the yield from 71 to 93 %, whilst signifi-
cantly reducing the reaction time from overnight to just 30 min.

Chapter 2
Synthesis of the Tridachiahydropyrones  
and their Biomimetic Precursors

© Springer International Publishing Switzerland 2016 
K.J. Powell, Synthetic and Biophysical Studies on the Tridachiahydropyrone 
Family of Natural Products, Springer Theses, DOI 10.1007/978-3-319-22069-7_2
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2.3  Synthesis of the Vinyl Iodopyrone Fragments

The Z and E vinyl iodopyrones 94 and 95 had been utilised by Trauner et al. in 
their syntheses of cyercene A and the placidenes [4]. Their synthetic strategy cen-
tred on cyclisation of the triketides 98/99, formed from aldol addition of the dian-
ion of β-ketoester 102 onto the appropriate iodoaldehyde 100/101 and subsequent 
oxidation (Scheme 2.3).

The (Z)-iodoaldehyde 100 was synthesised in two steps from commercially 
available propargyl alcohol (103). Addition of Grignard reagent MeMgBr to 
103 followed by trapping of the intermediate metallocycle 104 with a source of 
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electrophilic iodine furnished the (Z)-iodoalcohol 105, the required alkene geom-
etry installed stereoselectively by chelation control (Scheme 2.4). Initial use of I2 
as the electrophile [5] afforded a 1:1 mixture (determined by analysis of the 1H 
NMR spectrum of the crude reaction mixture) of the desired iodinated and proto-
nated products (105 and 106 respectively). Whilst these were chromatographically 
separable, the use of an alternative, more effective electrophile was investigated in 
order to influence the product ratio in favour of the iodinated product. The use of 
iodine monochloride [6] proved successful, giving an improved product distribu-
tion of 3:1 in favour of the desired product.

Oxidation of 105 with MnO2 yielded the unstable (Z)-iodoaldehyde 100 [5], 
which was immediately taken forward to the aldol reaction (Scheme 2.5). The 
aldol reaction of 100 with the β-ketoester 102 (itself formed by the facile methyla-
tion of methyl propionylacetate (107)) [7] proceeded smoothly upon a slight modi-
fication to Trauner’s reported procedure [4]. Formation of the dianion of 102 was 
reportedly formed by stirring a solution of 102 in THF with NaH for 10 min at 
0 °C and then adding nBuLi and stirring at 0 °C for a further 10 min. A solution of 
iodoaldehyde 100 in THF was then added to the solution and the mixture stirred at 
room temperature. However it was found that a stirring time of 10 min at 0 °C was 
insufficient in this work to promote anion formation, with no product formation 
observed, and just the β-ketoester 107 recovered upon following this procedure. 
Stirring the solution at room temperature for 30 min between additions rectified 
this, with the aldol product 108 formed in good yields as a diastereomeric mix-
ture. Dess-Martin oxidation of 108 and DBU-mediated cyclisation of the resulting 
triketide 98 furnished the γ-hydroxy α-pyrone 96 in 73 % yield over three steps 
(from 100 and 102, Scheme 2.5) [4].
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MeOSO2F is the most effective methylating agent for regioselective 
α-methylation of γ-hydroxy α-pyrones to form α-methoxy γ-pyrones, and 
was used by Trauner for the conversion of 96 into the coupling fragment 94 
[4]. However, due to its extremely high toxicity alternative methylating agents 
Me2SO4 [8] and Me3OBF4 [9] have also been utilised in γ-pyrone-containing nat-
ural product synthesis to achieve analogous transformations.

Treatment of the γ-hydroxy α-pyrone 96 with dimethyl sulfate afforded 
a mixture of the corresponding γ- and α-pyrones, 94 and 109, which were eas-
ily separable by column chromatography. The desired coupling fragment 94 was 
thus isolated in 34 % yield (Scheme 2.6). The geometry of the alkene was at this 
point confirmed as Z by nOe studies, a strong through-space correlation observed 
between the olefinic proton (C8-H) and methyl group (C7-CH3).

The route to the corresponding E isomer 95 was slightly longer, but proved 
unproblematic, following a published synthesis of the (E)-iodoaldehyde 101 
in four steps from commercially available diethyl methylmalonate (110) 
(Scheme 2.7) [10]. The key transformation was a base-promoted hydrolysis-
decarboxylation-elimination sequence of 111, itself formed by the nucleophilic 
substitution reaction between diethyl methylmalonate (110) and iodoform. LiAlH4 
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Scheme 2.6  Formation of the (Z)-coupling fragment 94. Reagents and conditions: a Me2SO4, 
Li2CO3, acetone, Δ, 96 h, 34 % (isolated yield of 94)
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reduction of the carboxylic acid 112 afforded the corresponding alcohol 113 
smoothly, which was oxidised to the desired (E)-iodoaldehyde 101 in an analo-
gous manner to its Z isomer 100.

The aldol reaction between (E)-iodoaldehyde 101 and β-ketoester 102 proved 
more sluggish than the analogous reaction with the Z-analogue 100. Whilst 
addition of 102 to 100 (Scheme 2.5) was complete (as judged by aldehyde con-
sumption by TLC analysis) within 1.5 h, an extended reaction time of 18 h was 
required for the reaction to go to completion in the case of the (E)-iodo alde-
hyde 101. Shorter reaction times of 2–4 h resulted in incomplete consumption of 
101 and disappointing yields of 38–54 %. The subsequent oxidation of 114 and 
DBU-mediated cyclisation of the resultant tricarbonyl 99 afforded the γ-hydroxy 
α-pyrone 97 in 66 % yield over three steps (Scheme 2.8).

The γ-hydroxy α-pyrone 97 was converted into the coupling fragment 95 under 
the same conditions used for methylation of the Z isomer (Scheme 2.9). Again 
an easily separable mixture of isomers was formed, with the desired product 95 
isolated in 42 % yield. The geometry of the alkene was again confirmed by nOe 
studies, with no significant nOe observed between the olefinic proton (C8-H) and 
methyl group (C7-CH3).
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2.5 h then CHI3, Δ, 24 h, 82 %; b KOH, EtOH-H2O, Δ, 24 h, 90 %; c LiAlH4, THF, 0 °C → rt., 
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During the synthesis of the γ-hydroxy α-pyrone 97 an interesting side reaction 
was discovered. The conversion of 114 into 97 was attempted in a telescoped man-
ner, without the usual chromatographic purification of the intermediate triketide 
99. At the end of this reaction sequence an unexpected non-polar compound was 
isolated in addition to the desired pyrone 97. Spectroscopic analysis revealed this 
byproduct to be the novel diene 116 (Scheme 2.10).

Analysis of the 1H NMR spectrum of the crude product 99 used in the cyclisa-
tion reaction revealed a significant quantity of the unoxidised alcohol 114 to be 
present. It is thus highly probable that 116 was generated from 114 upon heat-
ing in the presence of DBU by an elimination-saponification-decarboxylation 
sequence, as outlined in Scheme 2.11.

This side reaction was deemed of interest because the byproduct 116 could 
potentially be used in an adapted route to the desired polyene pyrone 44, which 
would be shorter than the existing route used. This potential new route is outlined 
in Scheme 2.12.

Of this proposed synthetic sequence, the initial condensation step between 
116 and diethylmethylmalonate (110) to form the extended tricarbonyl 119 was 
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potentially problematic, with several self- and cross-condensation products pos-
sible. In addition, literature precedent for this reaction was scarce, the only 
examples of malonates used as electrophiles in condensation reactions generally 
involving an activated derivative such as the acyl chloride [11–13].

NaHMDS was chosen as a strong bulky base for the initial deprotonation of 
116. This deprotonation was carried out at −78 °C with stirring for 0.5 h, with the 
development of a strong yellow colour indicating this step had been successful. 
This solution was then transferred into a solution of malonate 110 in THF also at 
−78 °C, and the mixture stirred at −78 °C for 0.5 h. TLC analysis indicated no 
reaction after this time and so the temperature was increased to −30 °C, to rt., and 
then further to 50 °C. However still no reaction was observed to have occurred, 
and upon work up both unreacted starting materials were present in the 1H NMR 
spectrum of the crude reaction mixture as the only components (Scheme 2.13).

There are two possible explanations for the observed outcome in this case. 
Firstly it is possible that no reaction at all occurred between 110 and the depro-
tonated 116, with the anion of 116 remaining stable in solution until the reaction 
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Entry Ratio 84:94 Base Temp. (°C) Time (h) Yield (%)

1 1.3:1 KOH 80 20 19

2 1.3:1 KOH 80 48 18

3 3.5:1 TlOEt 50 3 65

4 3:1 TlOEt 50 3 66

5 2.5:1 TlOEt 50 3 77

6 2:1 TlOEt 50 4 95

was quenched, whereupon it would have been reprotonated, regenerating the start-
ing material. However, as the temperature was raised to 50 °C during the course of 
the reaction it seems unlikely that the system would have remained so completely 
inert. A second plausible explanation then is that, instead of nucleophilic attack of 
the anion of 116 onto the ester moiety of 110 in a Claisen-type condensation reac-
tion, deprotonation of the acidic malonate proton by the anion of 116 occurred, 
regenerating 116 in addition to a relatively stable malonate anion, which remained 
in solution until being reprotonated upon quenching of the reaction mixture.

2.4  Suzuki Coupling: Synthesis of the Biomimetic 
Precursors

With the boronic ester 84, and the iodopyrones 94 and 95, in hand, the key Suzuki 
coupling step was attempted. The (Z)-iodopyrone 94 and 84 were first exposed to 
the coupling conditions used in the original Moses group synthesis with the bromo 
analogue 85 (see Sect. 1.3) [1]. This used a slight excess of the boronic ester frag-
ment 84, with KOH as base in an aqueous THF solvent system, and Pd(PPh3)4 as 
the catalyst. Heating at 80 °C for 20 h afforded the desired product 43 in a disap-
pointing 19 % yield (Table 2.1, Entry 1). Whilst after this time unreacted starting 
material was present in the crude reaction mixture (as judged by analysis of TLC 
and 1H NMR post-work up), increasing the reaction time to 48 h did not increase 
the yield, or result in full consumption of the limiting substrate 94 (Table 2.1, 
Entry 2). This suggested that the catalyst was becoming inactive before the reac-
tion went to completion. It was reasoned that increasing the rate of reaction would 
likely improve the yield.

Table 2.1  Key Suzuki coupling to form the (Z,E,E)-polyene 43: conditions screened 
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Use of TlOEt, in place of more commonly utilised bases such as KOH, K2CO3 
and NaOMe, has been reported by Roush to greatly accelerate Suzuki coupling 
reactions and lead to improved yields [14]. Thus the use of TlOEt as base was 
investigated. The result of the initial experiment (Table 2.1, Entry 3) was encour-
aging, with a greatly improved yield of 65 % being obtained, at a lower tempera-
ture of 50 °C and much reduced reaction time. Whilst the reaction did indeed go to 
completion under these conditions, the separation of 43 from the excess unreacted 
boronic ester 84 proved difficult due to their similar polarities, accounting for the 
less than perfect 65 % yield. A ratio of 3.5:1 boronic ester 84: iodo 94 had been 
chosen based on the published representative experimental procedure. Roush et al. 
had discovered that in many cases a large excess of the boronic acid/ester cou-
pling component was required, due to issues with the solubility of the ate complex 
formed in situ.

A series of reactions was next conducted, systematically lowering the equiva-
lence of the boronic ester 84 used. It was found that lowering the ratio of 84:94 
increased the isolated yield of 43, by increasing the ease of chromatographic puri-
fication (Table 2.1, Entries 3–6). 2 equivalents of 84 gave an excellent 95 % yield 
(Table 2.1, Entry 6).

The improvement in yield upon switching to TlOEt as base can be rationalised 
by reference to the catalytic cycle of the Suzuki coupling reaction. A general cycle 
is depicted in Scheme 2.14. Kishi et al. suggest step b to be the rate determining 
step of the cycle for many substrates [15]. When the metal counterion of the base 
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used is potassium or sodium, the metal iodide byproduct is soluble in the reac-
tion medium. However, when the base is TlOH (generated in situ from TlOEt and 
H2O), the TlI salt formed is insoluble, precipitating out, and thus driving the step 
forward. Thus the rate of the reaction is increased, allowing the reaction to go to 
completion before the catalyst becomes deactivated, and resulting in improved 
yields.

This interpretation also accounts for the lack of improvement in reaction out-
come observed in switching from the bromopyrone fragment 85 (Sect. 1.3, 
Scheme 16: 30 %) to its iodo analogue 94 (Table 2.1, Entry 1: 19 %), under the 
same coupling conditions. The higher reactivity of iodides over bromides in cou-
pling reactions lies in the relative strengths of their bonds to carbon. A carbon-
iodine bond is weaker and thus undergoes oxidative addition (step a) more readily. 
However, if the oxidative addition step is not rate limiting then the reaction out-
come is unlikely to be affected by this factor.

A similar trend in yields was observed for the synthesis of the (E,E,E,)-polyene 
pyrone 44 (Table 2.2).

Again, substituting KOH for TlOEt resulted in higher yields, and lowering the 
equivalence of the boronic ester 84 improved the yields due to increasing the ease 
of purification. Lowering the equivalence of 84 below 2 however had a detrimental 
effect, with the yield dropping from an excellent 92 % for 2 equivalents (Table 2.2, 
Entry 4) to just 23 % when 1.3 equivalents was used instead (Table 2.2, Entry 5). 
At such a low concentration, solubility of the ate complex presumably becomes a 
hindrance.

Table 2.2  Key Suzuki coupling to form the (E,E,E)-polyene 44: conditions screened 
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Entry Ratio 84:94 Base Temp. (°C) Time (h) Yield (%)

1 1.1:1 KOH 80 20 14

2 3:1 TlOEt 50 3 58

3 2.5:1 TlOEt 50 4.5 74

4 2:1 TlOEt 50 4 92

5 1.3:1 TlOEt 50 20 23

http://dx.doi.org/10.1007/978-3-319-22069-7_1
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2.5  Biomimetic Synthesis of the Tridachiahydropyrone 
Family

The key biomimetic conversion of the (Z,E,E)-polyene 43 into tridachiahydro-
pyrone (9) was next investigated. A sample of 43 was dissolved in anhydrous 
methanol, and the solution thoroughly purged with argon. The solution was then 
irradiated using a medium pressure mercury lamp (125 W). Previous work had 
shown that after 7 h, further exposure to UV light promoted the rearrangement 
of the product tridachiahydropyrone (9) into phototridachiahydropyrone (93) 
[2]. In order to try to avoid this, and maximise tridachiahydropyrone (9) syn-
thesis, after an initial 6 h of irradiation the solvent was removed under reduced 
pressure and the product 9 isolated by preparative TLC. However, an additional 
band was observed on the TLC plate, attributable to the rearranged product 93. 
Both products were isolated, and the remaining starting material 43 re-dissolved 
in anhydrous methanol, re-purged with argon, and re-exposed to UV light. To try 
and prevent further isomerisation the reaction was this time stopped after 5 h, and 
the isolation process repeated. As still some phototridachiahydropyrone (93) pro-
duction was observed, the next two cycles of irradiation were limited to 3 h each. 
After a total 17 h of irradiation (6 h + 5 h + 3 h + 3 h) tridachiahydropyrone (9) 
had been isolated in 18 % yield, along with 6 % of the rearranged photoproduct 
93, and 70 % recovered starting material, (Z,E,E)-polyene 43 (Scheme 2.15).

This technique, with multiple cycles of irradiation and purification, was labour 
intensive and time consuming, the 17 h of total irradiation time requiring 4 days 
work in order to isolate a relatively small quantity of the desired natural product 9, 
and still not preventing formation of the phototridachiahydropyrone (93) byprod-
uct. In order to discern whether this technique was really beneficial, an NMR 
study into the photoconversion of 9 to 93 was conducted. Work previously con-
ducted in the group had found that 24 h irradiation promoted full conversion of 9 
to 93 [2]. As that work had also led to the generation of comparable yields of tri-
dachiahydropyrone (9) (25 % yield of 9 from 44 in 7 h, see Sect. 1.3, Scheme 19) 
in shorter times than the current work (Scheme 2.15), it was deemed worthwhile to 
reinvestigate the kinetics of the photoconversion.
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Scheme 2.15  Biomimetic conversion of 43 into 9 and 93, using multiple purification technique. 
Reagents and conditions: a hν, MeOH, rt., 17 h total irradiation time (with purification carried 
out after 6, 5, 3, 3 h irradiation periods) (70 % starting material 43 also recovered)
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Thus a solution of tridachiahydropyrone (9) was dissolved in CDCl3, degassed 
by purging with argon, and then irradiated. The photochemical sigmatropic rear-
rangement to form phototridachiahydropyrone (93) was monitored over time by 
analysis of the 1H NMR spectrum of the reaction mixture. The relative intensities 
of the olefinic proton signals of the two compounds were used in order to deter-
mine the ratio of 9:93 at various intervals. The results are depicted in Fig. 2.1.

From this study it can be seen that after even 40 h irradiation time tridachiahy-
dropyrone (9) is the major component in the reaction mixture, the ratio of 9:93 at 
this point being 2:1. Whilst the same lamp was used for irradiation in the current 
and previous work, the differences in reaction rates can perhaps be explained by 
small experimental differences such as the distance between the reaction vessel and 
UV light source. From these results it was decided that the time consuming strat-
egy of multiple purification steps after short irradiation times was not necessary in 
order to prevent significant depletion of the desired tridachiahydropyrone (9).

In light of this, the biomimetic photochemical electrocyclisation of the (Z,E,E)-
polyene pyrone 43 into 9 was repeated, this time exposing the substrate to 37 h 
continuous irradiation (Scheme 2.16). Whilst this strategy did increase the iso-
lated yield of phototridachiahydropyrone (93), the longer overall irradiation time 
afforded comparable yields of 9 in a shorter space of time, and with just a single 
purification step required at the end of the irradiation time.

Having optimised the synthetic strategy for synthesis of tridachiahydropyrone 
(9), its conversion into the related natural product oxytridachiahydropyrone (10) 
was next conducted. This was achieved by irradiation of a methanolic solution of 
9 in the presence of molecular oxygen and the photosensitiser methylene blue. The 
[4 + 2] cycloaddition of singlet oxygen to 9 proceeded smoothly, generating the 
desired product 10 in 97 % yield (Scheme 2.17).

Fig. 2.1  NMR study into the photochemical conversion of 9 into 93
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As in the previous photochemical reactions studied, a longer irradiation time 
was again required in comparison with that reported in earlier work (5 h cf. 0.5 h, 
see Sect. 1.3, Scheme 20) [2].

Having successfully synthesised the compounds of the tridachiahydropyrone 
family, namely tridachiahydropyrone (9), phototridachiahydropyrone (93) and 
oxytridachiahydropyrone (10), along with their proposed biomimetic precursors 
the (Z,E,E)-polyene pyrone 43 and the (E,E,E)-polyene pyrone 44, via an opti-
mised synthetic route, attention was next turned to investigating the feasibility of 
the sunscreen hypothesis, using a range of biophysical techniques.
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A key facet of the sunscreen hypothesis involves the location of the biomimetic 
tridachiahydropyrone precursors, 43 and 44, in the phospholipid bilayer of the cell 
membrane of the producing mollusc. A range of biophysical studies was thus con-
ducted in order to explore the feasibility of this situation, by assessing the interac-
tions of 43 and 44, along with tridachiahydropyrone (9) itself (Fig. 3.1), with a 
number of model membrane systems.

3.1  Liposomes as Experimental Membrane Models

Liposomes were used as simple experimental models of the lipid bilayer for these 
studies. The type used were monodisperse, unilamellar phospholipid vesicles 
(PLVs) of 100 nm diameter, prepared using a pressure extrusion technique (see 
Sect. 6.2.3) [1]. PLVs of varying compositions were prepared, comprising phos-
phatidylcholine (PC), cholesterol (Chol) and sphingomyelin (SM) (Fig. 3.2).

These PLVs provided model systems of increasing complexity to represent the 
membrane bilayer. The plasma membrane is a heterogeneous environment, with 
specific membrane components, such as cholesterol and sphingomyelin, selec-
tively co-localising into regions of short range order known as microdomains or 
membrane rafts [2]. There are three main phases found in biological membranes, 
each of a differing degree of order [3]. These are depicted in Fig. 3.3.

Hydrated lipid bilayers undergo phase transitions as a function of temper-
ature. At low temperatures they exist in the solid ordered (so), or gel, phase. At 
higher temperatures they undergo a phase transition to the liquid disordered (ld) 
phase, with the bilayer moving from a quasi-two dimensional crystalline solid to a 
quasi-two dimensional liquid [4, 5]. There is a drastic reduction in both the trans-
lational order in the bilayer plane and also the conformational order of the acyl 
chains upon this transition. In the so phase the hydrocarbon chains are extended 
and tightly packed together, with the carbon–carbon single bonds predominantly 
in the trans conformation. Transition to the ld phase is characterised by an increase 
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in trans-gauche conformational isomerisations in the acyl chains. This increase in 
disorder of the acyl chains of the lipids has led to this transition being known as 
the chain-melting transition. The incorporation of cholesterol into phospholipid 
liposomes induces a third phase, known as the liquid ordered (lo) phase, which can 
coexist with the ld phase [6]. This third phase occurs due to cholesterol’s ability to 
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Fig. 3.1  The molecules investigated in the biophysical studies
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increase the conformational order of the acyl chains of surrounding lipids because 
of its rigid fused ring structure. In the lo phase the degree of translational freedom 
(lateral mobility) of the lipid molecules is similar to that of the ld phase, whilst the 
conformational order of the acyl chains is more akin to that of the so phase [3].

In relation to biological cells, at physiological temperatures the plasma mem-
brane is accepted to be liquid, without an so phase. The cholesterol-poor bulk 
phospholipid is considered to be in the ld phase, with the cholesterol-enriched raft 
regions constituting the coexisting lo phase [4, 5].

Experimental studies on PC/Chol/SM liposomal systems have led to the devel-
opment of ternary phase diagrams showing the thermotropic phase behaviour at 
varying compositions of these three components (Fig. 3.4) [5].

The membrane compositions used in this study are as follows, with the sub-
script value representing the molar percentage of each component in the liposomal 
mixture. The phases present in the liposomes of each composition, as depicted by 
Fig. 3.4, are given in brackets:

These compositions were chosen as they span the range of phase behaviours at 
the temperature (25 °C) used in these experiments, enabling the interactions of the 
tridachiahydropyrones with membrane systems of varying degrees of order to be 
investigated.

3.2  Behaviour of the Polyene Pyrones in Solution:  
Critical Micelle Concentrations

Prior to investigating the interactions of the tridachiahydropyrones with the model 
membranes, the behaviour of the biomimetic precursors 44 and 43 in solution was 
studied to see whether their amphipathic character caused them to self aggregate 

PC100% (ld) PC70%Chol30% (ld + lo) PC70%SM30% (so + ld)

PC60%Chol20%SM20% (ld + lo) PC40%SM60% (so + ld)

Fig. 3.4  Ternary phase 
diagram depicting the phase 
behaviour of PC/Chol/
SM liposomes at 25 °C. 
Reprinted from Biophysical 
Journal, 85, de Almeida, 
R.F.M., Fedorov, A., 
Prieto, M., Sphingomyelin/
Phosphatidylcholine/
Cholesterol Phase Diagram: 
Boundaries and Composition 
of Lipid Rafts, 2406–2416, 
Copyright (2003), with 
permission from Elsevier [5]

3.1 Liposomes as Experimental Membrane Models
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to form micelles. This was achieved by determination of the critical micelle 
concentration (CMC)—that is, the concentration above which molecules form 
micelles—for each molecule, using a 90° light scattering technique [7, 8].

This technique is reliant upon the following expression (Eq. 3.1), which, for 
classical Rayleigh-Debye scattering, relates the intensity of the scattered light (Is) 
to the particle concentration (c) and the scattering coefficient (εs).

The scattering coefficient is proportional to the volume of the scattering particle. 
Thus micellar aggregates of molecules have a far greater εs than the monomeric 
molecule itself. Since εs(micelle) ≫ εs(monomer) a significant increase in Is is 
observed upon transition from a monomeric dispersion of molecules to micelles. 
Measuring the Is (light scattering of samples at 90°) with increasing compound 
concentration therefore affords a plot which fits to two straight line equations 
(y = mx + c), one corresponding to pre-CMC scattering and one to post-CMC 
scattering, with the intercept of these two lines corresponding to the point of CMC 
(Fig. 3.5).

Figure 3.6a shows that the light scattering observed from a solution of 44 in 
Tris buffer increased significantly at relatively low concentrations of 44, confirm-
ing the molecule’s propensity to self aggregate in solution. This was also the case 
for 43 (Fig. 3.6a). Analysis of this data showed the CMC of 44 in solution to be 
40.1 µM, and that of 43 to be 19.0 µM. These values are comparable to phosphati-
dylcholine molecules with fatty acid chains of 9-carbon length (CMC of 09:0 
PC = 0.029 mM) [9]. This behaviour strengthens the argument that 44 and 43 are 
structurally similar to phospholipids and so would reside comfortably within the 
lipid bilayer of the plasma membrane.

The CMCs of these two molecules were next determined in the presence of 
PC100% and PC70%Chol30% phospholipid vesicles (PLVs). This was done in order 
to ascertain whether the molecules would preferentially interact with the mem-
brane or preferentially interact with each other. If interaction with membranes 
was preferred, the presence of PLVs should cause an increase in the CMC. This 
was indeed observed to be the case for 44 and 43, with the onset of significantly 

(3.1)Is = εs · c

Fig. 3.5  Determination 
of CMC using 90° light 
scattering. Exemplified for 44 
in PC100% PLVs
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increased light scattering delayed substantially by the presence of both PC100% 
(Figs. 3.6b and 3.7b) and PC70%Chol30% (Figs. 3.6c and 3.7c) PLVs in the 
solution.

CMC for 44 was increased to 126.5 µM in the presence of PC100% and 
109.2 µM in the presence of PC70%Chol30% liposomes, whilst for 43 very simi-
lar values of 117.6 µM (PC100%) and 110.3 µM (PC70%Chol30%) were observed 
(Fig. 3.8). A rationalisation of these results is that, below CMC, the monomeric 
molecules preferentially insert into the PLVs, thereby reducing their effective free 
concentration in solution. Only when the PLVs approach saturation point does 

Fig. 3.6  CMC determination 
for 44 in absence and 
presence of membrane 
using 90° Rayleigh-Debye 
light scattering: effects 
of increasing compound 
concentration on light 
scattering. a 44 (used as a 
33 mM solution in DMSO) in 
10 mM pH 7.4 Tris buffer; b 
44 (used as a 33 mM solution 
in DMSO) in 400 µM PC100% 
PLVs; c 44 in 400 µM 
PC70%Chol30% PLVs

3.2 Behaviour of the Polyene Pyrones in Solution …
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Fig. 3.7  CMC determination 
for 43 in absence and 
presence of membrane 
using 90° Rayleigh-Debye 
light scattering: effects 
of increasing compound 
concentration on light 
scattering. a 43 (used as a 
33 mM solution in DMSO) in 
10 mM pH 7.4 Tris buffer; b 
43 (used as a 33 mM solution 
in DMSO) in 400 µM PC100% 
PLVs; c 43 in 400 µM 
PC70%Chol30% PLVs

Fig. 3.8  Critical micelle 
concentrations of 43 and 44 
in absence and presence of 
membrane
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the effective concentration of molecules in solution become great enough for self 
aggregation into micelles to occur.

The delayed onset of CMC for 43 and 44 caused by the presence of PLVs 
provides a strong indication that the molecules are inserting into the membrane 
bilayer. With these initial, encouraging results in hand, a more in depth exploration 
of the interactions between the tridachiahydropyrones and the model membrane 
systems was undertaken.

3.3  Exploring Molecular Interactions with Membranes: 
Exploiting the Membrane Dipole Potential

3.3.1  Membrane Potentials

Membranes, both biological and model, possess three types of electric poten-
tial (Fig. 3.9). The first of these is the transmembrane potential difference (ΔΨ), 
which is defined as the overall difference in potential between the bulk aqueous 
phases either side of the membrane [10]. It arises from differences in cation and 
anion concentrations between the two phases. This charge gradient is maintained 
by active transport and passive diffusion of ions across the membrane. The sec-
ond potential is the membrane surface potential (Ψs). This is the potential differ-
ence between the surface of the membrane and the bulk aqueous phase. It arises 
from the charged headgroups of the membrane lipids, resulting in an excess of 
negative electric charge at the membrane surface [11]. The third electric potential 
associated with membranes is the membrane dipole potential (Ψd). This potential 
exists just within the membrane, between the outer aqueous phase and the hydro-
phobic interior provided by the acyl lipid chains. It arises from the alignment of 
the dipoles associated with the polar headgroups of the constituent phospholipids, 
along with the dipoles of water molecules ordered at the membrane-aqueous inter-
face. The magnitude of Ψd varies from 100 to 400 mV (positive in the membrane 

Fig. 3.9  The variation 
in electrical potential (Ψ) 
across a phospholipid bilayer. 
Reprinted from Biochim. 
Biophys. Acta, 1327, Clarke, 
R.J., Effect of lipid structure 
on the dipole potential of 
phosphatidylcholine bilayers, 
269–278, Copyright (1997), 
with permission from 
Elsevier [10]

3.2 Behaviour of the Polyene Pyrones in Solution …
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interior) depending on the composition of lipid, with phosphatidylcholine possess-
ing a membrane dipole potential of 220–280 mV [12].

Binding of molecules to a bilayer induces a change in Ψd. Thus, measuring the 
membrane dipole potential enables the interaction between a molecule of interest 
and a membrane system to be monitored.

3.3.2  Measurement of the Membrane Dipole Potential:  
Di-8-ANEPPS

The membrane dipole potential (Ψd) can be measured using voltage-sensitive fluo-
rescent probes. The use of di-8-ANEPPS for this purpose was first suggested by 
Loew and co-workers, who noted that the addition of 6-ketocholestanol, known to 
increase Ψd, and phloretin, known to decrease Ψd, to di-8-ANEPPS-bound mem-
branes caused a blue and a red shift, respectively, in the fluorescence excitation 
spectrum of the dye [13].

Di-8-ANEPPS has an aminonaphthyl pyridinium-based chromophore, with 
a pair of long hydrocarbon chains which act as membrane anchors, and a hydro-
philic sulfonate headgroup which aligns the molecule perpendicular to the mem-
brane/aqueous interface. A change in voltage across the membrane induces 
intramolecular charge redistribution (Fig. 3.10), which leads to a shift in the 
absorbance or fluorescence spectrum of the dye [14].

3.3.3  Effect of Molecular Interactions on the Membrane 
Dipole Potential: Difference Spectra

The effect of addition of 44, 43, and 9 to di-8-ANEPPS-stained PC100% and 
PC70%Chol30% PLVs was investigated using the fluorescence properties of the dye. 

Fig. 3.10  Ground and 
excited state structures of 
di-8-ANEPPS

N N
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The fluorescence excitation spectrum of di-8-ANEPPS in membranes is known to 
undergo a shift upon perturbation of the membrane dipole potential (Ψd) caused 
by binding of molecules to the membrane [13]. Difference spectra (Fig. 3.11) were 
obtained by recording the excitation spectrum of di-8-ANEPPS prior to and after 
addition of compound, and subtracting the former from the latter (see Sect. 6.2.6 
for further details).

Figure 3.11 shows that the (E,E,E)-polyene 44 caused a blue shift in the spec-
trum of di-8-ANEPPS in both membrane types, indicating that it acts to increase 
Ψd. The natural product 9, conversely, caused a decrease in Ψd for both membrane 
types, manifested in a red shift in the excitation spectrum. Whilst the (Z,E,E)-
polyene 43 acted in the same manner as 44 in the PC100% membrane, causing a 
blue shift (Fig. 3.11a), its influence on the Ψd of the cholesterol-containing mem-
brane was a little more ambiguous (Fig. 3.11b). Whilst it clearly caused a pertur-
bation, both the red and blue ends of the spectrum were positively shifted whilst 
the central portion was negatively shifted. However, this data provides conclusive 
experimental evidence that all three molecule types insert into these membranes. 
In addition, the difference in shift caused by tridachiahydropyrone (9) in compari-
son with its biomimetic precursors suggests that it binds to the membrane with a 
different geometry. This could be due to its non-planar, puckered ring structure.

Fig. 3.11  Influence of 
molecule addition on the 
fluorescence excitation 
spectrum (recorded at a fixed 
emission wavelength of 
580 nm) of di-8-ANEPPS: 
difference spectra. Molecule 
addition at 288.75 µM in 
all cases except 43 with 
PC70%Chol30% when 
the concentration was 
247.50 µM. a Difference 
spectra in presence of 
400 μM PC100% PLVs. 
b Difference spectra in 
presence of 400 μM 
PC70%Chol30% PLVs

3.3 Exploring Molecular Interactions with Membranes …
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3.3.4  Concentration Dependence of the Membrane Dipole 
Potential: Ratiometric Fluorescence Measurements

Quantification of changes in Ψd using di-8-ANEPPS is generally achieved using 
dual wavelength ratiometric measurements. This technique takes the ratio of fluo-
rescence excited at two wavelengths, one at the blue and one at the red end of the 
fluorescence spectrum. A shift in the spectrum causes an increase in intensity at 
one wavelength and a decrease at the other. A variation in fluorescence due to a 
small change in dye concentration, on the other hand, would affect the intensities 
at both wavelengths in the same manner (i.e. it would either increase or decrease 
the intensity at both wavelengths). Thus using this ratiometric method normal-
ises away effects arising from changes in dye concentration, allowing the dye’s 
response to its electrical environment to be isolated [14].

Titrating compound into di-8-ANEPPS-labelled PLVs whilst monitoring 
the ratio of fluorescence (R) excited at two wavelengths (460 and 520 nm) ena-
bled information on the dependence of the membrane dipole potential (Ψd) upon 
compound concentration to be collected (see Sect. 6.2.7 for further details). This 
was initially investigated for the PC100% and PC70%Chol30% membrane systems. 
These titration curves are depicted in Fig. 3.12. An increase in R was observed 
upon titration of 44 into PC100% (Fig. 3.12a) and PC70%Chol30% (Fig. 3.12b) 

Fig. 3.12  Titration curves 
showing the change in 
the fluorescence ratio R 
with increasing compound 
concentration (added as a 
33 mM solution in DMSO). 
a Titration of compound 
into PC100% PLVs (400 µM); 
b Titration of compound 
into PC70%Chol30% PLVs 
(400 µM). Points of CMC 
for 44 (black dotted line) and 
43 (blue dotted line) in the 
presence of the appropriate 
PLVs are superimposed as 
dotted vertical lines

http://dx.doi.org/10.1007/978-3-319-22069-7_6
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PLVs, confirming its interactions with these membrane systems increases Ψd. 
Also as expected from the difference spectra, tridachiahydropyrone (9) caused 
a concentration-dependent decrease in R, consistent with a decrease in Ψd. 43 
showed differing effects on Ψd between the two membrane types, increasing 
Ψd of the PC100% membrane (positive ΔR), whilst acting to decrease Ψd in the 
PC70%Chol30% case (negative ΔR). This indicates that the presence of cholesterol 
in the membrane affects the mode of binding of 43. One explanation for this could 
be that the ordering presence of the rigid ring structure of cholesterol forces the 
polyene sidechain of 43 to adopt a different conformation. This would not affect 
the all E polyene 44 as much, as its sidechain is already relatively planar and 
linear, whilst molecular modelling calculations indicate that the sidechain of 43 
adopts a non-planar geometry, partially wrapping around the pyrone headgroup 
(see Appendix A).

A striking feature of the titration curves is their tendency in the case of 44 and 
43 to fall away at high concentrations instead of levelling off, with ΔR decreasing 
instead of becoming constant. This is not the behaviour that would be expected 
for simple saturatable binding models. A likely explanation for this becomes 
obvious when the critical micelle concentrations (CMCs) of these molecules (as 
determined in Sect. 3.2), in the presence of the appropriate PLVs, are superim-
posed upon the titration profile (Fig. 3.12). In all four cases prior to the CMC the 
expected saturatable binding behaviour is observed, whilst after this point the 
curves are disrupted, falling away instead of levelling off. At the point of CMC, 
the aggregation of molecules in solution appears to be clearly affecting the fluores-
cence properties of di-8-ANEPPS in a way that disrupts the dataset. This aggrega-
tion should not affect the membrane dipole potential of the PLVs. However, it is 
possible that the micelles themselves take up the di-8-ANEPPS (either from the 
free solution or out of the PLVs themselves). Depletion of the dye from the PLVs 
could affect the fluorescence spectrum. It is also likely that the micelles, being 
possessed of polar headgroup regions in much the same way as the PLVs, would 
also exhibit a type of dipole potential, which could influence the observed fluores-
cence properties of the spectroscopic probe.

3.3.5  Uptake of Di-8-ANEPPS by Micelles: Effects 
on Fluorescence

In order to determine unequivocally if these micellar aggregates were capable of 
di-8-ANEPPS uptake leading to a change in its fluorescence spectrum, a series of 
experiments was conducted. 44 was added (as a 33 mM solution in DMSO) to a 
solution of di-8-ANEPPS at time = 0 min. The fluorescence excitation and emis-
sion spectrum was then recorded at 10 min time intervals. This was done for addi-
tions of 44 at both pre- and post-critical micelle concentration (CMC) levels. The 
results of these experiments are shown in Fig. 3.13.

3.3 Exploring Molecular Interactions with Membranes …
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It can be seen that the presence of post-CMC concentrations of 44 leads to a 
ten-fold increase in the magnitude of fluorescence intensity in comparison with the 
pre-CMC case. This is the case for both the excitation (Fig. 3.13b vs. Fig. 3.13a) 
and emission (Fig. 3.13d vs. Fig. 3.13c) spectra of di-8-ANEPPS. From this it can 
be concluded that micelles of 44 do indeed take up the fluorescent probe and cause 
changes in its spectral properties.

The time-dependent manner in which this occurs is also clear from this data. 
In the post-CMC cases (Fig. 3.13b, d) the intensity of the signal increases with 
time, with the increase becoming smaller as time goes on until finally no further 
increase is observed, at around 60 min from compound addition. It can be con-
cluded that this is the time taken for the system to fully equilibrate, which coin-
cides with the standard incubation period for staining of PLVs with the probe (see 
Sect. 6.2.4). In contrast, in the pre-CMC experiments (Fig. 3.13a, c), whilst there 
are slight variations in the signal intensity, the intensity does not increase steadily 
with time. Instead these variations in intensity appear to be at random.

3.3.6  Fitting the Binding Profiles: Characterising  
the Interactions

Having established the ability of the micelles to affect the fluorescence spectrum 
of di-8-ANEPPS, the post-CMC datapoints in the titration curves for 43 and 44 

Fig. 3.13  Time-dependent uptake of di-8-ANEPPS by 44 micelles: influence on di-8-ANEPPS 
excitation and emission spectra. a Excitation spectrum (recorded at a fixed emission wavelength 
of 580 nm) in presence of pre-CMC concentration of 44 (16.5 µM); b Excitation spectrum in 
presence of post-CMC concentration of 44 (206.25 µM); c Emission spectrum (recorded at a 
fixed excitation wavelength of 468 nm) in presence of pre-CMC concentration of 44 (16.5 µM); 
d Emission spectrum in presence of post-CMC concentration of 44 (206.5 µM)

http://dx.doi.org/10.1007/978-3-319-22069-7_6
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Table 3.1  Binding profiles describing interaction of 44, 43 and (±)-9 with A: PC100% and B: 
PC70%Chol30% PLVs (400 µM), and experimental binding parameters derived from these fits

Membrane type Compound 44 43 (±)-9
LogP (± 0.47) 3.89 3.54 3.83

Parameter

PC100% Bmax 2.31 ± 0.33 0.36 ± 0.01 1.37 ± 0.08

Kd (µM) 86.5 ± 20.9 16.7 ± 1.05 66.4 ± 6.56

n – 2.83 ± 0.78 1.58 ± 0.20

PC70%Chol30% Bmax 0.94 ± 0.05 0.21 ± 0.09 1.53 ± 0.07

Kd (µM) 18.1 ± 1.26 54.1 ± 17.0 32.4 ± 3.43

n 2.05 ± 0.41 3.51 ± 2.15 1.66 ± 0.32

Values of Hill coefficient n given where Eq. 3.3 gave the best fit, and left blank where Eq. 3.2 
was statistically preferred. Theoretical octanol/water partition coefficients (LogP) were 
 determined using CS ChemDraw Ultra v12.0

were discounted, affording data solely reflecting the interaction of the molecules 
with the liposomal systems. This enabled characterisation of the interactions to 
be carried out, by fitting of the binding curves to mathematical models in order 
to obtain best fit values for parameters describing the nature of the interactions 
(Table 3.1).

The curves were fitted to one of two likely binding models (Eqs. 3.2 and 3.3). 
Equation 3.2 is the simplest model, describing a single site saturation binding 
situation. Equation 3.3 describes a single site binding model incorporating a Hill 
slope, which indicates a degree of cooperativity in the binding of molecules to the 
membrane. The statistically preferred model for each molecule/membrane system 
was determined using an extra sum-of-squares F test (see Sect. 6.2.8 for details, 
and Appendix B for statistical parameters) [15].

(3.2)y =
Bmax · x

Kd + x

(3.3)y =
Bmax · xn

Kn
d + xn

3.3 Exploring Molecular Interactions with Membranes …
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where y is the change in the fluorescence ratio, ΔR(460 nm/520 nm); x denotes 
ligand concentration; Bmax is the membrane binding capacity; Kd is the dissocia-
tion constant, a measure of a molecule’s affinity for the membrane; and n repre-
sents the Hill coefficient, a measure of the degree of cooperativity in the binding 
of ligand molecules to the membrane.

A two-site binding model (Eq. 3.4) was also considered. However this proved 
to be an unsuitable description for all datasets, producing binding parameters with 
standard errors many times larger than the parameters themselves, and so was 
disregarded.

The titration curves of molecules 43 and (±)-9 fit best to Eq. 3.3 for both PC100% 
and PC70%Chol30% membrane types, indicating a degree of cooperativity in their 
binding behaviour. 44, on the other hand, displayed different binding behaviour 
with the two types of membrane, undergoing a switch from simple hyperbolic 
(Eq. 3.2) to cooperative (Eq. 3.3) upon moving from the PC100% membrane to the 
cholesterol-containing PC70%Chol30%.

The binding parameters obtained from these fits, together with the respective 
octanol-water partition coefficient (logP) calculated for each molecule, are pre-
sented in Table 3.1. From this a significant variation in membrane affinities across 
the molecules tested, as judged by the dissociation constant (Kd), is apparent. 
Assessment of their membrane affinity utilising the theoretical LogP parameter, 
however, is far less discriminating. The calculated logP values show little to no 
distinction in the predicted lipophilicities. LogP is used under many circumstances 
as a descriptor of the ability of a molecule to bind to a membrane [16]. The tech-
nique reported here thus offers a much better method for determining membrane 
affinity, as it is sensitive to additional factors such as hydrogen bonding and hydro-
phobic moment effects which are not accounted for in the logP parameter.

The binding parameters determined highlight a number of interesting features. 
Firstly, the (Z,E,E)-polyene pyrone 43 displays a far lower binding capacity (Bmax) 
than the other molecules tested. This may be due to conformational factors with 
the polyene tending towards a non-planar geometry. However, it is notable that 
43 also displayed the highest degree of cooperativity in its binding, as judged by 
the magnitude of the Hill coefficient (n). Despite the low binding capacity, 43 dis-
played the highest affinity for the PC100% membrane (lowest Kd), suggesting that 
it is not simply a matter of available space within the membrane that is associated 
with the binding process.

Focusing on the natural product precursors, polyenes 44 and 43, it is clear that 
the presence of cholesterol in the membrane system has a significant effect on 
the binding interactions. A switch from non-cooperative to cooperative binding is 
observed in the case of 44, whilst for 43 an increase in the degree of cooperativity 
is also apparent. The relatively planar all E- isomer 44 displays a greater affinity 
for the cholesterol-ordered PC70%Chol30% membrane, whilst the twisted structure 

(3.4)y =

(

Bmax1 · x

Kd1 + x

)

+

(

Bmax2 · x

Kd2 + x

)



53

of 43 (see Appendix A) shows a preference for the more disordered cholesterol-
free PC100% membrane.

As 44 is the parent compound of 43 and 9, it is reasonable to assume that it is 
the affinity of this molecule that will dictate the location of all three metabolites in 
the plasma membrane. As judged by the magnitude of Kd, 44 shows a clear prefer-
ence for binding to PC70%Chol30% PLVs. This suggests that the site of localisation 
of these molecules within the phospholipid bilayer is likely to be the cholesterol-
rich, liquid ordered (lo) raft regions, rather than the cholesterol-poor, liquid disor-
dered (ld) bulk membrane.

This observation raises an interesting prospect. Whilst the biomimetic synthe-
sis of tridachiahydropyrone (9) conducted in the laboratory afforded a racemic 
mixture of the natural product, the original isolation paper reports an optical rota-
tion ([α]D −476.1°)3 associated with the natural sample. This suggests that, in the 
biological system, tridachiahydropyrone is produced in enantioenriched form. As 
the biomimetic precursors 44 and 43 are themselves achiral, any enantioselectivity 
conferred must be associated with the final electrocyclisation step.

Ireland and Scheuer’s experiments demonstrated that the in vivo photochemical 
transformation of 9,10-deoxytridachione (2) into photodeoxytridachione (3) was 
non-enzymatic [17], suggesting that the origin of chirality in sacoglossan natu-
ral products, derived from achiral polyene precursors, does not lie in enzymatic 
assistance.

Within the confines of the biosynthetic hypothesis, a possible origin of the 
enantioselectivity observed in the case of natural tridachiahydropyrone (9) could 
be the chiral components, including phospholipids, sphingolipids and cholesterol, 
of the membrane bilayer itself, where the electrocyclisation step is proposed to 
occur. The surrounding chiral environment of the membrane could be a source of 
chiral induction, favouring the formation of one enantiomer of the natural prod-
uct 9 over the other, by influencing the relative energies of the alternate transition 
states. Following this hypothesis, chiral induction would be more likely to occur 
in regions of higher order, providing a more rigid surrounding chiral environment 
for the electrocyclisation. As the parent compound, 44, showed a higher affinity 
for the ordered microdomain-containing membrane type (PC70%Chol30%) over 
the disordered membrane (PC100%) in the above binding studies, it was deemed of 
interest to explore this hypothesis further. The increased order of the lo raft regions 
could reasonably be considered more able to exert stereocontrol upon the key elec-
trocyclisation reaction than the surrounding ld phase.

In order to ascertain whether the model membrane systems were capable of 
enantiodifferentiation between the enantiomers of tridachiahydropyrone (9), 
a sample of racemic synthetic 9 was separated into its constituent optical isomers 
using preparative chiral HPLC (see Sect. 6.1.4 for details), and the interactions 
of (-)-9 and (+)-9 with PC100% and PC70%Chol30% PLVs characterised using the 
established ratiometric fluorescent spectroscopic technique. The binding profiles 
generated, and parameters determined from the fits, are outlined in Table 3.2, 
along with those of (±)-9, for comparison.

3.3 Exploring Molecular Interactions with Membranes …

http://dx.doi.org/10.1007/978-3-319-22069-7_6
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Differing behaviour between the interactions of the (+)- and (-)-enantiomers of 
9 was indeed observed with both membrane types, as well as differences between 
the enantiomerically pure and racemic samples. A particular difference between 
the two enantiomers was observed with the PC100% membrane, with the behaviour 
of (-)-9 best described by the cooperative model (Eq. 3.3) whilst (+)-9 bound to 
the membrane in a simple hyperbolic manner (Eq. 3.2). (-)-9 also showed a higher 
affinity for this membrane in comparison with its opposite enantiomer.

This data also shows the propensity of the racemic mixture (±)-9 to bind to 
membranes with a higher degree of cooperativity than either of its constituent 
enantiomers alone, as judged by a higher Hill coefficient, n. This may indicate 
that two opposite enantiomers fit together to insert into the membrane whilst the 
non-planarity of the structure means that a similar cooperative effect involving two 
molecules of the same enantiomer is energetically less favourable.

With the ability of the PLVs to distinguish between (±)-9, (-)-9 and (+)-9 dem-
onstrated, the next logical progression was to attempt to conduct the key tridachi-
ahydropyrone-forming electrocyclisation step using the membrane systems as 
reaction media, to investigate whether any enantioselectivity would be conferred 
on this transformation by the surrounding chiral environment of the membrane. 
It was decided that, along with the fully disordered PC100%, and PC70%Chol30% 
with its coexistence of liquid disordered regions and liquid ordered microdomains, 

Table 3.2  Binding profiles describing interaction of (±)-9, (-)-9 and (+)-9 with A: PC100% and 
B: PC70%Chol30% PLVs (400 µM), and experimental binding parameters derived from these fits

Values of Hill coefficient n given where Eq. 3.3 gave the best fit, and left blank where Eq. 3.2 
was statistically preferred

Membrane type Compound (±)-9 (-)-9 (+)-9
Parameter

PC100% Bmax 1.37 ± 0.08 1.69 ± 0.16 1.96 ± 0.24

Kd (µM) 66.4 ± 6.56 194 ± 32.5 337 ± 65.0

n 1.58 ± 0.20 1.18 ± 0.07 –

PC70%Chol30% Bmax 1.53 ± 0.07 1.93 ± 0.15 1.84 ± 0.15

Kd (µM) 32.4 ± 3.43 96.6 ± 18.1 89.4 ± 19.3

n 1.66 ± 0.32 – –
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membrane systems with yet a higher degree of order would also be investigated as 
chiral reaction media. Three more liposomal systems were thus synthesised, this 
time containing the sphingolipid sphingomyelin (SM): PC70%SM30% (so + ld); 
PC60%Chol20%SM20% (ld + lo); and PC40%SM60% (so + ld) [4, 5]. The phosphati-
dylcholine/sphingomyelin binary mixtures were chosen for their solid ordered 
regions, so that the effect of a more rigid chiral environment upon the electrocycli-
sation reaction could be investigated. The ternary phosphatidylcholine/cholesterol/
sphingomyelin system was chosen as a more complex example, thus being a more 
realistic reflection of the state of affairs found in vivo.

Prior to the use of these liposomal systems as reaction media, experimental 
binding profiles were again generated, in order to ensure that the pyrone molecules 
did indeed bind to these new systems (Table 3.3).

As Table 3.3 demonstrates, 44, 43 and (±)-9 were all found to insert into the 
three additional membrane types, thus confirming that they were also suitable for 
use in subsequent investigations into the use of PLVs as chiral reaction media.

3.4  Electrocyclisations Using PLVs as Chiral Reaction 
Media

Having conclusively established the propensity of the tridachiahydropyrone pre-
cursors, 44 and 43 (along with the natural product 9 itself), to insert into the model 
membrane systems, the key electrocyclisation reaction was attempted utilising the 
phospholipid vesicles (PLVs) as chiral reaction media. The main aim of these reac-
tions was to ascertain if any asymmetry had been conferred on the reaction by chi-
ral HPLC analysis of the isolated product.

The investigation was accomplished by adding the required precursor (44 or 
43), as a solution in DMSO, to a preformed suspension of PLVs of the desired 
composition. The mixture was degassed, and then left to equilibrate for 30 min, in 
the dark, in order to ensure insertion of the precursor molecules into the membrane 
bilayers had occurred. After this period the liposomal solutions were irradiated 
(125 W mercury lamp) for a time period of 5 h, before the product tridachiahy-
dropyrone (9) was isolated by extraction with dichloromethane, followed by pre-
parative TLC purification. Due to the low concentrations of compound involved, 
it was not feasible to establish quantitative yields for these experiments. However, 
the product was in each case obtained in sufficient quantity and purity for its enan-
tiomeric ratio to be determined unequivocally by analytical chiral HPLC.

Both precursors, the (E,E,E)-polyene 44 and the (Z,E,E,)-polyene 43, were 
tested in each of the five membrane types. The results of the investigation are pre-
sented in Table 3.4.

In all cases the desired product 9 was formed, demonstrating the feasibility 
of this transformation occurring in the cell membrane of the producing mollusc. 
However, in all cases the isolated product was shown to be racemic upon HPLC 
analysis.

3.3 Exploring Molecular Interactions with Membranes …
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Several interesting points arise in light of this outcome. The chiral centres 
of the membrane components used for the formation of liposomes in this study, 
namely phosphatidylcholine, cholesterol and sphingomyelin, are all located in, or 
near to, the headgroup region (Fig. 3.2). In contrast, the part of the polyene pyrone 
molecules 44 and 43 undergoing the electrocyclisation reaction is located primar-
ily in the tail region of the molecules. Assuming the polar pyrone headgroups align 
with the polar headgroups of the bilayer constituents, the desired source of chi-
ral induction is in actuality remote from the site of reaction at which the chiral 
 induction is required, thus resulting in no enantioselectivity being conferred.

Table 3.3  Binding profiles describing interaction of 44, 43 and (±)-9 with A: PC70%SM30%, 
B: PC60%Chol20%SM20% and C: PC40%SM60% PLVs (400 µM), and experimental binding 
 parameters derived from these fits

Values of Hill coefficient n given where Eq. 3.3 gave the best fit, and left blank where Eq. 3.2 
was statistically preferred

Compound 44 43 (±)-9

PC70%SM30% Bmax 3.33 ± 0.54 1.74 ± 0.52 1.09 ± 0.15

Kd (µM) 160 ± 39.4 173 ± 77.1 55.7 ± 16.6

n – – –

PC60%Chol20%SM20% Bmax 0.97 ± 0.08 0.24 ± 0.01 2.47 ± 0.83

Kd (µM) 55.8 ± 10.6 17.4 ± 2.05 230 ± 106

n – 2.18 ± 0.76 –

PC40%SM60% Bmax 2.19 ± 0.26 1.58 ± 0.09 1.79 ± 0.18

Kd (µM) 73.0 ± 13.3 74.2 ± 8.60 250 ± 33.0

n 1.40 ± 0.14 – –
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In real biological membranes, there is a plethora of other biomolecules embed-
ded in the membrane bilayer. One significant difference between the membrane 
models studied in this work and those found in real life systems is the absence/
presence of membrane proteins. Of particular relevance are integral transmem-
brane proteins, which span the whole bilayer [18]. These proteins themselves 
possess many chiral moieties, which, unlike those in the phospholipids, persist 
throughout the length of the protein, thus extending into the hydrophobic tailgroup 
region of the membrane. Thus it is plausible that in vivo the source of asymmetric 
induction is indeed the surrounding chiral environment of the membrane bilayer, 
but it is the chirality of membrane proteins, not included in the present study, that 
provides this environment in the relevant region of the bilayer.

A further point of relevance to this discussion is the optical rotation of the natu-
ral product reported in the isolation paper [19]. As mentioned previously, a value 
of [α]D −476.1° was given. No chiral HPLC data was included, nor was any other 
form of data relating to the enantioenriched/enantiopure status of the compound 
reported. In the present work, upon separation of the racemic mixture of tridachi-
ahydropyrone (9) into its constituent enantiomers, the optical rotation of both of 
these separate isomers was measured. The separated enantiomers were also ana-
lysed by HPLC in order to assess their enantiopurity (see Sect. 6.1.5).

The enantiomer which eluted first from the HPLC column was shown, by 
subsequent analytical HPLC analysis, to be enantiopure (>99 % ee). Its optical 
rotation was measured as [α]23D  = −225.6° (c = 0.42 g/100 cm3, CHCl3). The sec-
ond-eluted enantiomer was shown to be slightly contaminated with the first-eluted 
isomer, with the enantiomeric excess determined to be 90 % ee (analytical chiral 

Table 3.4  Electrocyclisations utilising PLVs as chiral reaction media-stereochemical outcome 
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Entry Substrate PLV composition Stereochemical outcome

1 44 PC100% Racemic

2 43 PC100% Racemic

3 44 PC70%Chol30% Racemic

4 43 PC70%Chol30% Racemic

5 44 PC70%SM30% Racemic

6 43 PC70%SM30% Racemic

7 44 PC40%Chol20%SM20% Racemic

8 43 PC40%Chol20%SM20% Racemic

9 44 PC40%SM60% Racemic

10 43 PC40%SM60% Racemic

3.4 Electrocyclisations Using PLVs as Chiral Reaction Media
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HPLC). The optical rotation of this enantiomer was measured as [α]23D  = +190.4° 
(c = 0.08 g/100 cm3, CHCl3).

As the first eluted enantiomer was essentially enantiopure, it is surprising 
that the reported optical rotation for the naturally occurring sample considerably 
exceeds that of the synthetic sample in magnitude. With no other information 
regarding the natural sample available, it is difficult to draw any firm conclusions 
regarding the asymmetric nature of the electrocyclisation as undergone in the bio-
logical system.
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The propensity of the synthesised pyrone family 44, 43 and 9 to afford cellular 
protection against photochemical oxidative damage was assessed using a number 
of assay techniques. Given the photochemical reaction pathways interrelating the 
members of the tridachiahydropyrone family (Scheme 4.1), it was postulated that 
protection would be conferred by a combination of absorbing UV radiation, which 
would otherwise contribute to the formation of damaging reactive oxygen species 
(ROS) (Sect. 1.2.2, Scheme 13), and scavenging of the ROS singlet oxygen. In 
these assays the known biological antioxidants (±)-α-tocopherol (77) and L-(+)-
ascorbic acid (78) were also tested in order to provide a point of comparison.

4.1  Thiobarbituric Acid Reactive Substances  
(TBARS) Assay

The ability of the pyrone molecules to protect liposomes from photochemically-
induced oxidative damage was investigated using the thiobarbituric acid reactive 
substances (TBARS) assay [5]. This assay is based on the detection of malondial-
dehyde (76), an end product of lipid peroxidation commonly used as a biomarker 
for cell damage (Sect. 1.2.2.3, Scheme 14) [6]. Malondialdehyde (76) reacts with 
thiobarbituric acid (124), when heated under acidic conditions, to form a conju-
gated adduct, 125, which absorbs strongly at 532 nm (Scheme 4.2). Thus treat-
ment of a sample of interest with 124, followed by comparison of the absorption 
with that of a standard curve generated from known quantities of 76, allows the 
concentration of malondialdehyde (76) to be determined colorimetrically (see 
Sect. 6.3.2 for further details).

Irradiation of phosphatidylcholine liposomes (8 mM) using a Wotan Ultravitalux 
Sunlamp (300 W) [7] induced a time-dependent increase in oxidative damage, as 
judged by the generation of malondialdehyde (TBARS), quantified using the assay 
technique outlined above (Fig. 4.1).

Chapter 4
Investigations into the Photoprotective  
and Antioxidant Properties  
of the Tridachiahydropyrones

© Springer International Publishing Switzerland 2016 
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The ability of molecules 44, 43 and 9 to protect the liposomes from this form 
of damage was investigated by incorporating them into the pre-formed liposomes 
prior to irradiation, and comparing the TBARS generated in these ‘protected’ 
systems to a control system without any sunscreen molecules incorporated. The 
sunscreen molecules were incorporated at 20, 10 and 5 mol% (with respect to 
phosphatidylcholine concentration), in order to discern any concentration depend-
ence. The known lipophilic antioxidant (±)-α-tocopherol (77) was also tested [8]. 
The results are depicted in Fig. 4.2.
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Fig. 4.1  Time-dependent 
oxidative damage to PC100% 
liposomes (8 mM PC), 
quantified by TBARS assay

Fig. 4.2  Effect of 44, 43, 9 
and 77 on the photo-oxidative 
damage of PC100% liposomes. 
Molecules added to liposomal 
solution (8 mM) as solutions 
in DMSO (33 mM). Control 
addition of corresponding 
volume of DMSO only.  
a 20 mol% compound;  
b 10 mol% compound;  
c 5 mol% compound

4.1 Thiobarbituric Acid Reactive Substances (TBARS) Assay
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For each compound tested, the level of lipid peroxidation, as judged by TBARS 
concentration, was lowest for 20 mol% of compound (Fig. 4.2a) and highest for 
5 mol% (Fig. 4.2c). This pattern of increasing oxidative damage with decreasing 
compound concentration, when taken on its own, would appear to indicate that the 
pyrone molecules do indeed protect the liposomes from photochemical damage. 
(±)-α-Tocopherol (77) can be seen to be a far superior antioxidant to the pyrone 
molecules (44, 43 and 9), almost completely suppressing lipid peroxidation at all 
but the lowest concentration.

When the results for compounds 44, 43 and 9 are considered in relation to the 
control sample, the situation appears more complex. Whilst at 20 mol% the com-
pounds act to reduce lipid peroxidation in comparison with the control, at lower 
concentrations they in fact appear to be exerting a pro-oxidant effect, increasing 
the level of peroxidation above that of the control sample.

Given the structural similarity between the carbon side-chains of the pyrone 
molecules and the fatty acid tails of membrane phospholipids, it was considered 
plausible that peroxidation of the pyrone molecules might occur in a similar fash-
ion to lipid peroxidation (Sect. 1.2.2.3, Scheme 14), resulting in end products 
derived from 44, 43 and 9, which would themselves form adducts with thiobarbi-
turic acid (124), potentially skewing the results of the assay. In order to rule this 
out a set of negative control experiments were conducted. This involved irradiation 
of aqueous solutions of the pyrone molecules, at the concentrations used in the 
liposomal studies, but in the absence of the liposomes themselves. The samples 
were then tested for TBARS using the same assay method as above. The results 
are depicted in Fig. 4.3.

Whilst a time-dependent increase in TBARS was observed in the negative con-
trol runs, the concentrations generated are only around 1 % of those observed in 
the liposome-containing cases (Fig. 4.2). Thus it can be concluded that TBARS 
products resulting from the peroxidation of the pyrone molecules themselves are 
not significantly affecting the experimental results, and that the trends observed 
relate to the peroxidation of membrane lipids as intended.

Expressing the extent of lipid peroxidation as a percentage of the control 
TBARS, as outlined in Table 4.1, enables a closer analysis of the results depicted 
in Fig. 4.2.

Of the three pyrone molecules, (E,E,E)-polyene pyrone 44 suppresses the lipid 
peroxidation to the greatest extent, with tridachiahydropyrone (9) being the least 
effective. However even 44 begins to show a pro-oxidant effect when the concen-
tration is lowered to 5 mol%. 9 shows some pro-oxidant activity at all concentra-
tions, whilst the (Z,E,E)-polyene pyrone 43 has an intermediate effect.

The observed trend of antioxidant power decreasing in the order 44 > 43 > 9 
is consistent with the theory that the origin of the photoprotective properties of 
the compounds lies in their ability to absorb UV radiation, thus preventing it from 
causing cell damage. This is most easily explained with reference to Scheme 4.1. 
As the parent compound of the tridachiahydropyrone family, 44 has the poten-
tial to undergo three discrete sequential photochemical transformations, namely 
a selective double bond isomerisation to form 43, followed by a 6π conrotatory 

http://dx.doi.org/10.1007/978-3-319-22069-7_1
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electrocyclisation to form 9 and finally a [1, 3]-sigmatropic rearrangement to form 
93. 43 has the potential to undergo two sequential photochemical transformations, 
and 9 just a single photochemical reaction. With each discrete photochemical 
transformation in the cascade sequence (Scheme 4.1) requiring the absorption of 
UV radiation, it follows that if the absorption of UV light is the origin of protec-
tive effects, the compound with the highest capacity for photochemical transfor-
mation and thus UV absorption, would confer the highest level of photoprotection.

Whilst this rationale accounts for the observed trends between the three pyrone 
molecules tested, it does not explain the pro-oxidant effects at low compound 
 concentrations. If the molecules were simply pro-oxidants, then an increase in 
compound concentration would be expected to increase the level of lipid peroxida-
tion. However the reverse is the case. This suggests that there is likely to be a com-
plex interplay of factors affecting the performance of the pyrone molecules as pro/
anti-oxidants, and not just simply the factor of UV absorbance.

Fig. 4.3  Negative control 
TBARS experiments: 
irradiation of protective 
compounds in the absence  
of liposomes. a concentration 
equivalent to 20 mol%;  
b concentration equivalent 
to 10 mol%; c concentration 
equivalent to 5 mol%

4.1 Thiobarbituric Acid Reactive Substances (TBARS) Assay
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Further assays were conducted in order to try and ascertain the mechanism of 
protection by 44, 43, and 9, with the hope of shedding light on the results obtained 
in the TBARS assay.

4.2  2,2-Diphenyl-1-Picrahydrazyl (DPPH) Assay

Many known antioxidants have been shown to operate by acting as a hydrogen 
atom donor, thus breaking the chain of lipid peroxidation by quenching intermedi-
ate lipid peroxyl radicals which would otherwise go on to propagate the peroxida-
tion process [9]. As such, measures of radical scavenging ability are often used as 
a measure of antioxidant power.

2,2-Diphenyl-1-picrahydrazyl (DPPH, 126) is a commercially available stable 
organic nitrogen-centred radical with an absorption maximum at 517 nm. Upon 
reduction of the DPPH radical to compound 127 (Scheme 4.3) by hydrogen atom 

Table 4.1  Lipid peroxidation of irradiated PC100% liposomes in presence of various quantities 
of compounds 44, 43, 9 and 77, expressed as a percentage of the lipid peroxidation (as judged by 
TBARS concentration) of the control system (DMSO)

mol% Compound % of control TBARS

0.5 h (%) 1 h (%) 2 h (%) 3 h (%) 5 h (%)

20 44 22 20 23 25 23

43 32 40 41 41 43

9 182 139 102 89 76

77 0 0 0 0 5

10 44 21 30 71 74 89

43 82 47 73 79 95

9 124 96 147 133 142

77 0 12 16 13 10

5 44 53 149 124 106 109

43 127 261 126 114 140

9 84 289 240 211 220

77 53 113 89 59 40

N
N

O2N

NO2

O2N

2,2-diphenyl-1-picrylhydrazyl (DPPH, 126)
λmax = 517 nm

radical scavenger
N

H
N

O2N

NO2

O2N

127

Scheme 4.3  Structure of the stable radical DPPH (126), and its conversion into colourless 
 non-radical 127 in the presence of a hydrogen atom donor, forming the basis of the DPPH assay
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abstraction, the deep purple colour fades, allowing the radical scavenging capacity 
of a given antioxidant to be determined colorimetrically [10].

Briefly, the assay involves incubating methanolic solutions of increasing anti-
oxidant concentrations in the presence of a known concentration (50 µM) of 
DPPH (126) until any observed colour change has finished and the measured 
absorbance is stable (30 min at rt. in this case). The inhibition of DPPH absorb-
ance is then calculated using Eq. 4.1, and plotted as a function of antioxidant con-
centration (see Sect. 6.3.3 for further details).

Where the control is methanol (no antioxidant) and DPPH solution; and the blank 
is methanol only (no antioxidant, no DPPH solution).

The results of the DPPH assay are outlined in Fig. 4.4, depicting the inhibition 
of DPPH absorption by increasing concentrations of pyrone molecules 44, 43, and 
9, and also by the established antioxidant ascorbic acid (78).

The curve obtained for ascorbic acid (78), and the EC50 value of 11.5 µM 
 generated from the data, are consistent with those reported in the literature [10]. 
The results show that the three pyrone molecules do not act as radical scavengers 

(4.1)% inhibition =

[

1−
Abs(sample)− Abs(blank)

Abs(control)− Abs(blank)

]

× 100

Fig. 4.4  Concentration-
dependence of DPPH 
inhibition by 44, 43, 9 
and 78, reflecting radical 
scavenging ability. a 
compound concentration 
expressed on a linear scale; 
b transformation of data 
onto a log scale, enabling 
determination of EC50 values

4.2 2,2-Diphenyl-1-Picrahydrazyl (DPPH) Assay

http://dx.doi.org/10.1007/978-3-319-22069-7_6
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under these conditions, with no concentration-dependent increase in DPPH inhibi-
tion observed.

The DPPH assay established the lack of hydrogen atom donating capacity of 
molecules 44, 43, and 9, showing that any photoprotective ability is not under-
pinned by this mechanistic pathway.

4.3  Ferric Reducing Antioxidant Power (FRAP) Assay

The Ferric Reducing Antioxidant Power (FRAP) assay uses an electron transfer 
reaction to assess the reducing ability of a given antioxidant. This colorimetric assay 
is based on the reduction of an Fe(III)-tripyridyltriazine (TPTZ) complex to its 
intensely blue coloured Fe(II) analogue (Scheme 4.4) under acidic conditions [11].

This assay works by monitoring the change in absorbance at 593 nm of an 
acidic solution containing an excess of the Fe(III)-TPTZ complex (128) and 
increasing concentrations of antioxidant. The absorbance change is then related 
to a standard curve generated by measuring the absorbance of known concentra-
tions of the Fe(II)-TPTZ complex (129), allowing the concentration of Fe(II) gen-
erated to be determined, and plotted against antioxidant concentration. The results 
are outlined in Fig. 4.5. (±)-α-Tocopherol (77) and ascorbic acid (78) were tested 
alongside the pyrones 44, 43 and 9.

It can be seen from Fig. 4.5 that all molecules tested exhibit linear dose-
response characteristics, with a concentration-dependent increase in Fe(II) gen-
eration observed. It is also apparent that the reducing ability of 77 and 78 is far 
stronger than that of the pyrones. This can be quantified using FRAP values, 
defined as the number of moles of Fe(III) that can be reduced to Fe(II) by one 
mole of a given antioxidant [12]. This value is given by the slope of the dose-
response line. The FRAP values for the compounds tested are shown in Table 4.2.

The FRAP values determined for 77 and 78 match the values of 2 widely 
reported in the literature [11]. This means that one mole of these antioxidants is 
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Scheme 4.4  Mechanistic basis of the FRAP assay: reduction of the Fe(III)-TPTZ complex 128 
to the Fe(II)-TPTZ complex 129 via an electron transfer reaction
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able to reduce two moles of Fe(III) to Fe(II), consistent with their known function 
as two-electron reductants.

The reducing abilities of 44, 43 and 9, on the other hand, are shown to be very 
low, albeit non-zero. Thus it is unlikely that any antioxidant properties of the 
pyrones are due to involvement in electron-transfer reactions.

4.4  Antioxidant Properties: Mechanistic Considerations

The results of the TBARS antioxidant study remain perplexing, specifically the 
apparent switch from antioxidant to pro-oxidant activities displayed by the pyrone 
molecules upon moving from higher to lower concentrations. Antioxidant activ-
ity, particularly in biological systems, is a very complex matter [13]. Indeed, many 
studies have shown that various compounds have the ability to act both as antioxi-
dants and pro-oxidants, dependent on various conditions including concentration, 
metal ions, and presence/absence of co-antioxidants. This includes, but is not lim-
ited to, flavonoids [3], carotenoids [14, 15] and ascorbate itself [14, 16, 17].

There are a number of possible sources of antioxidant action, with many anti-
oxidants functioning via a combination of different factors [13]. Photochemical 
damage to cells occurs mainly through the generation of reactive oxygen species 
(ROS), and so photoprotection and antioxidant activities are treated as analogous 
for the purposes of this discussion.

Fig. 4.5  Dose-response 
lines showing concentration-
dependence of Fe(II) 
generation from Fe(III) in the 
FRAP assay

Table 4.2  FRAP values for the tested antioxidants, generated by fitting the dose-response curves 
using linear regression analysis, with the FRAP value equal to the slope of the fitted line

Entry Compound FRAP value

1 77 2.344 ± 0.1487

2 78 2.275 ± 0.1208

3 44 0.08954 ± 0.002134

4 43 0.04253 ± 0.001427

5 9 0.06548 ± 0.001467

4.3 Ferric Reducing Antioxidant Power (FRAP) Assay
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The first way in which a compound can act as an antioxidant is by preventing 
the generation of damaging ROS in the first place. The absorption of UV light 
which would otherwise generate ROS falls into this category.

The second broad mechanism of antioxidant activity is the quenching/scaveng-
ing of ROS before they get a chance to react with cell components.

The third possibility is for a molecule to act as a chain-breaking antioxi-
dant, quenching intermediates generated by the reaction of ROS with cell com-
ponents, and thus preventing propagation of the reaction. This is accepted as the 
main mechanism for α-tocopherol (77) activity, neutralising lipid peroxyl radi-
cals and preventing further oxidative damage to the membrane, in combination 
with ascorbate (78−), which acts to regenerate α-tocopherol (77) from its radical 
(Scheme 4.5) [2].

The fourth reported method, specific to peroxidative damage to membrane 
components, is via stabilisation of the membrane bilayer. It has been demonstrated 
that changes in membrane fluidity and lateral phase separation can markedly affect 
the rate of lipid oxidation [4, 18, 19].

As has been previously discussed, the pyrone molecules 44, 43 and 9 all absorb 
UV radiation as part of the reaction cascade outlined in Scheme 4.1, and thus 
could help prevent the generation of ROS in this manner. Conversely, γ-pyrones 
have also been shown to act as photosensitisers able to promote the generation of 
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singlet oxygen [20]. Thus, whilst reducing ROS production by preferential absorp-
tion of UV light, the molecules could also be contributing to their generation via 
photosensitisation.

The quenching of both first-generated ROS, and peroxidation intermediates, in 
the main requires an antioxidant to act as an effective reducing agent. The DPPH 
and FRAP assays have demonstrated that the pyrone molecules are not effective 
in this manner, and so are unlikely to contribute via these mechanisms. However, 
tridachiahydropyrone (9) has been shown to react with singlet oxygen to generate 
the related natural product oxytridachiahydropyrone (10) (Scheme 4.1) [1] and so 
it is possible that they contribute to antioxidant protection by scavenging of this 
one ROS in particular. Of course, they also might be contributing to its formation 
via their photosensitisation properties.

Whilst no specific studies have been conducted to ascertain whether the 
pyrones affect membrane fluidity, the possibility that they act to stabilise the mem-
brane, and so reduce lipid peroxidation in this way, cannot be ruled out.

Given the higher affinity of the parent compound, (E,E,E)-polyene pyrone 44, 
for microdomain-containing PLVs (see Sect. 3.3.6, Table 3), it is possible that, 
when added to pure phosphatidylcholine liposomes, as in the TBARS study, the 
pyrone molecules partition into raft regions, clustering together instead of spread-
ing evenly throughout the membrane. This would be more likely to occur at high 
compound concentrations. When clustered into raft regions, any singlet oxygen 
generated by the photosensitisation properties of the pyrones would be likely to 
encounter and react with one of the pyrone molecules itself, thus being quenched 
before diffusion into the phosphatidylcholine bulk membrane was possible. If at 
lower compound concentrations no such partitioning occurred, and the pyrone 
molecules were spread evenly throughout the bulk membrane, then any singlet 
oxygen generated via their photosensitisation would be far more likely to encoun-
ter and react with the surrounding membrane phospholipids, thus contributing to 
lipid peroxidation in a pro-oxidant manner. This could explain why, at 5 mol%, the 
pyrone molecules act as pro-oxidants whilst, at 20 mol%, they act as antioxidants. 
However, whilst this would explain the observed experimental results, it remains 
conjecture, as not enough information is available to reach a firm conclusion.

4.5  Synthetic Studies: Peroxidation of Tridachiahydropyrone 
Precursors

With the ability of tridachiahydropyrone (9) to react with singlet oxygen to 
form oxytridachiahydropyrone (10) well established, it was deemed of inter-
est to explore whether the biomimetic precursors 44 and 43 demonstrated simi-
lar activity. Whilst the photochemical transformation of both of these molecules 
into tridachiahydropyrone (9) had been achieved in the absence of oxygen, it 
was not known whether this transformation would be the preferred pathway in 
the presence of oxygen, or whether the reaction of 44 and 43 with oxygen would 

4.4 Antioxidant Properties: Mechanistic Considerations

http://dx.doi.org/10.1007/978-3-319-22069-7_3
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take precedence. In order to explore this, a series of experiments was conducted. 
Methanolic solutions of 44 and 43 were saturated with oxygen, and irradiated for 
48 h. The experiments were conducted in both the presence and absence of the 
photosensitiser methylene blue (Scheme 4.6).

After the 48 h reaction time, the samples were concentrated and all products 
generated were isolated by column chromatography. In addition to the previously 
known compounds 44, 43, 9, 93, and 10, two unknown products were also iso-
lated. One of these was formed from both 44 and 43 when irradiated in the pres-
ence of methylene blue and oxygen, whilst the minor product was only formed 
from 44, again when methylene blue was added. Neither was observed in the 
experiments with no added photosensitiser.

Mass spectrometric analysis of these new products showed them both to cor-
respond to the chemical formula of the starting molecules plus two oxygen atoms. 
It was proposed that the products had been formed by addition of singlet oxygen 
to the substrates via an ene reaction with one of the alkenes of the carbon chain. 
Additionally, it was reasoned that the two products were geometric isomers, dif-
fering only in the configuration of the alkene closest to the pyrone ring. The prod-
uct isolated from the reaction of both 44 and 43 would have a Z-configuration at 
this position, whilst the product observed only in the reaction of 44 would have an 
E-configuration.

Only one of the two new products was isolated in sufficient quantity for full 
spectroscopic analysis to be conducted—that isolated from both precursors. 
Analysis of the NMR spectra of this unknown compound revealed that it was 
the terminal alkene of the polyene sidechain that had undergone the ene reac-
tion with singlet oxygen. The supporting evidence for this conclusion included 
the splitting of the alkyl CH2 signal into two separate multiplets, indicating that 
they had become diastereotopic in nature, and thus must be adjacent to the newly 
formed stereocentre. Detailed analysis of the 2D NMR spectra confirmed the 
structure to be 135. By analogy the structure of the minor product was reasoned 
to be 136. Figure 4.6 shows the structures of these new products, along with the 
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(methylene blue)
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Scheme 4.6  Investigation into the 1O2-scavenging ability of 44 and 43
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other molecules isolated from the reaction mixtures. Table 4.3 shows the product 
 distribution of each of the four experiments conducted.

No oxygenated products were obtained in the absence of an added photosen-
sitiser (Table 4.3, Entries 3 and 4). This shows that the photosensitising ability of 
the pyrone molecules 44 and 43 is not very potent, as not enough singlet oxygen 
was generated for reaction of the substrates with 1O2 to dominate. Instead in these 
cases mixtures of the known photochemical products tridachiahydropyrone (9) 
and phototridachiahydropyrone (93) were isolated, along with unreacted starting 
material.
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phototridachiahydropyrone (93)

O

O

O

HOO

O

O

O

OOH

135 136

Fig. 4.6  Structures of all the molecules isolated from the oxygenation experiments

Table 4.3  Product distributions obtained from the oxygenation experiments

All isolated yields

Entry Substrate Methylene  
blue (mol%)

Product distribution

44 (%) 43 (%) 9 (%) 93 (%) 10 (%) 135 (%) 136 (%)

1 44 20 15 29 3 – 5 20 5 

2 43 20 – 55 4 – 3 13 –

3 44 – 26 52 13 2 – – –

4 43 – – 84 12 2 – – –

4.5 Synthetic Studies: Peroxidation of Tridachiahydropyrone Precursors
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In the experiments with added methylene blue (Table 4.3, Entries 1 and 2), 
no phototridachiahydropyrone (93) was formed, despite formation of its precur-
sor tridachiahydropyrone (9) taking place. Instead formation of oxytridachiahy-
dropyrone (10) was observed, showing that, in the presence of singlet oxygen, 
the cycloaddition reaction of 9 with 1O2 is preferred over the photochemical rear-
rangement. This is unsurprising, given that no phototridachiahydropyrone (93) 
was formed during the previous synthesis of 10 from 9 (Sect. 2.5, Scheme 2.17). 
However, whilst oxygenation over photochemical reaction of 9 is clearly preferred 
under the conditions employed, that is not the case for the reaction of 44 and 43, 
otherwise no formation of 9 would have been observed, had the ene reaction with 
singlet oxygen dominated. Instead a mixture of straightforward photochemical 
reaction (double bond isomerisation and/or electrocyclisation) and oxygenation 
products was formed.

The ene reaction of 44 and 43 with singlet oxygen proved highly selective for 
the terminal alkene of the sidechain. Reaction at this position, as opposed to either 
of the internal double bonds of the chain, preserves the maximum level of conju-
gation in the product. The terminal alkene could also be more easily accessible 
than the others. These results are consistent with those reported for the oxygena-
tion of similar compounds, in particular that of cyercene A, where the analogous 
ene reaction was also found to occur solely at the terminal alkene site [20, 21].
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During this work a number of synthetic tasks have been accomplished. The biomimetic 
polyene precursors, 43 and 44, of the natural product tridachiahydropyrone (9), were 
synthesised, using an adapted route. Iodo-pyrone coupling fragments 94 and 95 were 
synthesised instead of the bromo-analogues 39 and 85 used in the original route, in the 
hope of improving the yield of the key Suzuki coupling reaction. Whilst this approach 
did not in itself lead to an increased yield, the adoption of a modified coupling proto-
col, utilising TlOEt as the base, brought about the desired improvement (Scheme 5.1).

Tridachiahydropyrone (9) and phototridachiahydropyrone (93) were synthe-
sised by photochemically-induced electrocyclisation and sigmatropic rearrange-
ment reactions of the biomimetic precursors. Oxytridachiahydropyrone (10) was 
also synthesised, by the photochemical [4 + 2] cycloaddition of singlet oxygen to 
tridachiahydropyrone (9) (Scheme 5.2).

Two new isomeric hydroperoxides, 135 and 136, were synthesised by the 
photochemical oxygenation of 43 and 44, via ene reactions with singlet oxygen 
(Scheme 5.3).

Fluorescence spectroscopy-based biophysical studies of the interactions of  
9, 43 and 44 with phospholipid vesicles (PLVs) demonstrated their propensity to 
bind to membranes, supporting the theory that these compounds are located in the 
cell membrane of the producing mollusc. The photochemical isomerisation and 
electrocyclisation reactions of the precursors 43 and 44 to form tridachiahydropy-
rone (9) were conducted in the PLVs. The racemic nature of the product isolated 
from these experiments indicates that if the cell membrane is the biological site 
of this transformation, then any enantioselectivity conferred in the natural system 
must be due to the presence of other bilayer components, such as integral mem-
brane proteins, not present in the membrane models here used. This raises a limi-
tation of liposomes as models of biological membranes—they are very simplistic 
versions of a far more complex system (Fig. 5.1).

The feasibility of 9, 43 and 44 functioning as sunscreens was investigated by 
measuring their inhibition of photochemical lipid peroxidation in irradiated PLVs. 
This was achieved using the TBARS assay. The compounds demonstrated photo-
protective action at high concentrations, whilst at lower concentrations pro-oxidant 
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effects were observed. A possible explanation for these contrasting results, involving 
membrane raft formation at higher concentrations, has been proposed.

The mechanistic basis of these photoprotective effects was investigated using 
the DPPH and FRAP assays. From these results it was concluded that any anti-
oxidant abilities of 9, 43 and 44 are not due to radical scavenging and/or reducing 
actions.

In summary, the theory that the tridachiahydropyrone family of natural prod-
ucts act as a defence system protecting the producing organism, the sacoglos-
san  mollusc Tridachia crispata, from the damaging effects of UV radiation and 
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reactive oxygen species has been explored using a combination of synthetic and 
biophysical studies. The molecules were first synthesised using a modified route, 
improving on previous yields of key late-stage transformations. The interactions of 
the molecules with synthetic membrane systems were then explored using fluores-
cence spectroscopy. Finally, the photoprotective properties of the tridachiahydro-
pyrones were investigated using a number of colorimetric assay techniques.
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Fig. 5.1  Schematic representation of the simplicity of a PC/cholesterol liposome (a) in comparison 
to a complex biological membrane (b)
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6.1  Organic Synthesis

6.1.1  Experimental Techniques

Reactions were performed in flame-dried glassware under an atmosphere of argon 
and stirred magnetically unless otherwise stated. For use as a reaction solvent 
CH2Cl2 was freshly distilled from CaH2; THF was freshly distilled from sodium 
and benzophenone; Et2O and toluene were degassed and dried over alumina under 
nitrogen. All other reagents were obtained commercially and used without further 
purification. Flash column chromatography was performed using Merck silica gel 
60 as the stationary phase. Where not otherwise specified flash column chroma-
tography was performed using petrol-EtOAc mixtures of increasing polarity (as 
appropriate to the Rf value of the compound to be isolated) as the mobile phase. 
Petrol refers to petroleum spirit (b.p. 40–60 °C). The lamp used in the photo-
chemical experiments was a 125 W medium-pressure mercury lamp (model 3010; 
power supply 3110) purchased from Photochemical Reactors Ltd.

6.1.2  Analysis

Compounds previously described in the literature were characterised to lev-
els consistent with that reported. Thin layer chromatography was carried out on 
aluminium-backed plates pre-coated with silica (0.2 mm, 60 F254, Merck). The 
plates were developed using UV light and basic potassium permanganate solu-
tion. Melting points were recorded using a STUART SMP3 apparatus and are 
uncorrected. Infrared (IR) spectra were recorded using a Bruker Tensor 27 FT-IR 
spectrophotometer with a neat film on an NaCl disc or as a solution in CHCl3. 
IR peaks are quoted in as νmax in cm−1. 1H and 13C NMR spectra were recorded 
in CDCl3, (CD3)2SO or CD3OD at ambient temperature using Bruker DPX400 
(400 MHz), AV400 (400 MHz) and AV(III)400 (400 MHz) spectrometers. Data is 
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expressed as chemical shifts in parts per million (ppm) relative to residual solvent 
signals of CDCl3 (1H NMR 7.27; 13C NMR 77.0), (CD3)2SO (1H NMR 2.50; 13C 
NMR 39.5) or CD3OD (1H NMR 3.31; 13C NMR 49.0) as the internal standard on 
the δ scale. The following abbreviations are used to designate the multiplicity of 
each signal; s, singlet; d, doublet; dd, doublet of doublets; dt, doublet of triplets; 
t, triplet; tt, triplet of triplets; tq, triplet of quartets; q, quartet; m, multiplet; br, 
broad. Coupling constants J are given in Hz. High-resolution mass spectra were 
obtained using a Bruker MicroTOF mass spectrometer operating in electrospray 
ionisation (ESI) mode.

6.1.3  Experimental Procedures and Characterisation Data

(E)-Ethyl 2,5-dimethylhex-2-enoate (88) [1]

O

O

12
3

45
6

7

8
9

10

Ethyl 2-(triphenylphosphoranylidene)propanoate (87) (42.7 g, 118 mmol) was 
added in one portion to a stirred solution of isovaleraldehyde (86) (8.50 mL, 
79.0 mmol) in CH2Cl2 (300 mL), and the resultant solution heated at reflux for 
72 h. The reaction mixture was cooled to rt. and pentane (80 mL) was added, caus-
ing precipitation of the triphenylphosphine oxide by-product, which was removed 
by filtration. The filtrate was carefully concentrated under reduced pressure and 
the residue purified by flash column chromatography (Et2O), affording (E)-ethyl 
2,5-dimethylhex-2-enoate (88) as a colourless oil (13.2 g, 98 %).

Rf = 0.25 (5 % EtOAc in petrol); νmax (cm−1) (thin film): 2958, 2872, 1713, 
1650, 1457, 1387, 1368, 1282; δH (CDCl3, 400 MHz): 6.79 (tq, J = 7.6, 1.4 Hz, 1H, 
3-H1), 4.20 (q, J = 7.2 Hz, 2H, 9-H2), 2.07 (t, J = 7.6 Hz, 2H, 4-H2), 1.83 (br. s, 3H, 
7-H3), 1.71–1.82 (m, 1H, 5-H1), 1.30 (t, J = 7.2 Hz, 3H, 10-H3), 0.94 (d, J = 6.7 Hz, 
6H, 6-H3 and 8-H3); δC (CDCl3 100 MHz): 168.3 (C-1), 141.3 (C-3), 128.3 (C-2), 
60.4 (C-9), 37.8 (C-4), 28.3 (C-5), 22.5 (C-6 and C-8), 14.3 (C-10), 12.5 (C-7).

(E)-2,5-Dimethylhex-2-en-1-ol (89) [1]

OH1
2

3
45

6
7

8

DIBAL-H (1.0 M solution in hexane) (90.5 mL, 90.5 mmol) was added to a 
stirred solution of (E)-ethyl 2,5-dimethylhex-2-enoate (88) (7.00 g, 41.1 mmol) 
in CH2Cl2 (70 mL) at −78 °C. The reaction mixture was warmed to rt. and 
stirred for 16 h, after which time it was cooled to 0 °C and quenched by addi-
tion of MeOH (20 mL). Sat. aq. potassium sodium tartrate (50 mL) was added, 
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and the mixture stirred at rt. for 16 h. The organic layer was washed with brine 
(50 mL), dried over anhydrous MgSO4 and concentrated under reduced pressure. 
The residue was purified by flash column chromatography (Et2O), affording (E)-
2,5-dimethylhex-2-en-1-ol (89) as a colourless oil (5.09 g, 97 %).

Rf = 0.51 (25 % EtOAc in petrol); νmax (cm−1) (thin film): 3333, 2956, 2871, 
1467, 1385, 1367; δH (CDCl3, 400 MHz): 5.44 (tq, J = 7.3, 1.3 Hz, 1H, 3-H1), 4.02 
(s, 2H, 1-H2), 1.90–1.96 (m, 2H, 4-H2), 1.67 (br. s, 3H, 7-H3), 1.59–1.66 (m, 1H, 
5-H1), 0.91 (d, J = 6.6 Hz, 6H, 6-H3 and 8-H3); δC (CDCl3 100 MHz): 135.2 (C-2), 
125.4 (C-3), 69.1 (C-1), 36.7 (C-4), 28.7 (C-5), 22.4 (C-6 and C-8), 13.8 (C-7).

(E)-2,5-Dimethylhex-2-enal (90) [1]

O

1
2

3
45

6
7

8

Dess Martin periodinane (18.3 g, 43.1 mmol) was added portionwise to a solution 
of (E)-2,5-dimethylhex-2-en-1-ol (89) (4.19 g, 32.7 mmol) in CH2Cl2 (200 mL) at 
0 °C. The resultant reaction mixture was stirred at rt. for 30 min, after which time 
sat. aq. NaHCO3 (100 mL) was added, and the solution stirred for 20 min. The 
aqueous layer was extracted with CH2Cl2 (3 × 75 mL), and the combined organic 
extracts were dried over anhydrous MgSO4 and carefully concentrated under 
reduced pressure. The residue was purified by flash column chromatography (Et2O) 
to afford (E)-2,5-dimethylhex-2-enal (90) as a colourless oil (3.84 g, 93 %).

Rf = 0.36 (5 % EtOAc in petrol); νmax (cm−1) (thin film): 2960, 2873, 1728, 
1468, 1370, 1292; δH (CDCl3, 400 MHz): 9.42 (s, 1H, 1-H1), 6.53 (tq, J = 7.9, 
1.5 Hz, 1H, 3-H1), 2.23–2.29 (m, 2H, 4-H2), 1.80–1.88 (m, 1H, 5-H1), 1.73–1.77 (m, 
3H, 7-H3), 0.97 (d, J = 6.6 Hz, 6H, 6-H3 and 8-H3); δC (CDCl3 100 MHz): 195.7 
(C-1), 154.2 (C-3), 140.3 (C-2), 38.3 (C-4), 28.6 (C-5), 22.8 (C-6 and C-8), 9.6 (C-7).

(E)-1,1-Dibromo-3,6-dimethylhepta-1,3-diene (91) [1]

Br

Br
1

2
3

4
56

7
8

9

Carbon tetrabromide (6.57 g, 19.8 mmol) was added portionwise to a stirred 
solution of PPh3 (10.4 g, 39.7 mmol) in CH2Cl2 (100 mL) at 0 °C, and the reac-
tion mixture warmed to rt. and stirred for 15 min. The resultant deep red solu-
tion was then re-cooled to 0 °C and a solution of (E)-2,5-dimethylhex-2-enal (90) 
(1.66 g, 13.2 mmol) in CH2Cl2 (30 mL) added. After stirring at rt. for 1.5 h, H2O 
(100 mL) was added, and the aqueous layer extracted with CH2Cl2 (3 × 50 mL). 
The combined organic extracts were dried over anhydrous MgSO4 and carefully 
concentrated under reduced pressure. The residue was purified by flash column 
chromatography (petrol) to afford (E)-1,1-dibromo-3,6-dimethylhepta-1,3-diene 
(91) as a colourless oil (3.41 g, 92 %).

6.1 Organic Synthesis
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Rf = 0.81 (hexane); νmax (cm−1) (thin film): 2957, 2931, 2869, 1783, 1723, 
1603, 1465, 1385, 1368, 1340; δH (CDCl3, 400 MHz): 6.95 (s, 1H, 2-H), 5.64–
5.71 (m, 1H, 4-H), 1.94–2.00 (m, 2H, 5-H2), 1.84–1.87 (m, 3H, 8-H3), 1.65–1.74 
(m, 1H, 6-H1), 0.92 (d, J = 6.6 Hz, 6H, 7-H3 and 9-H3); δC (CDCl3 100 MHz): 
141.1 (C-4), 134.8 (C-2), 132.0 (C-3), 85.5 (C-1), 37.2 (C-5), 28.5 (C-6), 22.4 
(C-7 and C-9), 15.3 (C-8).

(E)-4,7-Dimethyloct-4-en-2-yne (92) [1]
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A 1.6 M solution of nBuLi in hexane (21.3 mL, 34.0 mmol) was added drop-
wise to a solution of (E)-1,1-dibromo-3,6-dimethylhepta-1,3-diene (91) (4.80 g, 
17.0 mmol) in THF (25 mL) at −78 °C, and the resultant stirred solution warmed 
to rt. over 2 h. The mixture was then recooled to –78 °C and iodomethane 
(4.00 mL, 64.0 mmol) added dropwise. The mixture was then warmed to rt. and 
stirred for a further 18 h. Sat. aq. NH4Cl (30 mL) was added, the layers separated, 
and the aqueous layer extracted with Et2O (3 × 70 mL). The combined organic 
extracts were dried over anhydrous MgSO4 and concentrated under reduced pres-
sure. The residue was purified by flash column chromatography (petrol) to afford 
(E)-4,7-dimethyloct-4-en-2-yne (92) (1.50 g, 71 %) as a colourless oil.

Rf = 0.55 (hexane); νmax (cm−1) (thin film): 2956, 2919, 2870, 1465, 1382, 
1257; δH (CDCl3, 400 MHz): 5.78 (t, J = 7.6 Hz, 1H, 5-H1), 1.95–2.00 (m, 2H, 
6-H2), 1.94 (s, 3H, 1-H3), 1.75 (br. s, 3H, 9-H3), 1.61–1.69 (m, 1H, 7-H1), 0.91 (d, 
J = 6.7 Hz, 6H, 8-H3 and 10-H3); δc (CDCl3, 100 MHz): 135.6 (C-5), 118.4 (C-4), 
82.9 (C-3), 81.7 (C-2), 37.5 (C-6), 28.6 (C-7), 22.4 (C-8 and C-10), 17.5 (C-9), 
4.1 (C-1).

2-((2Z,4E)-4,7-Dimethylocta-2,4-dien-2-yl)benzo[d] [1,3,2] dioxaborole (84) [1]
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(E)-4,7-Dimethyl-oct-4-en-2-yne (92) (0.400 g, 2.90 mmol) and catecholborane 
(0.350 g, 2.90 mmol) were heated at 80 °C with stirring. After 2 h, the mixture 
was cooled to rt., affording 2-((2Z,4E)-4,7-dimethylocta-2,4-dien-2-yl)benzo[d] 
[1,3,2] dioxaborole (84) (0.740 g, > 99 %) as a colourless oil which was used 
without purification.

Rf = 0.38 (25 % EtOAc in petrol); νmax (cm−1) (thin film): 3452, 2956, 2869, 
1596, 1473, 1411, 1382, 1312, 1238; δH (CDCl3, 400 MHz): 7.21–7.25 (m, 2H, 
12-H1 and 15-H1), 7.10 (br. s, 1H, 3-H1), 7.06–7.09 (m, 2H, 13-H1 and 14-H1), 5.70 
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(br. t, J = 7.5 Hz, 1H, 5-H1), 2.12 (d, J = 1.6 Hz, 3H, 1-H3), 2.04–2.09 (m, 2H, 
6-H2), 1.90 (d, J = 0.9 Hz, 3H, 9-H3), 1.69–1.75 (m, 1H, 7-H1), 0.95 (d, J = 6.6 Hz, 
6H, 8-H3 and 10-H3); δc (CDCl3, 100 MHz): 149.9 (C-3), 148.6 (C-11 and C-16), 
134.8 (C-5), 134.1 (C-4), 122.4 (C-13 and C-14), 112.2 (C-12 and C-15), 37.5 
(C-6), 28.8 (C-7), 22.5 (C-8 and C-10), 16.6 (C-9), 15.4 (C-1), C-2 not observed.

Methyl 2-methyl-3-oxopentanoate (102) [2]
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A solution of methyl propionylacetate (107) (25.0 mL, 199 mmol) and K2CO3 
(82.6 g, 598 mmol) in THF (350 mL) was stirred at reflux for 2.5 h. The reaction 
mixture was then cooled to 0 °C, and iodomethane (15.0 mL, 239 mmol) added 
dropwise. After stirring at 0 °C for 18 h, the reaction mixture was filtered through 
a Celite pad and concentrated under reduced pressure, affording methyl 2-methyl-
3-oxopentanoate (102) (27.8 g, 97 %) as a yellow oil.

Rf = 0.15 (5 % EtOAc in petrol); νmax (cm−1) (thin film): 2984, 2944, 1748, 
1717, 1457, 1206; δH (CDCl3, 400 MHz): 3.73 (s, 3H, 7-H3), 3.54 (q, J = 7.2 Hz, 
1H, 2-H1), 2.41–2.70 (m, 2H, 4-H2), 1.34 (d, J = 7.2 Hz, 3H, 6-H3), 1.07 (t, 
J = 7.3 Hz, 3H, 5-H3); δC (CDCl3, 100 MHz): 206.3 (C-3), 171.1 (C-1), 52.4 
(C-2), 52.3 (C-7), 34.6 (C-4), 12.9 (C-6), 7.6 (C-5); HRMS (ESI) calculated for 
C7H12NaO3 [M + Na]+ 167.0679, found 167.0683.

(Z)-3-Iodo-2-methylprop-2-en-1-ol (105) [3]

OH1

2
3 4

I

A 3.0 M solution of MeMgBr in Et2O (50.0 mL, 150 mmol) was added drop-
wise to a suspension of CuI (10.5 g, 55.0 mmol) in Et2O (150 mL) at −10 °C. 
Propargyl alcohol (103) (3.20 mL, 55.0 mmol) was then added dropwise to the 
mixture, and the resultant orange solution stirred at rt. for 3 h. The reaction mix-
ture was cooled to −10 °C, a solution of ICl (12.5 g, 77.0 mmol) in Et2O (75 mL) 
added dropwise, and the resultant mixture stirred at rt. for 19 h. The reaction 
was quenched by addition of 10 % aq. NH4Cl (75 mL) and stirred for 4 h, after 
which time the mixture was separated and the aqueous layer extracted with Et2O 
(3 × 100 mL). The combined organic extracts were dried over anhydrous MgSO4, 
and concentrated under reduced pressure. The resultant residue was purified by 
flash column chromatography to afford (Z)-3-iodo-2-methylprop-2-en-1-ol (105) 
(5.34 g, 49 %) as a yellow oil.

Rf = 0.42 (25 % EtOAc in petrol); νmax (cm−1) (thin film): 3320, 2914, 2853, 
1621, 1445, 1377, 1276; δH (CDCl3, 400 MHz): 5.98 (br. s, 1H, 3-H1), 4.25 (s, 
2H, 1-H2), 1.99 (d, J = 1.2 Hz, 3H, 4-H3); δC (CDCl3, 100 MHz): 146.1 (C-2), 
74.9 (C-3), 68.1 (C-1), 21.6 (C-4).

6.1 Organic Synthesis
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(Z)-3-Iodo-2-methylacrylaldehyde (100) [3]

OI 1
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3 4

MnO2 (69.6 g, 800 mmol) was added in one portion to a solution of (Z)-3-
iodo-2-methylprop-2-en-1-ol (105) (7.92 g, 40.0 mmol) in CH2Cl2 (450 mL), and 
the reaction mixture stirred at rt. for 2 h. The mixture was then filtered through 
Celite, and the filtrate concentrated under reduced pressure to afford (Z)-3-iodo-
2-methylacrylaldehyde (100) (6.21 g, 79 %) as a yellow oil that was used without 
further purification.

Rf = 0.68 (25 % EtOAc in petrol); νmax (cm−1) (thin film): 2921, 2851, 1696, 
1653, 1458; δH (CDCl3, 400 MHz): 9.79 (s, 1H, 1-H1), 7.46 (q, J = 1.4 Hz, 1H, 
3-H1), 1.91 (d, J = 1.4 Hz, 3H, 4-H3); δC (CDCl3, 100 MHz): 195.4 (C-1), 141.8 
(C-2), 96.6 (C-3), 18.4 (C-4).

(Z)-Methyl 5-hydroxy-7-iodo-2,4-dimethyl-3-oxohept-6-enoate (108) [4]
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Methyl 2-methyl-3-oxopentanoate (102) (7.21 g, 50.0 mmol) was added drop-
wise to a suspension of NaH (60 % in mineral oil) (2.14 g, 52.5 mmol) in THF 
(400 mL) at 0 °C and the mixture stirred at rt. for 30 min, after which time the 
mixture was cooled to 0 °C and nBuLi (1.6 M in hexanes) (33.4 mL, 53.5 mmol) 
added dropwise. The resultant mixture was stirred at rt. for a further 30 min before 
a solution of (Z)-3-iodo-2-methylacrylaldehyde (100) (6.21 g, 31.7 mmol) in THF 
(50 mL) was added dropwise at 0 °C. The resultant solution was stirred at rt. for 
1.5 h and then quenched by addition of sat. aq. NH4Cl (250 mL). The mixture was 
separated and the aqueous layer extracted with Et2O (2 × 250 mL). The combined 
organic extracts were dried over anhydrous MgSO4 and concentrated under reduced 
pressure. The residue was purified by column chromatography to afford (Z)-methyl 
5-hydroxy-7-iodo-2,4-dimethyl-3-oxohept-6-enoate (108) (8.64 g, 80 %) as a mix-
ture of diastereomers, which was carried forward without characterisation.

Rf = 0.33 (25 % EtOAc in petrol); HRMS (ESI) calculated for C11H17INaO4 
[M + Na]+ 363.0064, found 363.0060.

(Z)-Methyl 7-iodo-2,4-dimethyl-3,5-dioxohept-6-enoate (98) [4]

O

O

OOI

Dess-Martin periodinane (11.2 g, 26.4 mmol) was added portionwise to a solu-
tion of (Z)-methyl 5-hydroxy-7-iodo-2,4-dimethyl-3-oxohept-6-enoate (108) 
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(5.31 g, 15.6 mmol) in non-anhydrous CH2Cl2 (160 mL) at 0 °C in a flask open to 
the air and the resultant mixture stirred at rt. for 3 h. Sat. aq. NaHCO3 (100 mL) 
and sat. aq. Na2SO3 (100 mL) were then added, the layers separated, and the aque-
ous layer extracted with CH2Cl2 (2 × 100 mL). The combined organic extracts 
were dried over anhydrous MgSO4 and concentrated under reduced pressure. The 
residue was purified by column chromatography to afford (Z)-methyl 7-iodo-
2,4-dimethyl-3,5-dioxohept-6-enoate (98) (5.06 g, 96 %) as a mixture of diastere-
omers that was taken on without characterisation.

Rf = 0.48 (25 % EtOAc in petrol); HRMS (ESI) calculated for C11H15INaO4 
[M + Na]+ 360.9907, found 360.9900.

(Z)-4-Hydroxy-6-(1-iodoprop-1-en-2-yl)-3,5-dimethyl-2H-pyran-2-one (96) [4]
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A solution of (Z)-methyl 7-iodo-2,4-dimethyl-3,5-dioxohept-6-enoate (98) 
(4.69 g, 13.9 mmol) and DBU (4.10 mL, 27.7 mmol) in toluene (170 mL) was 
stirred at 70 °C for 4 h. The reaction mixture was then concentrated under reduced 
pressure and the residue purified by flash column chromatography (0.1 % AcOH, 
5 % MeOH in CH2Cl2) to afford (Z)-4-hydroxy-6-(1-iodoprop-1-en-2-yl)-3,5-
dimethyl-2H-pyran-2-one (96) (4.02 g, 95 %) as a white solid.

Rf = 0.11 (5 % MeOH in CH2Cl2); mp: 191–192 °C (lit: 193–194.5 °C) [4]; 
νmax (cm−1) (thin film): 3066 (br), 1673, 1619, 1565; δH (MeOD-d4, 400 MHz): 
6.73 (q, J = 1.5 Hz, 1H, 10-H1), 2.08 (d, J = 1.5 Hz, 3H, 11-H3), 1.95 (s, 3H, 
8-H3), 1.93 (s, 3H, 7-H3); δc (MeOD-d4, 100 MHz): 168.2 (C-2), 167.6 (C-4), 
157.8 (C-6), 142.5 (C-9), 110.1 (C-5), 100.4 (C-3), 83.5 (C-10), 23.4 (C-11), 11.2 
(C-8), 9.2 (C-7); HRMS (ESI) calculated for C10H11INaO3 [M + Na]+ 328.9645, 
found 328.9648.

(Z)-2-(1-Iodoprop-1-en-2-yl)-6-methoxy-3,5-dimethyl-4H-pyran-4-one (94) [4]
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A mixture of (Z)-4-hydroxy-6-(1-iodoprop-1-en-2-yl)-3,5-dimethyl-2H-pyran-
2-one (96) (5.80 g, 18.9 mmol), Me2SO4 (3.60 mL, 37.9 mmol) and Li2CO3 
(4.20 g, 56.8 mmol) in acetone (45 mL) was stirred at reflux for 96 h. The reaction 
mixture was then cooled to rt. and Et2O (30 mL) added. The solid was filtered off 

6.1 Organic Synthesis
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and the filtrate concentrated under reduced pressure. The residue was purified by 
flash column chromatography to afford (Z)-2-(1-iodoprop-1-en-2-yl)-6-methoxy-
3,5-dimethyl-4H-pyran-4-one (94) (2.05 g, 34 %) as a yellow oil.

Rf = 0.14 (25 % EtOAc in petrol); νmax (cm−1) (thin film): 1663, 1613, 1586, 
1410, 1378; δH (CDCl3, 400 MHz): 6.61 (q, J = 1.5 Hz, 1H, 8-H1), 3.97 (s, 3H, 
12-H3), 2.12 (d, J = 1.5 Hz, 3H, 9-H3), 1.92 (s, 3H, 10-H3), 1.89 (s, 3H, 11-H3); 
δc (CDCl3, 100 MHz): 180.8 (C-4), 162.5 (C-6), 155.8 (C-2), 140.5 (C-7), 119.0 
(C-3), 100.1 (C-5), 83.0 (C-8), 55.6 (C-12), 23.5 (C-9), 10.6 (C-10), 6.9 (C-11); 
HRMS (ESI) calculated for C11H13INaO3 [M + Na]+ 342.9802, found 342.9795.

Diethyl 2-(diiodomethyl)-2-methylmalonate (111) [5, 6]
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Diethyl methylmalonate (110) (30.3 g, 174 mmol) was added dropwise to a 
solution of NaH (60 % in mineral oil) (7.08 g, 177 mmol) in Et2O (250 mL) at 
0 °C, and the resultant thick reaction mixture heated at reflux with vigorous stir-
ring for 2.5 h. Iodoform (68.5 g, 174 mmol) was then added in one portion, and 
the mixture refluxed for a further 24 h, after which time it was cooled to 0 °C. 
10 % aq. HCl was added (100 mL) and the mixture stirred at 0 °C for 10 min. The 
layers were separated and the aqueous layer extracted with Et2O (2 × 70 mL). The 
combined organic extracts were dried over anhydrous MgSO4 and concentrated 
under reduced pressure. Petrol (50 mL) was added to the residue, and the precipi-
tated iodoform removed by filtration. The filtrate was concentrated under reduced 
pressure, and the residue purified by column chromatography to afford diethyl 
2-(diiodomethyl)-2-methylmalonate (111) (62.6 g, 82 %) as a colourless oil.

Rf = 0.21 (5 % EtOAc in petrol); νmax (cm−1) (thin film): 1736, 1448, 1381, 
1264, 1227; δH (CDCl3, 400 MHz): 5.78 (br. s, 1H, 5-H1), 4.20–4.26 (m, 4H, 
6-H2 and 8-H2), 1.80 (br. s, 3H, 4-H3), 1.30 (t, J = 7.1 Hz, 6H, 7-H3 and 9-H3); 
δc (CDCl3, 100 MHz): 166.1 (C-1 and C-3), 62.7 (C-6 and C-8), 62.1 (C-2), 
20.3 (C-4), 14.0 (C-9 and C-7), C-5 not observed; HRMS (ESI) calculated for 
C9H14I2NaO4 [M + Na]+ 462.8874, found 462.8887.

(E)-3-Iodo-2-methylacrylic acid (112) [5, 6]

CO2H
1

23
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KOH (6.12 g, 109 mmol) was added to a solution of diethyl 2-(diiodomethyl)-
2-methylmalonate (111) (16.0 g, 36.4 mmol) in EtOH-H2O (3:1, 60 mL). The 
resultant mixture was heated at reflux for 24 h, after which time it was cooled to rt. 
and concentrated under reduced pressure. The residue was dissolved in 10 % aq. 
K2CO3 (60 mL) and washed with CH2Cl2 (2 × 30 mL). The aqueous layer was 
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acidified with conc. HCl, and the resultant white precipitate isolated by filtration to 
afford (E)-3-iodo-2-methylacrylic acid (112) (6.95 g, 90 %) as a crystalline white 
solid.

Rf = 0.16 (25 % EtOAc in petrol); mp: 48–49 °C (lit: 51–53 °C)43; νmax 
(cm−1) (thin film): 3100–2500, 1694, 1598, 1417, 1383, 1304, 1234; δH (CDCl3, 
400 MHz): 8.04 (q, J = 1.2 Hz, 1H, 3-H1), 2.07 (d, J = 1.2 Hz, 3H, 4-H3); δc 
(CDCl3, 100 MHz): 169.2 (C-1), 139.0 (C-2), 102.0 (C-3), 19.8 (C-4).

(E)-3-Iodo-2-methylprop-2-en-1-ol (113) [5, 7]
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LiAlH4 (537 mg, 14.2 mmol) was added portionwise over 1 h to a solution of 
(E)-3-iodo-2-methylacrylic acid (112) (3.00 g, 14.2 mmol) in THF (25 mL) at 
0 °C, and the resultant mixture stirred at rt. for 20 h. The mixture was then cooled 
to 0 °C and quenched by the cautious dropwise addition of sat. aq. Na2SO4. Et2O 
(20 mL) was added and the solution poured onto cold H2SO4 (2.0 M, 50 mL). The 
layers were separated, and the aqueous layer extracted with CH2Cl2 (2 × 50 mL). 
The combined organic extracts were concentrated and the residue dissolved in 
10 % aq. K2CO3 (25 mL) and extracted with CH2Cl2 (2 × 50 mL). The com-
bined organic extracts were dried over anhydrous MgSO4 and concentrated under 
reduced pressure. The residue was purified by flash column chromatography to 
afford (E)-3-iodo-2-methylprop-2-en-1-ol (113) (2.36 g, 84 %) as a colourless oil.

Rf = 0.41 (25 % EtOAc in petrol); νmax (cm−1) (thin film): 3326, 2915, 2870, 
1694, 1632, 1447, 1377, 1277, 1254; δH (CDCl3, 400 MHz): 6.29–6.30 (m, 1H, 
3-H1), 4.14 (br. s, 2H, 1-H2), 1.85–1.87 (m, 3H, 4-H3); δc (CDCl3, 100 MHz): 
147.2 (C-2), 77.3 (C-3), 67.2 (C-1), 21.3 (C-4).

(E)-3-Iodo-2-methylacrylaldehyde (101) [5, 7]

O1
23

4I

MnO2 (19.0 g, 218 mmol) was added in one portion to a solution of (E)-3-
iodo-2-methyl-prop-2-en-1-ol (113) (2.16 g, 10.9 mmol) in CH2Cl2 (120 mL) and 
the resultant mixture stirred at rt. for 2 h. The reaction mixture was then filtered 
through Celite, and the filtrate concentrated under reduced pressure to afford (E)-
3-iodo-2-methylacrylaldehyde (101) (1.54 g, 72 %) as a yellow oil that was used 
without further purification.

Rf = 0.67 (25 % EtOAc in petrol); νmax (cm−1) (thin film): 3345, 3048, 2822, 
2723, 1687, 1593, 1434, 1375, 1293; δH (CDCl3, 400 MHz): 9.53 (s, 1H, 1-H1), 
7.81 (br. s, 1H, 3-H1), 1.93 (br. s, 3H, 4-H3); δc (CDCl3, 100 MHz): 189.4 (C-1), 
150.8 (C-2), 109.4 (C-3), 16.4 (C-4).

6.1 Organic Synthesis
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(E)-Methyl 5-hydroxy-7-iodo-2,4-dimethyl-3-oxohept-6-enoate (114) [4]
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Methyl 2-methyl-3-oxopentanoate (102) (1.53 g, 10.6 mmol) was added drop-
wise to a suspension of NaH (60 % in mineral oil) (0.452 g, 11.3 mmol) in THF 
(65 mL) at 0 °C and the mixture stirred at rt. for 30 min, after which time the 
mixture was cooled to 0 °C and nBuLi (1.6 M in hexanes) (7.10 mL, 11.3 mmol) 
added dropwise. The resultant mixture was stirred at rt. for a further 30 min before 
a solution of (E)-3-iodo-2-methylacrylaldehyde (101) (1.03 g, 5.30 mmol) in THF 
(15 mL) was added dropwise at 0 °C. The mixture was stirred at rt. for 18 h, then 
cooled to 0 °C and quenched by addition of sat. aq. NH4Cl (100 mL). The lay-
ers were separated, and the aqueous layer extracted with Et2O (2 × 100 mL). The 
combined organic extracts were dried over anhydrous MgSO4 and concentrated 
under reduced pressure. The residue was purified by flash column chromatography 
to afford (E)-methyl 5-hydroxy-7-iodo-2,4-dimethyl-3-oxohept-6-enoate (114) 
(1.28 g, 71 %) as a mixture of diastereomers which was carried forward without 
characterisation.

Rf = 0.51 (25 % EtOAc in petrol); HRMS (ESI) calculated for C11H17INaO4 
[M + Na]+ 363.0064, found 363.0045.

(E)-Methyl 7-iodo-2,4-dimethyl-3,5-dioxohept-6-enoate (99) [4]
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Dess Martin periodinane (3.47 g, 8.20 mmol) was added portionwise to a solu-
tion of (E)-methyl 5-hydroxy-7-iodo-2,4-dimethyl-3-oxohept-6-enoate (114) 
(2.32 g, 6.80 mmol) in non-anhydrous CH2Cl2 (80 mL) at 0 °C in a flask open 
to the air. The resultant mixture was stirred at rt. for 1 h, after which time sat. aq. 
NaHCO3 (25 mL) and sat. aq. Na2SO3 (25 mL) were added at 0 °C, and the lay-
ers separated. The aqueous layer was extracted with CH2Cl2 (2 × 60 mL), and the 
combined organic extracts dried over anhydrous MgSO4 and concentrated under 
reduced pressure. The residue was purified by flash column chromatography to 
afford (E)-methyl 7-iodo-2,4-dimethyl-3,5-dioxohept-6-enoate (99) (2.25 g, 98 %) 
as a mixture of diastereomers which was carried forward without characterisation.

Rf = 0.60 (25 % EtOAc in petrol); HRMS (ESI) calculated for C11H15INaO4 
[M + Na]+ 360.9907, found 360.9909.
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(E)-4-Hydroxy-6-(1-iodoprop-1-en-2-yl)-3,5-dimethyl-2H-pyran-2-one (97) [4]
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A solution of (E)-methyl 7-iodo-2,4-dimethyl-3,5-dioxohept-6-enoate (99) 
(4.22 g, 12.5 mmol) and DBU (3.70 mL, 25.0 mmol) in toluene (150 mL) was 
stirred at 70 °C for 2 h. The reaction mixture was then concentrated under reduced 
pressure and the residue purified by flash column chromatography (0.1 % AcOH, 
5 % MeOH in CH2Cl2) to afford (E)-4-hydroxy-6-(1-iodoprop-1-en-2-yl)-3,5-
dimethyl-2H-pyran-2-one (97) (3.62 g, 95 %) as a white solid.

Rf = 0.18 (0.1 % AcOH, 5 % MeOH in CH2Cl2); mp: 157-159 °C (lit: 164-
166 °C) [4]; νmax (cm−1) (thin film): 3071 (br), 1667, 1558, 1434; δH (CDCl3, 
400 MHz): 6.68 (q, J = 1.1 Hz, 1H, 10-H1), 2.11 (d, J = 1.1 Hz, 3H, 11-H3), 2.02 
(s, 3H, 8-H3), 2.01 (s, 3H, 7-H3); δc (CDCl3, 100 MHz): 164.5 (C-2), 164.0 (C-4), 
154.9 (C-6), 139.5 (C-9), 107.4 (C-5), 99.8 (C-3), 88.6 (C-10), 23.0 (C-11), 11.4 
(C-8), 8.6 (C-7); HRMS (ESI) calculated for C10H11INaO3 [M + Na]+ 328.9645, 
found 328.9657.

(E)-2-(1-Iodoprop-1-en-2-yl)-6-methoxy-3,5-dimethyl-4H-pyran-4-one (95) [4]
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A mixture of (E)-4-hydroxy-6-(1-iodoprop-1-en-2-yl)-3,5-dimethyl-2H-pyran-
2-one (97) (1.81 g, 5.90 mmol), Me2SO4 (1.10 mL, 11.8 mmol) and Li2CO3 
(1.31 g, 17.7 mmol) in acetone (20 mL) was stirred at reflux for 18 h. The reaction 
mixture was then cooled to rt. and Et2O (25 mL) added. The solid was filtered off 
and the filtrate concentrated under reduced pressure. The residue was purified by 
flash column chromatography to afford (E)-2-(1-iodoprop-1-en-2-yl)-6-methoxy-
3,5-dimethyl-4H-pyran-4-one (95) (0.790 g, 42 %) as a yellow oil.

Rf = 0.33 (40 % EtOAc in petrol); νmax (cm−1) (thin film): 1655, 1611, 1591, 
1536, 1463; δH (CDCl3, 400 MHz): 6.75 (q, J = 1.2 Hz, 1H, 8-H1), 3.96 (s, 3H, 
12-H3), 2.14 (d, J = 1.2 Hz, 3H, 9-H3), 1.97 (s, 3H, 10-H3), 1.86 (s, 3H, 11-H3); 
δc (CDCl3, 100 MHz): 180.8 (C-4), 161.7 (C-6), 154.4 (C-2), 139.2 (C-7), 119.1 
(C-3), 99.8 (C-5), 89.2 (C-8), 55.4 (C-12), 22.7 (C-9), 11.7 (C-10), 6.9 (C-11); 
HRMS (ESI) calculated for C11H13INaO3 [M + Na]+ 342.9802, found 342.9806.

6.1 Organic Synthesis
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(4E,6E)-7-Iodo-4,6-dimethylhepta-4,6-dien-3-one (116)
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DBU (0.930 mL, 6.26 mmol) was added in one portion to a 1:1 mixture of 
(E)-methyl 7-iodo-2,4-dimethyl-3,5-dioxohept-6-enoate (99) and (E)-methyl 
5-hydroxy-7-iodo-2,4-dimethyl-3-oxohept-6-enoate (114) (1.06 g, 3.13 mmol 
total) in toluene (40 mL). The solution was heated to 70 °C, and stirred at this 
temperature for 48 h. The mixture was then cooled to rt. and concentrated under 
reduced pressure. The residue was purified by flash column chromatography to 
afford (4E,6E)-7-iodo-4,6-dimethylhepta-4,6-dien-3-one (116) (171 mg, 41 % 
based on 1.57 mmol 114 present in starting material) as a yellow oil.

Rf = 0.69 (25 % EtOAc in PE); νmax (cm−1) (thin film): 2977, 2936, 1671, 
1611, 1587; δH (CDCl3, 400 MHz): 6.88 (br. s, 1H, 3-H1), 6.44 (q, J = 1.1 Hz, 
1H, 1-H1), 2.71 (q, J = 7.3 Hz, 2H, 6-H2), 2.04 (dd, J = 1.1, 0.4 Hz, 3H, 8-H3), 
1.91 (d, J = 1.4 Hz, 3H, 9-H3), 1.12 (t, J = 7.3 Hz, 3H, 7-H3); δc (CDCl3, 
100 MHz): 202.6 (C-5), 143.8 (C-2), 137.9 (C-3), 136.6 (C-4), 85.3 (C-1), 30.9 
(C-6), 24.7 (C-8), 13.5 (C-9), 8.7 (C-7); HRMS (ESI) calculated for C9H13IONa 
[M + Na]+ 286.9903, found 286.9900.

2-Methoxy-3,5-dimethyl-6-((2Z,4E,6E)-4,6,9-trimethyldeca-2,4,6-trien-2-yl)-
4H-pyran-4-one (43) [1]
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A solution of (Z)-2-(1-iodoprop-1-en-2-yl)-6-methoxy-3,5-dimethyl-4H-pyran-
4-one (94) (0.200 g, 0.620 mmol) and 2-((2Z,4E)-4,7-dimethylocta-2,4-dien-2-yl)
benzo[d] [1,3,2] dioxaborole (84) (0.318 g, 1.24 mmol) in THF (4.5 mL) and H2O 
(1.5 mL) was degassed by purging with argon. Pd(PPh3)4 (69.0 mg, 0.0600 mmol) 
was then added in one portion and the resultant mixture stirred at rt. for 15 min 
in the dark. TlOEt (0.130 mL, 1.86 mmol) was then added in one portion, upon 
which immediate formation of a yellow precipitate was observed. This mixture 
was heated to 50 °C, in the dark, and stirred for 4 h. The mixture was then cooled 
to rt. and H2O (20 mL) added, before being extracted with Et2O (3 × 20 mL). The 
combined organic extracts were dried over anhydrous MgSO4 and concentrated 
under reduced pressure. The residue was purified by flash column chromatography 
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to afford 2-methoxy-3,5-dimethyl-6-((2Z,4E,6E)-4,6,9-trimethyldeca-2,4,6-trien-
2-yl)-4H-pyran-4-one (43) (0.386 g, 95 %) as a colourless oil.

Rf = 0.44 (25 % EtOAc in petrol); UV/vis (MeOH, 0.484 mM) 
λmax = 264 nm (ε 20400); νmax (cm−1) (thin film): 2956, 2926, 1713, 1659, 1574, 
1514, 1380; δH (CDCl3, 400 MHz): 6.25 (br. s, 1H, 8-H1), 5.90 (s, 1H, 10-H1), 
5.32 (t, J = 7.5 Hz, 1H, 12-H1), 3.95 (s, 3H, 16-H3), 2.02 (d, J = 1.0 Hz, 3H, 
19-H3), 1.94–1.98 (m, 2H, 13-H2), 1.87 (s, 3H, 17-H3), 1.85 (s, 3H, 18-H3), 
1.69 (s, 3H, 21-H3), 1.65 (s, 3H, 20-H3), 1.57–1.63 (m, 1H, 14-H1), 0.89 (d, 
J = 6.6 Hz, 6H, 15-H3 and 22-H3); δc (CDCl3, 100 MHz): 180.9 (C-4), 162.3 
(C-2), 156.4 (C-6), 138.9 (C-8), 138.0 (C-10), 132.6 (C-11), 131.6 (C-12), 131.1 
(C-9), 124.5 (C-7), 119.1 (C-5), 99.7 (C-3), 55.4 (C-16), 37.5 (C-13), 28.8 (C-14), 
23.2 (C-19), 22.4 (C-15 and C-22), 16.9 (C-21), 16.2 (C-20), 10.7 (C-18), 6.9 
(C-17); HRMS (ESI) calculated for C21H30NaO3 [M + Na]+ 353.2087, found 
353.2083.

2-Methoxy-3,5-dimethyl-6-((2E,4E,6E)-4,6,9-trimethyldeca-2,4,6-trien-2-yl)-
4H-pyran-4-one (44) [8]
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A solution of (E)-2-(1-Iodoprop-1-en-2-yl)-6-methoxy-3,5-dimethyl-4H-pyran-
4-one (95) (100 mg, 0.31 mmol) and 2-((2Z,4E)-4,7-dimethylocta-2,4-dien-2-
yl)benzo[d] [1,3,2] dioxaborole (84) (0.200 g, 0.620 mmol) in THF (4.5 mL) 
and H2O (1.5 mL) was degassed by purging with argon. Pd(PPh3)4 (69.0 mg, 
0.0600 mmol) was then added in one portion and the resultant mixture stirred at 
rt. for 15 min in the dark. TlOEt (0.130 mL, 1.86 mmol) was then added in one 
portion, upon which immediate formation of a yellow precipitate was observed. 
This mixture was heated to 50 °C, in the dark, and stirred for 4 h. The mixture 
was then cooled to rt. and H2O (20 mL) added, before being extracted with Et2O 
(3 × 20 mL). The combined organic extracts were dried over anhydrous MgSO4 
and concentrated under reduced pressure. The residue was purified by flash column 
chromatography to afford 2-methoxy-3,5-dimethyl-6-((2E,4E,6E)-4,6,9-trimethyl-
deca-2,4,6-trien-2-yl)-4H-pyran-4-one (44) (0.188 g, 92 %) as a colourless oil.

Rf = 0.33 (25 % EtOAc in petrol); UV/vis (MeOH, 0.454 mM) 
λmax = 274 nm (ε 14377); νmax (cm−1) (thin film): 2956, 1711, 1656, 1597, 1465, 
1377; δH (CDCl3, 400 MHz): 6.18 (1H, s, 8-H1), 5.98 (1H, s, 10-H1), 5.47 (1H, t, 
J = 7.3 Hz, 12-H1), 3.98 (3H, s, 16-H3), 2.12 (3H, s, 19-H3), 2.05 (3H, s, 18-H3), 
2.04 (2H, br. s., 13-H2), 2.03 (3H, s., 21-H3), 1.89 (3H, s, 17-H3), 1.80 (3H, s, 
20-H3), 1.67–1.73 (1H, m, 14-H1), 0.95 (6H, d, J = 6.7 Hz, 15-H3 and 22-H3); 
δc (CDCl3, 100 MHz): 181.6 (C-4), 161.9 (C-2), 159.1 (C-6), 140.4 (C-8), 137.3 
(C-10), 132.6 (C-9), 131.4 (C-12), 130.5 (C-11), 125.8 (C-7), 117.7 (C-5), 99.2 

6.1 Organic Synthesis
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(C-3), 55.2 (C-16), 37.5 (C-13), 28.8 (C-14), 22.4 (C-15 and C-22), 18.5 (C-21), 
17.0 (C-20), 16.2 (C-19), 11.9 (C-18), 6.8 (C-17); HRMS (ESI) calculated for 
C21H30O3 [M + Na]+ 331.2268, found 331.2274.

(±)-Tridachiahydropyrone (9) [1]
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A solution of 2-methoxy-3,5-dimethyl-6-((2Z,4E,6E)-4,6,9-trimethyldeca-
2,4,6-trien-2-yl)-4H-pyran-4-one (43) (0.0760 g, 0.230 mmol) in anhydrous 
MeOH (25 mL) was degassed by purging with argon. The solution was then irra-
diated with a mercury lamp (125 W) for 37 h. The solvent was removed under 
reduced pressure and the residue purified by flash column chromatography to 
afford tridachiahydropyrone (9) as a white solid (0.0130 g, 17 %).

Rf = 0.55 (10 % EtOAc in petrol); mp: 79-81 °C (lit: 76–80 °C) [1]; νmax 
(cm−1) (thin film): 2954, 1657, 1606, 1346, 1292; δH (CDCl3, 400 MHz): 5.53 (t, 
J = 7.2 Hz, 1H, 12-H1), 5.45 (s, 1H, 8-H1), 3.97 (s, 3H, 16-H3), 3.93 (s, 1H, 10-H1), 
1.91 (t, J = 7.2 Hz, 2H, 13-H2), 1.76 (s, 3H, 19-H3), 1.67–1.70 (m, 1H, 14-H1), 
1.64 (br. s, 6H, 17-H3 and 20-H3), 1.54 (s, 3H, 21-H3), 1.18 (s, 3H, 18-H3), 0.90 (s, 
3H, 22-H3), 0.89 (s, 3H, 15-H3); δc (CDCl3, 100 MHz): 195.9 (C-4), 166.0 (C-2), 
145.3 (C-6), 134.4 (C-9), 133.4 (C-11), 130.4 (C-12), 121.3 (C-8), 115.8 (C-7), 87.9 
(C-3), 55.1 (C-16), 53.4 (C-10), 46.5 (C-5), 37.2 (C-13), 28.7 (C-14), 22.6 (C-22), 
22.5 (C-15), 21.7 (C-20), 21.2 (C-18), 14.6 (C-19), 13.7 (C-21), 7.4 (C-17); HRMS 
(ESI) calculated for C21H30NaO3 [M + Na]+ 353.2087, found 353.2096.

(±)-Phototridachiahydropyrone (93) [8]
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A solution of 2-methoxy-3,5-dimethyl-6-((2Z,4E,6E)-4,6,9-trimethyldeca-
2,4,6-trien-2-yl)-4H-pyran-4-one (43) (0.0760 g, 0.230 mmol) in anhydrous 
MeOH (25 mL) was degassed by purging with argon. The solution was then irra-
diated with a mercury lamp (125 W) for 37 h. The solvent was removed under 
reduced pressure and the residue purified by flash column chromatography to 
afford phototridachiahydropyrone (93) as a white solid (0.0100 g, 13 %).
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Rf = 0.38 (10 % EtOAc in petrol); mp: 88–90 °C (lit: 90–92 °C) [8]; νmax 
(cm−1) (thin film): 2926, 1737, 1611, 1462, 1380; δH (CDCl3, 400 MHz): 5.96 
(s, 1H, 10-H1), 5.42 (t, J = 7.0 Hz, 1H, 16-H1), 4.00 (s, 3H, 11-H3), 3.09 (s, 1H, 
8-H1), 1.97 (t, J = 7.0 Hz, 2H, 17-H2), 1.68–1.70 (m, 1H, 18-H1), 1.65 (br. s, 6H, 
12-H3 and 20-H3), 1.61 (s, 3H, 14-H3), 1.40 (s, 3H, 21-H3), 1.36 (s, 3H, 13-H3), 
0.93 (s, 3H, 19-H3), 0.91 (s, 3H, 22-H3); δc (CDCl3, 100 MHz): 194.8 (C-4), 165.6 
(C-2), 144.9 (C-6), 133.3 (C-9), 131.8 (C-15), 129.2 (C-16), 123.8 (C-10), 117.4 
(C-7), 88.0 (C-3), 57.5 (C-8), 55.0 (C-11), 44.6 (C-5), 37.4 (C-17), 28.9 (C-18), 
27.6 (C-13), 22.4 (C-19), 22.4 (C-22), 21.0 (C-20), 13.1 (C-14), 11.9 (C-21), 6.7 
(C-12); HRMS (ESI) calculated for C21H30NaO3 [M + Na]+ 353.2087, found 
353.2094.

(±)-Oxytridachiahydropyrone (10) [8]
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Methylene blue (5.00 mg, 0.0170 mmol) was added to a solution of (±)-tri-
dachiahydropyrone (9) (28.0 mg, 0.0850 mmol) in methanol (10 mL). The mix-
ture was purged with oxygen for 30 min via an oxygen balloon and outlet needle, 
after which time the outlet needle was removed, and the solution irradiated with a 
mercury lamp (125 W) for 5 h. The mixture was then concentrated under reduced 
pressure, and the residue purified by preparative TLC (10 % EtOAc in petrol) to 
afford oxytridachiahydropyrone (10) (30.0 mg, 97 %) as a colourless oil.

Rf = 0.59 (10 % EtOAc in petrol); νmax (cm−1) (thin film): 2955, 2868, 1621, 
1461, 1380, 1350, 1322, 1286; Rotamer a: δH (CDCl3, 400 MHz): 6.18 (s, 1H, 
8-H1), 5.88 (t, J = 7.2 Hz, 1H, 12-H1), 3.92 (s, 3H, 16-H3), 3.56 (s, 1H, 10-H1), 
2.06 (s, 3H, 19-H3), 1.88–1.98 (m, 2H, 13-H2), 1.68 (s, 3H, 17-H3), 1.57–1.63 
(m, 1H, 14-H1), 1.47 (s, 3H, 21-H3), 1.24 (s, 3H, 20-H3), 1.06 (s, 3H, 18-H3), 
0.89 (d, J = 6.7 Hz, 6H, 15-H3 and 22-H3); δc (CDCl3, 100 MHz): 195.9 (C-4), 
162.7 (C-2), 137.1 (C-7), 134.9 (C-12), 131.2 (C-8), 129.2 (C-11), 106.8 (C-6), 
89.3 (C-3), 80.0 (C-9), 56.2 (C-10), 55.4 (C-16), 50.6 (C-5), 37.3 (C-13), 28.6 
(C-14), 22.6 (C-15), 22.4 (C-22), 19.4 (C-20), 18.9 (C-18), 15.3 (C-19), 15.0 
(C-21), 6.8 (C-17); Rotamer b: δH (CDCl3, 400 MHz): 6.18 (s, 1H, 8-H1), 5.02 
(t, J = 7.2 Hz, 1H, 12-H1), 3.92 (s, 3H, 16-H3), 3.26 (s, 1H, 10-H1), 2.04 (s, 3H, 
19-H3), 1.88–1.98 (m, 2H, 13-H2), 1.85 (s, 3H, 21-H3), 1.70 (s, 3H, 17-H3), 1.57–
1.63 (m, 1H, 14-H1), 1.35 (s, 3H, 20-H3), 0.92 (s, 3H, 18-H3), 0.89 (d, J = 6.7 Hz, 
6H, 15-H3 and 22-H3); δc (CDCl3, 100 MHz): 195.8 (C-4), 163.0 (C-2), 137.4 
(C-7), 132.8 (C-11), 130.4 (C-8), 127.6 (C-12), 106.8 (C-6), 89.9 (C-3), 80.9 
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(C-9), 55.4 (C-16), 53.8 (C-10), 50.4 (C-5), 37.4 (C-13), 28.9 (C-14), 22.6 (C-15), 
22.5 (C-22), 20.2 (C-18), 19.7 (C-20), 19.6 (C-21), 15.3 (C-19), 6.8 (C-17); 
HRMS (ESI) calculated for C21H30NaO5 [M + Na]+ 385.1985, found 385.1983.

2-((2Z,4E)-7-Hydroperoxy-4,9-dimethyl-6-methylenedeca-2,4-dien-2-yl)-6-
methoxy-3,5-dimethyl-4H-pyran-4-one (135)
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Methylene blue (14.0 mg, 0.0400 mmol) was added to a solution of 2-meth-
oxy-3,5-dimethyl-6-((2E,4E,6E)-4,6,9-trimethyldeca-2,4,6-trien-2-yl)-4H-pyran-
4-one (44) (70.0 mg, 0.210 mmol) in methanol (70 mL). The mixture was purged 
with oxygen for 30 min via an oxygen balloon and outlet needle, after which time 
the outlet needle was removed, and the solution irradiated for 24 h. The mixture 
was then concentrated under reduced pressure, and the residue purified by flash 
column chromatography to afford 2-((2Z,4E)-7-hydroperoxy-4,9-dimethyl-6-
methylenedeca-2,4-dien-2-yl)-6-methoxy-3,5-dimethyl-4H-pyran-4-one (135) 
(15.0 mg, 20 %) as a colourless oil.

Rf = 0.15 (25 % EtOAc in petrol); νmax (cm−1) (thin film): 3245, 2957, 2927, 
2870, 1656, 1578; δH (CDCl3, 400 MHz): 8.24 (br. s, 1H, OOH), 6.30 (app. t, 
J = 1.1 Hz, 1H, 8-H1), 5.90 (br. s, 1H, 10-H1), 5.35 (d, J = 1.0 Hz, 1H, 21-HH’), 
5.08 (app. t, J = 1.0 Hz, 1H, 21-HH’), 4.39 (t, J = 7.0 Hz, 1H, 12-H1), 3.97 (s, 3H, 
16-H3), 2.05 (d, J = 1.4 Hz, 3H, 19-H3), 1.87 (s, 3H, 17-H3), 1.85 (s, 3H, 18-H3), 
1.75 (d, J = 1.1 Hz, 3H, 20-H3), 1.60–1.65 (m, 1H, 14-H1), 1.36–1.43 (m, 1H, 
13-HH′), 1.14–1.22 (m, 1H, 14-HH′), 0.89 (d, J = 4.3 Hz, 3H, 15a-H3), 0.87 (d, 
J = 4.3 Hz, 3H, 15b-H3); δc (CDCl3, 100 MHz): 181.2 (C-4), 162.5 (C-2), 156.2 
(C-6), 143.8 (C-11), 138.1 (C-8), 136.3 (C-9), 128.5 (C-10), 126.4 (C-7), 119.1 
(C-5), 117.5 (C-21), 100.0 (C-3), 87.9 (C-12), 55.4 (C-16), 40.7 (C-13), 24.7 (C-14), 
23.0 (C-19), 22.7 (C-15a), 22.6 (C-15b), 16.6 (C-20), 10.7 (C-18), 6.9 (C-17); 
HRMS (ESI) calculated for C21H31O5 [M + H]+ 363.2166, found 363.2165.

2-((2E,4E)-7-Hydroperoxy-4,9-dimethyl-6-methylenedeca-2,4-dien-2-yl)-6-
methoxy-3,5-dimethyl-4H-pyran-4-one (136)
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Methylene blue (14.0 mg, 0.0400 mmol) was added to a solution of 2- methox
y-3,5-dimethyl-6-((2E,4E,6E)-4,6,9-trimethyldeca-2,4,6-trien-2-yl)-4H-pyran-4-o
ne (44) (70.0 mg, 0.210 mmol) in methanol (70 mL). The mixture was purged with 
oxygen for 30 min via an oxygen balloon and outlet needle, after which time the 
outlet needle was removed, and the solution irradiated for 24 h. The mixture was 
then concentrated under reduced pressure, and the residue purified by flash column 
chromatography to afford 2-((2E,4E)-7-hydroperoxy-4,9-dimethyl-6-methylenedeca-
2,4-dien-2-yl)-6-methoxy-3,5-dimethyl-4H-pyran-4-one (136) (4.0 mg, 5 %) as a 
colourless oil.

Rf = 0.26 (25 % EtOAc in petrol); δH (CDCl3, 400 MHz): 5.84 (br. s, 1H, 
10-H1), 5.81 (d, J = 1.0 Hz, 1H, 8-H1), 5.68 (app. t, J = 1.5 Hz, 1H, 21-HH’), 
5.27 (app. t, J = 1.5 Hz, 1H, 21-HH’), 4.34 (br. s, 1H, 12-H1), 3.96 (s, 3H, 16-H3), 
2.05 (d, J = 1.5 Hz, 3H, 19-H3), 1.88 (s, 3H, 17-H3), 1.86 (s, 3H, 18-H3), 1.74 (br. 
s, 3H, 20-H3), 1.52–1.58 (m, 1H, 14-H1), 1.36–1.44 (m, 1H, 13-HH’), 1.15 (br. 
s, 1H, 14-HH’), 0.95 (d, J = 3.0 Hz, 3H, 15a-H3), 0.95 (d, J = 3.0 Hz, 3H, 15b-
H3); partial δc (CDCl3, 100 MHz): 181.5, 161.9, 158.3, 145.6, 134.3, 134.3, 125.3, 
118.0, 99.4, 79.6, 55.3, 39.3, 24.6, 23.8, 23.8, 23.6, 17.5, 11.0, 6.9; HRMS (ESI) 
calculated for C21H31O5 [M + H]+ 363.2166, found 363.2178.

6.1.4  Electrocyclisation in Membranes: General Procedure

A 33.0 mM solution of substrate (44 or 43) in DMSO (60.0 μL, 1.98 μmol) was 
added to an 800 μM solution of PLVs in pH 7.4 Tris buffer (12.0 mL), and the 
mixture degassed by purging with argon. The mixture was then irradiated (125 W 
mercury lamp) for 5 h. After irradiation, the mixture was extracted with CH2Cl2 
(3 × 12 mL). The combined organic extracts were dried over anhydrous MgSO4, 
and concentrated under reduced pressure. The residue was purified by preparative 
TLC (5 % EtOAc in petrol), and the desired product tridachiahydropyrone (9) iso-
lated. This product was then analysed by chiral HPLC, using the conditions out-
lined in Sect. 6.1.5.

6.1.5  Analysis of the Separated Enantiomers  
of Tridachiahydropyrone

HPLC analysis was run using an analytical Chiral Cel OD-H column, with a sol-
vent system of hexane:IPA::99.5:0.5; flow rate = 0.5 mL/min; temperature = 25 °C; 
injection volume = 10 μL. Retention times: 1st eluted (−)-9 = 8.41 min; 2nd 
eluted (+)-9 = 9.89 min. 1st eluted: [α]  = −225.6 (c = 0.42 g/100 cm3, CHCl3) 
(>99 % ee by HPLC), [isolated natural product: [α]D = −476.1 (c = 0.49, 
CHCl3)]3; 2nd eluted: [α]  = +190.4 (c = 0.08 g/100 cm3, CHCl3) (90 % ee by 
HPLC) (Fig. 6.1).

6.1 Organic Synthesis
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6.2  Biophysical Techniques

6.2.1  Materials and Methods

Phosphatidylcholine (Grade 1 egg lecithin) was purchased from Lipid Products 
as a 130 mM solution in CHCl3:MeOH (5:1 v/v). Di-8-ANEPPS was purchased 
from Invitrogen. Cholesterol (≥99 %), sphingomyelin (≥97 %) and DMSO 
(BioReagent for molecular biology, ≥99.9 %) were purchased from Sigma 
Aldrich. Cholesterol was used as a 259 mM solution in CHCl3:MeOH (5:1 v/v). 
100 nm pore polycarbonate filters were purchased from Nucleopore Filtration 
Products. The pressure extruder was purchased from Lipex Biomembranes.

UV-grade cuvettes (3.5 mL) were purchased from Fisher Scientific.
Tris buffer (10 mM, pH 7.4) was filtered before use using Minisart High-Flow 

single use syringe filters (0.20 μm pore size).
Fluorescence and light scattering experiments were recorded at 25 °C using a 

HORIBA Jobin Yvon Fluoromax-4 spectrofluorometer. DataMax software was 
used for monitoring of fluorescence experiments whilst FluorEssence software 
was used for light scattering experiments.

Fig. 6.1  Chiral HPLC analysis of the purity of tridachiahydropyrone (9) enantiomers. a Race-
mic mixture (±)-9; b first eluted enantiomer (-)-9; c second eluted enantiomer (+)-9



95

6.2.2  90° Light Scattering: Critical Micelle Concentration 
Determination

The critical micelle concentrations (CMCs) of 44, 43 and 9 were determined 
using analysis of the Rayleigh-Debye light scattering of samples at 90° [9, 10]. 
Increasing quantities of compound were separately dissolved in 15 μL of DMSO. 
These solutions were then made up to 2 mL in a cuvette using 1985 μL of either 
pH 7.4 10 mM Tris buffer or 400 μM PLVs, depending on the experiment. Each 
cuvette was incubated at 25 °C in the dark for 1 h before analysis, to ensure that 
equilibrium had been reached. The Rayleigh-Debye light scattering at a 90° angle 
was then recorded using 600 nm incident radiation with a 2 nm band pass. Plotting 
the change in light scattering at a fixed angle of 90° against increasing compound 
concentration enabled determination of the CMC (see Sect. 3.2).

6.2.3  Liposome Preparation

Unilamellar phospholipid vesicles (PLVs) were prepared using a pressure extru-
sion technique [11]. Phosphatidylcholine (PC), and cholesterol and/or sphingo-
myelin (where appropriate), in CHCl3:MeOH (5:1 v/v) were added to a round 
bottomed flask and the solvent removed under a stream of oxygen-free nitrogen. 
The resulting thin lipid film was rehydrated to a concentration of 13 mM using 
Tris buffer (10 mM, pH 7.4), giving a suspension of multilamellar vesicles. This 
solution was subjected to five freeze-thaw cycles using liquid nitrogen, creating 
unilamellar vesicles which were then extruded ten times through polycarbonate fil-
ters with a 100 nm pore size at 45 °C, giving a monodisperse, unilamellar suspen-
sion of PLVs of 100 nm diameter (Fig. 6.2). The PLVs were stored at 4–6 °C and 
used within one month of preparation.

The following lipid compositions, given by molar percent, were used in this 
study:

PC100%   100 % Phosphatidylcholine
PC70%Chol30%   70 % Phosphatidylcholine, 30 % Cholesterol
PC70%SM30%   70 % Phosphatidylcholine, 30 % Sphingomyelin
PC60%Chol20%SM20%    60 % Phosphatidylcholine, 20 % Cholesterol, 20 % 

Sphingomyelin
PC40%SM60%   40 % Phosphatidylcholine, 60 % Sphingomyelin

Fig. 6.2  Key steps in the preparation of PLVs

6.2 Biophysical Techniques

http://dx.doi.org/10.1007/978-3-319-22069-7_3
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The PC used in this study was from egg yolk, and contains a variety of different 
acyl chains appended to the headgroup. An average molecular weight of 770.123 
was used in calculating the quantities of PC to use in liposome preparation. This 
PC mixture was used, as opposed to a single acyl chain type, as it was thought that 
it would better reflect the state of affairs found in a biological plasma membrane. 
Figure 6.3 outlines the fatty acid distribution of this PC [12].

6.2.4  Fluorescent Labelling of PLVs with Di-8-ANEPPS

The labelling process was conducted in the dark. Di-8-ANEPPS (1.7 mM in 
EtOH) was added to a 13 mM solution of PLVs at a concentration of 25 µM, 
and the mixture incubated at 37 °C (in the dark) for at least 1 h before use. The 
labelled liposomes were diluted with Tris buffer (10 mM, pH 7.4) to a concen-
tration of 400 µM (di-8-ANEPPS at 0.77 µM) for use in the fluorescence experi-
ments. The stained PLVs were always used within 8 h of labelling. Unless 
otherwise stated 2 mL of the labelled PLVs at 400 µM were used in a 3.5 mL 
UV-grade cuvette for all fluorescence experiments.

6.2.5  Characterisation of Di-8-ANEPPS-Labelled PLVs

To ensure PLVs had been successfully labelled with di-8-ANEPPS excitation and 
emission spectra were recorded prior to each experiment. These were compared 
to controls of an equivalent concentration of the probe in buffer alone (no PLVs), 
and equivalent concentrations of unstained PLVs (no di-8-ANEPPS) (Fig. 6.4). 
Excitation spectra were recorded from 400 to 550 nm at a fixed emission wave-
length of 580 nm; emission spectra were recorded from 500 to 650 nm at a fixed 
excitation wavelength of 468 nm.

Fig. 6.3  Distribution of acyl 
chain lengths found in PC 
from egg yolk. Inset Structure 
of the predominant species, 
1-palmitoyl-2-oleoyl- 
sn-glycero-3-phosphocholine 
(POPC, 45)
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6.2.6  Fluorescence Difference Spectra

Fluorescence difference spectra were recorded to determine the effect of binding 
of molecules 44, 43 and 9 on the membrane dipole potential (Ψd). The excita-
tion spectrum of di-8-ANEPPS-labelled PLVs (recorded from 400 to 550 nm at a 
fixed emission wavelength of 580 nm) was recorded before and after addition of a 
known quantity of compound.

These excitation spectra were normalised to their integral area and the differ-
ence spectrum then calculated by subtraction of the spectrum in the absence of 
compound from that in the ligand’s presence. This procedure is exemplified by 
Fig. 6.5, which displays a red shift, corresponding to a decrease in Ψd upon addi-
tion of ligand (±)-9.

Fig. 6.4  Fluorescence excitation and emission spectra of di-8-ANEPPS in membranes, and con-
trols. Black line: di-8-ANEPPS (0.77 μM) in presence of 400 μM PLVs (in pH 7.4 Tris buffer). 
Blue line: di-8-ANEPPS (0.77 μM) in pH 7.4 Tris buffer (no PLVs). Red line: 400 μM PLVs (in 
pH 7.4 Tris buffer) in absence of di-8-ANEPPS. a PC100% PLVs. b PC70%Chol30% PLVs. Spectra 
normalised to the integral spectral area of di-8-ANEPPS in membranes

Fig. 6.5  Creation of excitation difference spectra. a Excitation spectra of di-8-ANEPPS (0.77 
μM) in presence of 400 μM PC100% PLVs (in pH 7.4 Tris buffer) before (black line) and after 
(red line) addition of 288.75 μM (±)-9. b Difference spectrum created by subtraction of the for-
mer excitation spectrum from the latter

6.2 Biophysical Techniques



98 6 Experimental

6.2.7  Titration of Ligands into Di-8-ANEPPS-Labelled 
PLVs: Dual-Wavelength Ratiometric Fluorescence 
Time Course Measurements

The ligand concentration dependence of the fluorescence spectrum of di-8-AN-
EPPS was determined by monitoring the effect on the fluorescence spectrum with 
time as compound was titrated in [13]. The time-dependent ratio of fluorescence 
R(460 nm/520 nm) was obtained by exciting the samples at 460 nm and 520 nm, 
and measuring the intensity ratio at a fixed emission of 590 nm, whilst aliquots 
of compound (33.0 mM in DMSO) were titrated into labelled PLVs (400 μM) 
in a continuously stirred cuvette. The system was allowed to reach equilibrium 
between each addition, as judged by R remaining constant with time. Control 
experiments were conducted by titrating equivalent volumes of DMSO over a 
comparable timeframe (~1 h), and subtracting any signal from that obtained 
upon compound titration. This allowed correction for any small changes in fluo-
rescence due to dilution effects or photo-bleaching. This ratiometric method was 
used as it corrects for small variations in dye concentrations, allowing extraction 
of the response solely to the electrical environment of the surrounding mem-
brane [14]. An example of the ratiometric fluorescence time course obtained is 
shown in Fig. 6.6. It exemplifies the effect of ligand addition on R, in comparison 
with the effect of the addition of an equivalent volume of DMSO in the control 
experiment.

6.2.8  Analysis of Titration Data: Generation  
of Binding Profiles

GraphPad Prism v5.0 software was used to analyse the binding data from the 
above titrations. Plotting the change in ratio, ΔR(460 nm/520 nm), against ligand 

Fig. 6.6  Effect of titration 
of compound 43 (82.5 µM) 
into PC100% PLVs on the 
fluorescence ratio, R, in 
comparison to the effect of 
addition of an equivalent 
volume of DMSO
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concentration (n = 3 for all experiments; average taken) gave rise to raw binding 
profiles. These were then fitted to the binding models described by Eqs. 3.2 and 
3.3 (Sect. 3.3.6).

The best fitting model of Eqs. 3.2 and 3.3 for each binding profile was 
 determined using an extra sum-of-squares F test (Eq. 6.1):

where SS1 = Sum of squares (Eq. 3.2)
SS2 = Sum of squares (Eq. 3.3)
DF1 = Degrees of freedom (Eq. 3.2)
DF2 = Degrees of freedom (Eq. 3.3)
The program uses this F ratio and the two DF values to calculate a P value. On 

this basis it was determined which of Eqs. 3.2 and 3.3 were the best descriptor for 
each titration curve. For P ≥ 0.05 the null hypothesis (Eq. 3.2) was accepted. For 
P < 0.05 Eq. 3.3 was deemed the best fitting model [15].

For the statistical parameters involved in these calculations see Appendix B.

6.3  Assay Procedures

6.3.1  Materials and Methods

Phosphatidylcholine liposomes were synthesised as outlined in Sect. 6.2.3. The 
DMSO used was BioReagent grade for molecular biology (≥99.9 %), and was 
purchased from Sigma Aldrich. All other reagents were obtained commercially 
and used without further purification.

Flat-bottomed polystyrene 96-well plates (415 μL capacity) were purchased 
from Fisher Scientific.

Tris buffer (10 mM, pH 7.4) was filtered before use using Minisart High-Flow 
single use syringe filters (0.20 μm pore size).

6.3.2  Thiobarbituric Acid Reactive Substances  
(TBARS) Assay

All experiments were conducted in triplicate, and each run assayed in duplicate.
A solution of 44, 43, 9, or 77 (33.0 mM in DMSO, or DMSO only for con-

trol experiments) was added to a suspension of phosphatidylcholine liposomes 
(8.00 mM in pH 7.4 Tris buffer) to give the desired final concentration of sun-
screen molecule (20 mol%, 10 mol% or 5 mol%), in a test tube. The test tube was 
plugged loosely with cotton wool in order to minimise evaporation but allow the 
free diffusion of air. The mixture was stirred, in the dark, for 30 min in order to 

(6.1)F =

(SS1− SS2)/(DF1− DF2)

SS2/DF2

6.2 Biophysical Techniques
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allow equilibration, and then irradiated (Wotan Ultravitalux Sunlamp, 300 W). 
Aliquots of mixture were removed from the sample at desired time intervals (0 h, 
0.5 h, 1 h, 2 h, 3 h, 5 h irradiation). 300 μL of sample was mixed with 300 μL 
trichloroacetic acid solution (0.6 N aqueous), incubated at rt. for 15 min, and 
then centrifuged at 12000 g for 10 min. The supernatant was removed and cen-
trifuged once more under the same conditions. 75 μL thiobarbituric acid solu-
tion (46.5 mM in H2O:DMSO::9:1) was added to 150 μL of the supernatant in 
a 96-well plate, and the absorbance of the sample at 532 nm read [16]. The plate 
was then incubated for 2 h at 50 °C and the absorbance read again. The pre-incu-
bation optical densities were subtracted from the post-incubation values, and the 
concentration of TBARS in the sample calculated by interpolation from a standard 
curve. The standard curve was created by treating 100 μL of 1,1,3,3-tetramethoxy-
propane solution (500 μM in H2O:EtOH::49:1) with 200 μL trichloroacetic acid 
solution (0.6 N aqueous), to give a malondialdehyde stock solution of 167 μM. 
Serial dilution of this stock gave samples of a range of concentrations (16.7–
0.26 μM), which were treated with thiobarbituric acid solution and assayed in the 
same manner as the experimental samples.

6.3.3  2,2-Diphenyl-1-Picrahydrazyl (DPPH) Assay

All samples were assayed in triplicate.
1 mL of a solution of DPPH (200 μM in methanol) was added to 3 mL of anti-

oxidant solution (44, 43, 9 or 78 in methanol) of varying concentrations, and the 
resultant mixture incubated at rt., in the dark, for 30 min. The absorbance of the 
sample was then read at 517 nm. In addition control runs using 3 mL methanol in 
place of antioxidant solution, and blank runs using methanol only (no DPPH solu-
tion) were read, and the inhibition calculated according to Eq. 4.1 (Sect. 4.2) [17].

6.3.4  Ferric Reducing Antioxidant Power (FRAP) Assay

FRAP reagent was made up freshly on the day of use by mixing together 25 mL 
acetate buffer (pH 3.6, 300 mM), 2.5 mL tripyridyltriazine (TPTZ) solution 
(10 mM in 40 mM aqueous HCl) and 2.5 mL FeCl3.6H2O solution (20 mM, aque-
ous) [18]. Solutions of varying concentrations of antioxidants were also made 
freshly, in ethanol (44, 43, 9 and 77) or H2O (78), along with standard solutions of 
FeSO4.7H2O (in H2O). To conduct the assay 150 μL of FRAP reagent was incu-
bated at 37 °C for 15 min, then the absorbance read at 593 nm. 15 μL H2O and 5 
μL sample or standard was added and the mixture incubated for a further 15 min 
at 37 °C. The absorbance was again read at 593 nm, and the initial absorbance 
subtracted from the final reading. Interpolation from the standard curve (FeSO4) 
allowed the concentration of Fe(II) in each sample to be calculated. Samples were 

http://dx.doi.org/10.1007/978-3-319-22069-7_4
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assayed in triplicate, and absorbances for each run read in duplicate. The assay 
was conducted in a 96-well plate, allowing multiple samples to be assayed at the 
same time.
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7.1  Introduction

7.1.1  Prevalence and Utility of Alkenyl Nitriles

The nitrile functional group is a valuable intermediate in organic synthesis due to 
its versatility, being easily transformed into a number of other important function-
alities (Scheme 7.1).

In addition to these simple transformations, nitriles are valuable building blocks 
for the formation of pharmaceutically important heterocyclic compounds includ-
ing thiazoles [1], triazoles [2] and tetrazoles [3]. Alkenyl nitriles in particular have 
found use as precursors for the synthesis of purines [4], pyrimidines [5], pyrazines 
[6], porphyrazines [7] and diimines [8], which find wide ranging applications in 
pharmaceuticals, dyes and catalysis.

α,β-Unsaturated nitriles are found in a structurally and biologically diverse 
range of natural products (Fig. 7.1) [9], including the nitrilosides (e.g. lanceolin 
A (137)) [10]; the cyanolipids (e.g. 138) [11]; the macrolide antibiotic borrelidin 
(139) [12]; and the antitumour calyculin family (e.g. calyculin A (140)) [13].

As well as being found in nature, alkenyl nitriles comprise an important sub-
section of the 30-plus nitrile-containing pharmaceuticals currently on the market. 
These are used to treat a diverse array of medical conditions, with representative 
examples, 141–144, outlined in Fig. 7.2 [14].

Due to their synthetic utility and pharmaceutical applications, a number of syn-
thetic routes to α,β-unsaturated nitriles have been developed. Classical methods 
include dehydration of amides [15] or aldoximes [16], Wittig- [17] and Peterson-type 
[18, 19] olefination processes, ammoxidation of alkenes [20], and carbocyanation 
of alkynes [21]. These approaches suffer variously from high waste generation, low 
yields and poor stereoselectivity. As such the transition metal-catalysed cyanation of 
vinyl halides is an attractive route for the synthesis of alkenyl nitriles. Whilst several 
instances of such transformations have been reported in the literature, the area remains 
underdeveloped, particularly in comparison to analagous cyanations of aryl halides.

Chapter 7
Synthesis of Alkenyl Nitriles  
by the Palladium-Catalysed Cyanation  
of Vinyl Halides with Acetone Cyanohydrin

© Springer International Publishing Switzerland 2016 
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7.1.2  Transition Metal-Catalysed Cyanation of Vinyl 
Halides: Existing Methodology

Table 7.1 outlines the existing literature examples of transition metal-catalysed 
syntheses of alkenyl nitriles from the corresponding halides. The earliest reported 
method is that of Yamamura, who demonstrated the transformation of a number of 

Scheme 7.1  Synthetic utility of the nitrile functional group
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Fig. 7.1  Examples of naturally occurring alkenyl nitriles
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styrenyl bromides to cinnamonitriles using tetrakis(triphenylphosphine)palladium 
as catalyst and potassium cyanide as the cyanide source (Entry 1) [22]. The meth-
odology, involving use of 18-crown-6 as an additive in benzene at high tempera-
ture, was also shown to work for butyl bromide and β-chlorostyrene.

In 1982 a further two examples of the cyanation reaction were published, 
both also utilising potassium cyanide. Funabiki and co-workers employed 
tetracyanocobaltate(I) as catalyst (Entry 2) [23], whilst Sakakibara et al. pioneered 

Fig. 7.2  Examples of alkenyl nitrile-containing pharmaceuticals
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Table 7.1  Overview of the existing methodology for the transition metal-catalysed cyanation of 
vinyl halides 

R
X

R
CNcatalyst, CN source

various conditions

aOxidation state of active catalytic species unknown

Entry Catalyst CN source Substrate scope Year Reference

1 Pd(0) KCN R = Ph, alkyl 1977 [22]
X = Br, Cl

2 Co(I) KCN R = Ph, Me 1982 [23]
X = Br, Cl

3 Ni(0) KCN R = Ph, alkyl 1982 [24, 52]
X = Br, Cl

4 Coa (Et3MeN)CN R = Ph, Me 1985 [25]
X = Br, Cl

5 Pd(0) Zn(CN)2 R = Ph 2000 [26]
X = Br

6 Pd(0) K4Fe(CN)6 R = aryl 2006 [27]
X = Br

7 Cu(I) K4Fe(CN)6 R = aryl 2012 [28]
X = Br

7.1 Introduction
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the use of an in situ-generated nickel(0) complex (Entry 3) [15, 24]. In both cases 
alkenyl substituents were restricted to phenyl or simple alkyl groups, and sig-
nificant erosion of stereochemistry was observed for Z-substrates. An attempt by 
Funabiki to cyanate an ester-bearing substrate resulted in no product formation.

Stuhl (Entry 4), like Funabiki, used a cobalt-based catalyst system to effect the 
transformation of several basic alkenyl halides into nitriles [25]. However, this 
method employed an organic cyanide source, (Et3MeN)CN, in acetonitrile. Yields 
were moderate, stereoselectivity was poor, and an attempt to transform an ether-
bearing alkenyl halide failed.

More recently, alternative cyanation sources have been used to effect this 
transformation. In their paper on the palladium-catalysed, microwave-assisted 
cyanation of aryl halides, Alterman and Hallberg (Entry 5) employed zinc 
cyanide, and included a single example of a vinylic substrate, namely trans-  
β-bromostyrene [26].

Due to its lack of toxicity, potassium hexacyanoferrate(II) has also been explored 
as a cyanide source. Li and co-workers (Entry 6) utilised this reagent in their palla-
dium-catalysed protocol, involving microwave irradiation in ionic liquid [27]. Most 
recently Saha et al. reported a hydroxyapatite-supported copper(I)-catalysed meth-
odology (Entry 7) [28]. Whilst moderate to good yields were obtained, in both of 
these cases examples were restricted solely to styrenyl  bromide substrates.

7.1.3  Use of Acetone Cyanohydrin in Cyanation 
Methodology

The transition metal-catalysed cyanation of aromatic halides is far better devel-
oped than that of vinyl halides. Much recent work has focused on palladium as the 
catalyst [29, 30], with cyanide sources including KCN [31–34], NaCN [35, 36], 
TMSCN [37, 38], Zn(CN)2 [39–42], and K4[Fe(CN)6] [43–46]. A major problem 
associated with this methodology is the issue of catalyst deactivation by excess 
cyanation reagent in solution. An increase in the concentration of the strongly 
binding cyanide anion leads to a breakdown in the catalytic cycle. Mechanistic 
studies carried out by Grushin and co-workers elucidated the nature of the catalyti-
cally inactive palladium complexes formed under various reaction conditions [47, 
48]. These are outlined, along with the generally accepted catalytic cycle for the 
palladium-catalysed cyanation reaction, in Scheme 7.2.

In order to minimise these deactivation pathways and maximise catalytic turno-
ver, it was found that a slow, controlled addition of the cyanating agent was benefi-
cial. The dosage of solid cyanide sources can be difficult to control. To address this 
issue, Beller et al. pioneered the use of acetone cyanohydrin (145) as the cyanide 
source (Scheme 7.3) in the palladium-catalysed cyanation of aryl halides [49].

As a liquid cyanating agent, the defined dosage of acetone cyanohydrin 
(145) to the reaction mixture was easily achieved using a syringe pump. The 



109

reagent system was optimised using 4-bromobenzotrifluoride (146) as a substrate 
(Scheme 7.4).

Beller demonstrated the applicability of this system to a range of aryl bromides 
(bearing both electron-donating and electron-withdrawing substituents), heteroaryl 
bromides, and two electron-deficient aryl chlorides. Whilst the deactivated, elec-
tron-rich substrates and the aryl chlorides required higher reaction temperatures, 
in most cases yields (determined by GC) were good to excellent. The efficacy of 
the syringe pump delivery technique in preventing catalyst deactivation was also 
exemplified by lowering of the catalyst loading down as far as 0.05 mol% while 
maintaining good yields.
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7.1.4  Aims of This Work

The aims of this work were twofold. The first was to build on the work of Beller 
and co-workers by investigating the applicability of acetone cyanohydrin (145) 
as a cyanating agent to alkenyl halide systems. The second was to develop a 
straightforward and general method for the palladium-catalysed cyanation of vinyl 
halides, the scope of which would extend beyond the simple aryl- and alkyl-substi-
tuted examples reported thus far in the literature.

7.2  Results and Discussion

7.2.1  Optimisation of the Reaction Conditions

The preliminary investigations into the palladium-catalysed cyanation of vinyl 
halides using acetone cyanohydrin (145) as the cyanating agent were conducted 
using trans-β-bromostyrene (148) as the substrate. The initial conditions tested 
(Table 7.2) utilised 5 mol% Pd2(dba)3 as the palladium source, 30 mol% tri(2-
furyl)phosphine (TFP) as the added ligand and Na2CO3 (1.1 equivalents) as the 
base, in a solvent system of THF and dimethylacetamide (DMAc) (2:1 ratio), and 
with a reaction temperature of 65 °C.

Addition of 145 to the reaction mixture over 15 min followed by a reac-
tion time of 6 h resulted in the desired product cinnamonitrile (149) being 
isolated in 23 % yield (Table 7.2, Entry 1). 149 was generated as a single geo-
metric isomer, with a lot of unreacted starting material 148 remaining in the crude 

Table 7.2  Palladium-catalysed cyanation of β-bromostyrene (148): effect of duration of acetone 
cyanohydrin (145) addition and reaction time on the isolated yield of cinnamonitrile (149) 

Br
+

OH
CN

Pd2(dba)3 (5 mol%)
TFP (30 mol%) CN

THF:DMAc, Na2CO3
65 °C

P

O

O

O

148
1 equiv.

145
1.1 equiv.

149 TFP

aTime between completion of addition of 145 and work up of the reaction mixture
bTrace of product detected in the 1H NMR spectrum of the crude mixture—not isolated

Entry Duration of 145 addition Reaction timea Yield

1 15 min 6 h 23 %

2 15 min 15 h 23 %

3 15 min 10 min Traceb

4 17 h 1 h Traceb

5 One portion 6 h 24 %
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reaction mixture. Increasing the reaction time to 15 h, however, did not result in 
an improved yield (Table 7.2, Entry 2), whilst reduction of the reaction time to 
10 min (Table 7.2, Entry 3) led to just a trace of the product 149 being formed. 
These results appeared to indicate that the catalyst system was becoming inac-
tive at some point before 6 h reaction time. It was reasoned that the relatively 
fast addition of acetone cyanohydrin (145) was leading to catalyst deactivation 
due to a high concentration of cyanide ions in solution. To try and solve this, 
145 was added via syringe pump over a period of 17 h, as in Beller’s work [49]. 
Surprisingly, however, this method led to just trace formation of 149, with a vast 
majority of the starting material 148 remaining unreacted (Table 7.2, Entry 4). 
Conversely, addition of the cyanating agent 145 in a single portion resulted in an 
isolated yield of 24 % (Table 7.2, Entry 5). This indicated that slow addition of 
145 was not necessary (and indeed was detrimental) for the cyanation of vinyl hal-
ides. Thus in all further experiments 145 was added in a single portion.

It was postulated that by increasing the rate of the initial oxidative addition of 
148 to the palladium complex then catalyst deactivation might be suppressed, lead-
ing to improved yields. Two ways of accomplishing this were explored, namely 
an increase in reaction temperature, and the use of a more electron-rich ligand. 
The results are outlined in Table 7.3. Increasing the reaction temperature from 
65–100 °C led to an increase in yield to 38 % (Table 7.3, Entry 2), whilst con-
ducting the cyanation at room temperature resulted in trace product formation only 
(Table 7.3, Entry 3). Replacing the relatively electron-withdrawing TFP ligand 
with the more electron-donating, bidentate, 1,2-bis(diphenylphosphino)propane 

Table 7.3  Palladium-catalysed cyanation of β-bromostyrene (148): effect of ligand and reaction 
temperature on the isolated yield of cinnamonitrile (149) 

Br
+

OH
CN

Pd2(dba)3 (5 mol%)
Ligand CN

THF:DMAc, Na2CO3
Temperature

148
1 equiv.

145
1.1 equiv.

149

Ph3P PPh3

DPPP

a30 mol% of monodentate ligands TFP, PPh3 and PCy3 used, 15 mol% of bidentate ligand DPPP 
used
bReactions were allowed to continue until complete consumption of 148 was observed by TLC, 
or for 6 h
cTrace of product detected in the 1H NMR spectrum of the crude mixture—not isolated

Entry Liganda Temperature Reaction timeb (h) Yield

1 TFP 65 °C 6 24 %

2 TFP 100 °C 6 38 %

3 TFP rt. 6 Tracec

4 DPPP 65 °C 6 38 %

5 DPPP 100 °C 2 70 %

6 PPh3 100 °C 6 –

7 PCy3 100 °C 6 Tracec

7.2 Results and Discussion
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(DPPP) also had the desired effect of increasing the reaction yield, affording 38 % 
of 149 at 65 °C (Table 7.3, Entry 4) and 70 % at 100 °C (Table 7.3, Entry 5).  
The use of the monodentate phosphine ligands PPh3 and PCy3 (Table 7.3, Entries 
6 and 7) led to no reaction and trace product formation, respectively. Whilst the 
reasons for this are unclear, similar detrimental effects on yield have been reported 
with these ligands in the palladium-catalysed cyanation of aryl chlorides [50].

During the investigation into temperature and ligand effects, an identifiable 
minor byproduct was discernible in the 1H NMR spectrum of the crude reaction 
mixture post work up (in the case of Table 7.3, Entry 5). Comparison of these 
peaks with literature data revealed the byproduct to be (1E,3E)-1,4-diphenylbuta-
1,3-diene (150) [51]. 150 must clearly arise from a homocoupling reaction of two 
molecules of β-bromostyrene (150), which is in competition with the transmetalla-
tion step of the cyanation reaction (Scheme 7.5).

The detection of this side reaction raises a possible explanation for the lack of 
reactivity observed when slow addition of acetone cyanohydrin (145) via syringe 
pump was attempted. If, upon the oxidative insertion taking place, no cyanide ion 
was readily available for the subsequent transmetallation step of the cyanation 
reaction, then the homocoupling side reaction would instead occur. Sakakibara and 
co-workers observed this competing homocoupling reaction in their nickel-based 
cyanation of vinyl halides, and also found that low cyanide solubilities resulted in 
inactivation of the catalyst system [52]. They discovered that the homocoupling 
reaction resulted in the formation of an inert nickel complex (NiBr2L2), which pre-
vented further reaction (cyanation or homocoupling) from occurring once a small 
amount of 150 had been produced. It is feasible that the homocoupling in this case 
results in an analogous inactive palladium complex, shutting down the catalytic 
cycle and leading to little or no product formation. The oxidative addition of aryl 
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Scheme 7.5  Suggested catalytic cycle for the cyanation of 148, and the homocoupling side  
reaction



113

halides proceeds at a slower rate than that of vinyl halides, and so inactivation of 
the catalyst by cyanide ion prior to oxidative addition taking place is a higher risk, 
resulting in the requirement for a slow dosage of cyanating agent in the former 
case. In subsequent reactions of β-bromostyrene (148) 150 was often present in 
trace amounts in the 1H NMR spectrum of the crude mixture.

The effect of increasing the ligand concentration on the cyanation reaction was 
also investigated, in order to find the optimum ligand-to-palladium ratio for stabili-
sation of an active catalytic species (Table 7.4).

When Pd2(dba)3 was used as the palladium source, a phosphorous:palladium 
ratio of 3:1 proved the most favourable, with increases in this ratio leading to 
decreased yields (Table 7.4, Entry 1 vs. Entries 2 and 3), and unreacted start-
ing material remaining. It is likely that these higher concentrations of phosphine 
ligand led to a decrease in catalyst activity by the blocking of free coordination 
sites, an effect which has been observed in other cross coupling reactions [53]. 
When Pd(OAc)2 was used as the palladium source, a higher P:Pd ratio of 4:1 
proved optimum (Table 7.4, Entries 4–6). This is likely because Pd(OAc)2 con-
tains palladium(II), and thus some phosphine ligand is depleted in generating 
the active palladium(0) species. Whilst the combination of Pd(OAc)2/P:Pd::4:1 
(Table 7.4, Entry 5) produced a yield of 73 % in comparison to Pd2(dba)3 as pal-
ladium source with a P:Pd ratio of 3:1 giving a yield of 70 % (Table 7.4, Entry 1), 
the latter combination was selected to use going forward as it was not thought that 
the increase in the amount of ligand was offset by the slight improvement in yield.

A survey of solvent systems (Table 7.4) revealed a combination of Et2O and 
DMAc to be the most efficient for the cyanation reaction, affording an isolated 

Table 7.4  Palladium-catalysed cyanation of β-bromostyrene (148): effect of palladium source 
and phosphorous to palladium ratio on the isolated yield of cinnamonitrile (149) 

Br
+

OH
CN

Palladium Source,
DPPP CN

THF:DMAc, Na2CO3
100 oC

148
1 equiv.

145
1.1 equiv.

149

a5 mol% of Pd2(dba)3 used; 10 mol% of Pd(OAc)2 used
b15 mol% DPPP used to achieve P:Pd::3:1, 20 mol% DPPP used to achieve P:Pd::4:1, 30 mol% 
DPPP used to achieve P:Pd::6:1
cEt2O:DMAc used as the solvent system, 15 mol% DPPP

Entry Palladium sourcea P:Pdb Reaction time (h) Yield

1 Pd2(dba)3 3:1 2 70 %

2 Pd2(dba)3 4:1 3 49 %

3 Pd2(dba)3 6:1 3 51 %

4 Pd(OAc)2 3:1 1.5 63 %

5 Pd(OAc)2 4:1 1.5 73 %

6 Pd(OAc)2 6:1 1.5 37 %

7 – – 6 –c

7.2 Results and Discussion
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yield of 79 % (Table 7.4, Entry 11). This solvent combination, and the use of DMF 
on its own (Table 7.4, Entry 7), were the only two solvent systems to completely 
suppress the formation of 150, which was present at low levels in the crude mix-
tures of all the other systems. The results of the solvent screen show the neces-
sity for a polar component such as DMF or DMAc to achieve respectable yields. 
This is probably due to a combination of their ability to solubilise cyanide ion and 
their high boiling points preventing the drying out of the reaction mixture at the 
high temperature utilised. Using the optimised solvent system at 100 °C it is likely 
that evaporation of at least some of the Et2O occurs during the course of the reac-
tion. However, its inclusion in the reaction mixture appears important, resulting in 
a yield 28 % higher than when DMAc was used alone (Table 7.5, Entry 11 vs. 3).

Upon the Et2O/DMAc combination emerging as the solvent system of choice, 
the cyanation reaction was also conducted using this solvent system at 50 °C 
instead of 100 °C. However, at this temperature only a trace of product 149 was 
generated after 21 h reaction time. These results show that both the inclusion of 
Et2O, and the high temperature, are necessary to maintain yields, despite the latter 
condition almost certainly leading to depletion of the former during the course of 
the reaction.

The final variables investigated during the optimisation of the cyanation reac-
tion were that of the base used, and the inclusion of additives (Table 7.6). None of 

Table 7.5  Palladium-catalysed cyanation of β-bromostyrene (148): solvent screen 

Br
+

OH
CN

Pd2(dba)3 (5 mol%),
DPPP (15 mol%) CN

Solvent, Na2CO3
100 oC

148
1 equiv.

145
1.1 equiv.

149

aWhere a dual solvent system was used the ratio of solvents was 2:1
bTrace of product detected in the 1H NMR spectrum of the crude mixture—not isolated

Entry Solventa Reaction time (h) Yield

1 THF:DMAc 2 70 %

2 THF 3 14 %

3 DMAc 3 51 %

4 Toluene 3 Traceb

5 Toluene:DMAc 3 Traceb

6 THF:DMF 3 70 %

7 DMF 3 73 %

8 Dioxane 3 Traceb

9 Dioxane:DMAc 3 Traceb

10 Et2O 4 32 %

11 Et2O:DMAc 4 79 %

12 MeCN 4 49 %

13 MeCN:DMAc 4 59 %
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the alternative bases tested proved more effective in promoting the reaction than 
the originally used Na2CO3 (Table 7.6, Entry 1 vs. Entries 3-7).

The inclusion of additives which have been reported to promote cyanation 
reactions also proved detrimental to the isolated yield of 149 (Table 7.6, Entries 
8–11). Zinc dust was found by Ushkov and Grushin to improve the yields during 
their mechanistic investigations into the cyanation of aryl bromides by reduction 
of inert polycyano Pd(II) products of catalyst poisoning back to Pd(0) complexes 
with weaker binding to cyanide ions [54]. However in this case, whilst all of the 
starting material 148 was consumed within 1 h reaction time, the isolated yield 
was just 49 % (Table 7.6, Entry 8). The consumption of starting material could 
not be accounted for by the homocoupling side reaction, as 150 was only pre-
sent in the crude reaction mixture in trace amounts, suggesting that the addition 
of zinc was promoting other side reactions and/or decomposition. However, no 
additional byproducts were isolated from the mixture. TMEDA [33, 50], CuI [36] 
and TBAB [53] have all found use as co-catalysts in cyanation reactions. Here 
the use of TMEDA (Table 7.6, Entry 9) and CuI (Table 7.6, Entry 10) severely 
stilted the reaction, with the reaction not going to completion in either case. TBAB 
(Table 7.6, Entry 11) caused a modest reduction in yield as compared to the 
additive-free case (70 % vs. 79 % yields), but also promoted formation of small 
amounts of the homocoupled product 150, whereas 150 was not observed to have 
formed at all in the additive-free reaction.

Table 7.6  Palladium-catalysed cyanation of β-bromostyrene (148): base and additive screen 

Br
+

OH
CN

Pd2(dba)3 (5 mol%),
DPPP (15 mol%) CN

Et2O:DMAc, Base
Additive, 100 oC

148
1 equiv.

145
1.1 equiv.

149

aAdditives used at 5 mol%
bTHF:DMAc used as the solvent system
cTrace of product detected in the 1H NMR spectrum of the crude mixture—not isolated

Entry Base Additivea Reaction time (h) Yield

1 Na2CO3 – 4 79 %

2 – – 6 –b

3 NaOH – 3 Tracec

4 NaOAc – 3 66 %

5 NaOtBu – 3 Tracec

6 Et3N – 3 59 %

7 Ag2CO3 – 3 Tracec

8 Na2CO3 Zn 1 49 %

9 Na2CO3 TMEDA 3 13 %

10 Na2CO3 CuI 3 23 %

11 Na2CO3 TBAB 2 70 %

7.2 Results and Discussion
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7.2.2  Substrate Scope

Having screened many different conditions for the palladium-catalysed cyanation 
of β-bromostyrene (148), the optimised conditions were applied to a number of 
other vinyl halides in order to explore the scope of the reaction. The results are 
outlined in Table 7.7.

Substituted cinnamonitriles bearing electron-withdrawing nitro and electron-
donating methoxy substituents (152 and 155) were both synthesised from their 
respective bromo-precursors 151 and 154 in good yields (Table 7.7, Entries 2 and 4),  
although the cyanation of 154 did require a higher reaction temperature as the elec-
tron-donating group deactivates the substrate towards oxidative addition. The syn-
thesis of 152 from its chloro-precursor 153 was predictably more sluggish than the 
analogous reaction from bromo 151, with a 47 % yield isolated after 6 h reaction time 
(Table 7.7, Entry 3). The higher strength of carbon-chlorine bonds relative to their car-
bon-bromine counterparts makes them less amenable to oxidative addition and thus 
less reactive towards transition metal-catalysed couplings. Analysis of the 1H NMR 
of the crude mixture revealed the ratio of unreacted starting material 153 to product 
152 to be 1:1 after this time, and so a longer reaction time would potentially result in 
greater conversion. In contrast, iodo compounds are generally more reactive to cross 
coupling reactions than their bromo analogues and so the low yield of 155 generated 
from 156 (23 %, with the remaining material accounted for as unreacted substrate) 
in comparison to 154 (81 %) (Table 7.7, Entries 5 and 4 respectively) is a surprising 
result.

Along with these E-alkenyl examples, (Z)-(2-bromovinyl)benzene (157) also 
underwent cyanation under the reaction conditions, albeit more slowly than its E 
counterpart 148, with a substantial proportion of the substrate unreacted after the 
6 h reaction time (Table 7.7, Entry 6). A small amount of isomerisation was also 
observed in this case, with a Z:E ratio of 12:1 in the crude mixture, as judged by 
integration of the 1H NMR spectrum, although the two isomers proved chromato-
graphically separable, allowing 158 to be isolated as a single isomer in 55 % yield.

In addition to the cinnamonitriles a further four alkenyl nitriles were synthe-
sised using the developed protocol, from vinylic iodo and bromo starting mate-
rials, in moderate to good yields (Table 7.7, Entries 7–10). These examples 
demonstrate the compatibility of the cyanation procedure with functionalities 
including hydroxyl (Table 7.7, Entry 8), aldehyde (Table 7.7, Entry 9) and imine 
(Table 7.7, Entry 10), whilst also showing that trisubstituted alkenes are suitable 
substrates (Table 7.7, Entries 7–9). Of these four latter examples, the substrate 
giving the poorest yield was the aldehyde 161 (Table 7.7, Entry 9). Despite com-
plete consumption of starting material, nitrile 162 was formed in a modest 49 % 
yield. This is perhaps a reflection of the sensitive nature of the aldehyde functional 
group, which could reasonably have decomposed under the reaction conditions. 
This was also the only example in which protodehalogenation was observed, with 
162 formed as an inseparable 3.5:1 mixture with trans-cinnamaldehyde, alkene 
isomerisation also having taken place.
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Table 7.7  Scope of the palladium-catalysed cyanation of vinyl halides using acetone cyanohy-
drin (145)

General conditions: 1 equiv. vinyl halide, 1.1 equiv 145, 5 mol% Pd2(dba)3, 15 mol% DPPP, 1.1 
equiv. Na2CO3, Et2O:DMAc::2:1
aIsolated yield
bInseparable 18:1 mixture of E:Z isomers generated
cA reaction temperature of 100 °C gave yields of 69 and 15 % from 153 and 155 respectively
dGenerated as an inseparable 3.5:1 mixture with trans-cinnamaldehyde

Entry Substrate Product Temperature 
(°C)

Reaction time 
(h)

Yielda 
(%)

1 Br

148

CN

149

100 4 79

2 Br

151
O2N

CN

152
O2N

100 6 83b

3 Cl

153
O2N

CN

152
O2N

100 6 47

4 Br

154
MeO

CN

155
MeO

140 2 81c

5 I

156
MeO

CN

155
MeO

140 7 23c

6

157

Br

158

CN

100 6 55

7

O

OMe

I O

115

O

OMe

NC O

159

100 4 66

8 OH

I

113

OH

NC

160

100 2 72

9
Br

O

Ph

161

CN

O

Ph

162

100 3 49d

10

Br

N

PhPh
O

OEt

163

CN

N

PhPh
O

OEt

164

100 4 80

7.2 Results and Discussion
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With Beller’s work having demonstrated the necessity for a slow dosage of ace-
tone cyanohydrin (145) in order to successfully cyanate aryl halides [49], it was 
thought that this difference in reactivity could be exploited to chemoselectively 
transform vinyl halides into nitriles in the presence of aryl halides. Initially, the 
reaction conditions were applied to bromobenzene (165), and pleasingly no reac-
tion was observed to occur (Table 7.7, Entry 1).

Application of the cyanation protocol to the dibromo compounds 167, 169 and 
171 accordingly led to the chemoselective transformation of the vinyl bromide, 
leaving the aromatic bromide untouched in the process, to afford 168, 170 and 
172, respectively (Table 7.8, Entries 2–4).

7.3  Summary and Conclusions

A protocol for the palladium-catalysed cyanation of vinyl halides has been devel-
oped, utilising acetone cyanohydrin (145) as the cyanating agent. The conditions 
for this transformation were optimised extensively using β-bromostyrene (148) as 
the test substrate. During this optimisation process it was found that, in contrast 
to a previously-reported protocol for the cyanation of aryl halides, fast addition of 
145 was required to promote the reaction, with slow dosage via a syringe pump 
giving no reaction.

Of the ligands investigated the relatively electron-rich, bidentate phosphine 
ligand DPPP afforded the highest yields, and raising the reaction temperature 
from the originally-used 65–100 °C had a beneficial effect. These are both factors 
known to facilitate the oxidative addition step of the catalytic cycle.

Table 7.8  Chemoselectivity in the palladium-catalysed cyanation reaction

General conditions: 1 equiv. substrate, 1.1 equiv 145, 5 mol% Pd2(dba)3, 15 mol% DPPP, 1.1 
equiv. Na2CO3, Et2O:DMAc::2:1, 100 °C
aIsolated yield
bInseparable 11:1 mixture of Z:E isomers generated

Entry Substrate Product Reaction time (h) Yielda 
(%)

1 Br

165

CN

166

6 –

2

167
Br

Br

168
Br

CN 4 83

3

169

Br

Br
170

CN

Br

2 68

4

171
Br

Br

172
Br

CN

2 67b
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An extensive solvent screen revealed a combination of Et2O and DMAc to be 
optimal. Although the high reaction temperature is highly likely to cause some 
evaporation of the volatile Et2O during the course of the reaction, the inclusion 
of this solvent was shown to be essential to maintain a high yield (79 % when 
Et2O:DMAc was used vs. 51 % when DMAc was used alone).

Na2CO3 proved to be the best base, of those tested, to promote the cyanation, 
whilst the inclusion of additives had only a detrimental effect on the reaction outcome.

The optimised reaction conditions, namely: one-portion addition of 145 (1.1 
equivalents), Pd2(dba)3 (5 mol%), DPPP (15 mol%), Na2CO3 (1.1 equivalents), 
Et2O:DMAc::2:1, 100 °C, were then applied to a number of vinyl halides in order 
to investigate the substrate scope.

A range of substrates were shown to be amenable to the developed protocol, 
including a number of β-halostyrenes bearing electron-withdrawing and electron-
donating substituents, and several alkenyl halides bearing sensitive functionalities 
including hydroxyl, aldehyde and imine groups. This is significant as previously 
very few, if any, transition metal-catalysed cyanation reactions of vinyl halides 
bearing substituents other than simple aryl or alkyl groups have been reported.

In addition, the procedure was shown to be chemoselective for vinyl bromides 
in the presence of aryl bromides, which are left unaffected and available for fur-
ther chemical transformations, adding to the synthetic utility of the reaction.

7.4  Experimental

7.4.1  Experimental Techniques

Reactions were performed in flame-dried glassware under an atmosphere of 
argon and stirred magnetically unless otherwise stated. For use as a reaction sol-
vent CH2Cl2 was freshly distilled from CaH2; Et2O was freshly distilled from 
sodium and benzophenone. Triethylamine was stored over KOH pellets. NBS was 
recrystallised from water. Anhydrous DMAc (99.8 %) was purchased from Sigma 
Aldrich. All other reagents were obtained commercially and used without further 
purification. Flash column chromatography was performed using Merck silica gel 
60 as the stationary phase. Where not otherwise specified flash column chroma-
tography was performed using petrol-EtOAc mixtures of increasing polarity (as 
appropriate to the Rf value of the compound to be isolated) as the mobile phase. 
Petrol refers to petroleum spirit (b.p. 40–60 °C).

7.4.2  Analysis

Thin layer chromatography was carried out on aluminium-backed plates pre-
coated with silica (0.2 mm, 60 F254, Merck). The plates were developed using UV 
light and basic potassium permanganate solution. Melting points were recorded 

7.3 Summary and Conclusions
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using a STUART SMP3 apparatus and are uncorrected. Infrared (IR) spectra were 
recorded using a Bruker Tensor 27 FT-IR spectrophotometer with a neat film on an 
NaCl disc. IR peaks are quoted in as νmax in cm−1. 1H and 13C NMR spectra were 
recorded in CDCl3 at ambient temperature using Bruker DPX400 (400 MHz), 
AV400 (400 MHz) and AV(III)400 (400 MHz) spectrometers. Data is expressed 
as chemical shifts in parts per million (ppm) relative to residual solvent signals 
of CDCl3 (1H NMR 7.27; 13C NMR 77.0) as the internal standard on the δ scale. 
The following abbreviations are used to designate the multiplicity of each signal; 
s, singlet; d, doublet; dd, doublet of doublets; t, triplet; q, quartet; m, multiplet; br., 
broad. Coupling constants J are given in Hz. High-resolution mass spectra were 
obtained using a Bruker MicroTOF mass spectrometer operating in electrospray 
ionisation (ESI) mode.

Known substrates were characterised to a level consistent with the reported lit-
erature data.

7.4.3  Preparation of Substrates

(E)-3-Iodo-2-methylprop-2-en-1-ol (113) was synthesised as outlined in 
Sect. 6.1.3. (E)-1-(2-Bromovinyl)-4-nitrobenzene (151) [55], (E)-1-(2-chlorovinyl)-
4-nitrobenzene (153) [55], and ethyl 4-bromo-2-((diphenylmethylene)amino)
pent-4-enoate (163) [56] were synthesised by other Moses group members, using 
established literature procedures.

(E)-(2-Bromovinyl)benzene (148) [57, 58]

Br1
2

3

4

5

6

7

8

Triethylamine (0.360 mL, 2.55 mmol) was added to a solution of trans-cin-
namic acid (7.56 g, 51.0 mmol) in CH2Cl2 (150 mL), and the mixture stirred at 
rt. for 30 min. NBS (10.9 g, 61.2 mmol) was then added portionwise over 1 h, and 
the mixture stirred for a further 70 h at rt. The mixture was concentrated under 
reduced pressure, and the residue purified by column chromatography (petrol) to 
afford (E)-(2-bromovinyl)benzene (148) as a colourless oil (3.62 g, 39 %).

Rf = 0.69 (5 % EtOAc in petrol); δH (CDCl3, 400 MHz): 7.37–7.27 (m, 5H, 5 
x Ar CH1), 7.12 (d, J = 14.0 Hz, 1H, 7-H1), 6.78 (d, J = 14.0 Hz, 1H, 8-H1); δc 
(CDCl3, 100 MHz): 137.1 (C-1), 135.8 (C-8), 128.7 (C-3 and C-5), 128.2 (C-2 
and C-6), 126.0 (C-4), 106.4 (C-7).

(E)-1-(2-Bromovinyl)-4-methoxybenzene (154) [57, 58]
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Trans-4-Methoxycinnamic acid (890 mg, 5.00 mmol) was added to a solution of 
triethylamine (0.0400 mL, 0.290 mmol) in CH2Cl2 (15.0 mL), and the mixture stirred 
at rt. for 15 min. NBS (1.07 g, 6.00 mmol) was then added, and the mixture stirred at 
40 °C for 40 h. The mixture was cooled to rt. and concentrated under reduced pres-
sure, and the residue purified by column chromatography (petrol) to afford (E)-1-(2-
bromovinyl)-4-methoxybenzene (154) (887 mg, 83 %) as a white solid.

Rf = 0.55 (5 % EtOAc in petrol); νmax (cm−1) (thin film): 3071, 2953, 2840, 
1606, 1505, 1456; δH (CDCl3, 400 MHz): 7.27–7.21 (m, 2H, 2-H1 and 6-H1), 
7.05 (d, J = 13.9 Hz, 1H, 7-H1), 6.90–6.83 (m, 2H, 3-H1 and 5-H1), 6.62 (d, 
J = 13.9 Hz, 1H, 8-H1), 3.82 (s, 3H, 9-H3); δc (CDCl3, 100 MHz): 159.6 (C-4), 
136.5 (C-8), 128.8 (C-1), 127.3 (C-2 and C-6), 114.2 (C-3 and C-5), 104.0 (C-7), 
55.3 (C-9).

(E)-1-(2-Iodovinyl)-4-methoxybenzene (156) [57, 59]
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Triethylamine (0.0400 mL, 0.290 mmol) was added to a solution of trans-
4-methoxycinnamic acid (890 mg, 5.00 mmol) in CH2Cl2 (15.0 mL), and the mix-
ture stirred at rt. for 15 min. NIS (1.35 g, 6.00 mmol) was then added, and the 
mixture stirred at rt. for 80 h. The mixture was concentrated under reduced pres-
sure, and the residue purified by column chromatography (petrol) to afford (E)-1-
(2-iodovinyl)-4-methoxybenzene (156) (492 mg, 38 %) as a white solid.

Rf = 0.55 (5 % EtOAc in petrol); νmax (cm−1) (thin film): 3056, 2968, 2840, 
1603, 1510, 1458; δH (CDCl3, 400 MHz): 7.37 (d, J = 14.8 Hz, 1H, 7-H1), 
7.27–7.21 (m, 2H, 2-H1 and 6-H-1), 6.89–6.83 (m, 2H, 3-H1 and 5-H1), 6.64 (d, 
J = 14.8 Hz, 1H, 8-H1), 3.82 (s, 3H, 9-H3); δc (CDCl3, 100 MHz): 159.7 (C-4), 
144.2 (C-7), 130.6 (C-1), 127.2 (C-2 and C-6), 114.0 (C-3 and C-5), 73.6 (C-8), 
55.3 (C-9).

(Z)-(2-Bromovinyl)benzene (157) [60]
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Carbon tetrabromide (26.1 g, 78.6 mmol) was added portionwise to a solution 
of triphenylphosphine (41.3 g, 158 mmol) in CH2Cl2 (300 mL), and the resultant 
deep red solution stirred at rt. for 15 min. Benzaldehyde (2.00 mL, 19.7 mmol) 
was then added dropwise at 0 °C, and the mixture stirred at rt. for 2 h. Pentane 
(200 mL) was added to the mixture, and the precipitated triphenylphosphine oxide 
removed by filtration through a pad of silica. The filtrate was concentrated under 
reduced pressure, and the residue purified by column chromatography (petrol) to 
afford (2,2-dibromovinyl)benzene (2.79 g, 54 %) as a pale yellow oil.

7.4 Experimental
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Pd(PPh3)4 (173 mg, 0.150 mmol) and tributyltin hydride (1.00 mL, 3.82 mmol) 
were added sequentially to a solution of (2,2-dibromovinyl)benzene (1.00 g, 
3.82 mmol) in CH2Cl2 (15.0 mL), and the resultant mixture stirred at rt., in the 
dark, for 1.5 h. A solution of potassium fluoride (900 mg) in water (70 mL) was 
then added, and the mixture stirred for 18 h. The precipitate was removed by filtra-
tion through a pad of silica, and the layers of the filtrate separated. The aqueous 
layer was extracted with CH2Cl2 (2 × 100 mL), and the combined organics dried 
over MgSO4 and concentrated under reduced pressure. The residue was purified 
by column chromatography (petrol) to afford (Z)-(2-bromovinyl)benzene (157) as 
a colourless oil.

Rf = 0.72 (5 % EtOAc in petrol); δH (CDCl3, 400 MHz): 7.74–7.66 (m, 2H, 
3-H1 and 5-H-1), 7.44–7.31 (m, 3H, 2-H1, 4-H-1 and 6-H1), 7.09 (d, J = 8.2 Hz, 
1H, 7-H1), 6.45 (d, J = 8.2 Hz, 1H, 8-H1); δc (CDCl3, 100 MHz): 134.9 (C-1), 
132.3 (C-8), 129.0 (C-3 and C-5), 128.3 (C-4), 128.2 (C-2 and C-6), 106.3 (C-7).

(E)-6-(1-Iodoprop-1-en-2-yl)-4-methoxy-3,5-dimethyl-2H-pyran-2-one (115)
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A mixture of (E)-4-hydroxy-6-(1-iodoprop-1-en-2-yl)-3,5-dimethyl-2H-pyran-
2-one (97) (1.79 g, 5.80 mmol), Me2SO4 (1.10 mL, 11.6 mmol) and Li2CO3 
(1.29 g, 17.4 mmol) in acetone (20 mL) was stirred at reflux for 18 h. The reaction 
mixture was then cooled to room temperature and diluted with EtOAc (20 mL). 
The solid was removed by filtration, and the filtrate concentrated under reduced 
pressure. The residue was purified by flash column chromatography to afford (E)-
6-(1-iodoprop-1-en-2-yl)-4-methoxy-3,5-dimethyl-2H-pyran-2-one (115) (741 mg, 
40 % yield) as a white solid.

Rf = 0.36 (25 % EtOAc in petrol); mp: 117–119 °C; νmax (cm−1) (thin film): 
3065, 2946, 1709, 1635, 1564, 1449; δH (CDCl3, 400 MHz): 6.66 (q, J = 1.1 Hz, 
1H, 8-H1), 3.83 (s, 3H, 12-H3), 2.09 (d, J = 1.1 Hz, 3H, 9-H3), 2.04 (s, 3H, 
11-H3), 1.95 (s, 3H, 10-H3); δc (CDCl3, 100 MHz): 167.9 (C-6), 164.7 (C-4), 
154.6 (C-7), 139.6 (C-2), 111.0 (C-5), 110.2 (C-3), 88.4 (C-8), 60.3 (12-C), 
22.9 (C-9), 11.8 (C-11), 10.4 (C-10); HRMS (ESI) calculated for C11H13INaO3 
[M + Na]+ 342.9802, found 342.9788.

(E)-2-Bromo-3-phenylacrylaldehyde (161) [61]
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A solution of bromine (0.520 mL, 10.0 mmol) in CH2Cl2 (2.00 mL) was 
added dropwise to a solution of trans-cinnamaldehyde (1.30 mL, 10.0 mmol) in 
CH2Cl2 (14.0 mL) at 0 °C, and the mixture stirred at this temperature for 15 min. 
Triethylamine (2.10 mL, 15.0 mmol) was then added dropwise and the mixture 
stirred at 0 °C for a further 2 h. The mixture was concentrated under reduced pres-
sure, and the residue purified by column chromatography (petrol to 5 % EtOAc in 
petrol) to afford (E)-2-bromo-3-phenylacrylaldehyde (161) (913 mg, 43 %) as a 
pale yellow oil.

Rf = 0.30 (5 % EtOAc in petrol); νmax (cm−1) (thin film): 3024, 2856, 1678, 
1589, 1568; δH (CDCl3, 400 MHz): 9.55 (s, 1H, 1-H1), 8.28 (s, 1H, 3-H1), 7.53–
7.33 (m, 5H, 5 x Ar CH); δc (CDCl3, 100 MHz): 184.2 (C-1), 150.4 (C-3), 133.3 
(C-4), 130.3 (C-7), 129.6 and 128.9 (C-5, C-6, C-8 and C-9), 126.2 (C-2); HRMS 
(ESI) calculated for C9H7BrNaO [M + Na]+ 232.9572, found 232.9574.

(E)-1-Bromo-4-(2-bromovinyl)benzene (167) [62]
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A mixture of 4-bromo-trans-cinnamic acid (1.59 g, 7.00 mmol), NBS (1.31 g, 
7.35 mmol) and Mn(OAc)2 · 4H2O (343 mg, 1.40 mmol) in H2O (12.0 mL) and 
MeCN (12.0 mL) were stirred at rt. for 72 h. The mixture was then diluted with 
H2O (20 mL) and extracted with EtOAc (3 × 70 mL). The combined organics 
were dried over MgSO4 and concentrated under reduced pressure. The residue 
was purified by column chromatography (petrol) to afford (E)-1-bromo-4-(2-
bromovinyl)benzene (167) (561 mg, 31 %) as a white solid.

Rf = 0.70 (5 % EtOAc in petrol); mp: 66–68 °C (lit: 67–68 °C) [63]; νmax (cm−1) 
(thin film): 3071, 1608, 1587, 1486, 1397; δH (CDCl3, 400 MHz): 7.49–7.42 (m, 2H, 
2-H1 and 6-H-1), 7.20–7.13 (m, 2H, 3-H1 and 5-H1), 7.05 (d, J = 14.1 Hz, 1H, 7-H1), 
6.79 (d, J = 14.1 Hz, 1H, 8-H1); δc (CDCl3, 100 MHz): 136.0 (C-8), 134.8 (C-1), 
131.9 (C-3 and C-5), 127.5 (C-2 and C-6), 122.2 (C-4), 107.3 (C-7).

(E)-1-Bromo-2-(2-bromovinyl)benzene (169) [62, 64]
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A mixture of 2-bromo-trans-cinnamic acid (1.59 g, 7.00 mmol), NBS (1.31 g, 
7.35 mmol) and Mn(OAc)2 · 4H2O (343 mg, 1.40 mmol) in H2O (12.0 mL) and 
MeCN (12.0 mL) were stirred at rt. for 72 h. The mixture was then diluted with 
H2O (20 mL) and extracted with EtOAc (3 × 70 mL). The combined organics 
were dried over MgSO4 and concentrated under reduced pressure. The residue 
was purified by column chromatography (petrol) to afford (E)-1-bromo-2-(2-
bromovinyl)benzene (169) (293 mg, 16 %) as a colourless oil.

7.4 Experimental
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Rf = 0.66 (5 % EtOAc in petrol); νmax (cm−1) (thin film): 3071, 1604, 1584, 
1462, 1436; δH (CDCl3, 400 MHz): 7.57 (dd, J = 1.2, 8.0 Hz, 1H, 5-H1), 7.45 
(d, J = 13.9 Hz, 1H, 7-H1), 7.40 (dd, J = 1.6, 8.0 Hz, 1H, 2-H1), 7.32–7.25 (m, 
1H, 4-H1), 7.19–7.13 (m, 1H, 3-H1), 6.77 (d, J = 13.9 Hz, 1H, 8-H1); δc (CDCl3, 
100 MHz): 136.2 (C-5), 136.0 (C-1), 133.1 (C-8), 129.6, 127.6 and 127.1 (C-2, 
C-3 and C-4), 122.7 (C-6), 109.2 (C-7).

(Z)-1-Bromo-4-(2-bromovinyl)benzene (171) [65, 66]
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Bromine (0.270 mL, 5.25 mmol) was added dropwise to a solution of 4-bromo-
trans-cinnamic acid (1.14 g, 5.00 mmol) in CHCl3 (5.00 mL) at 0 °C, and the mix-
ture stirred at rt. for 18 h. Triethylamine (2.00 mL, 14.0 mmol) was then added 
dropwise at 0 °C, and the mixture stirred at 50 °C for 4 h. 1 M aqueous HCl 
(10 mL) was added at 0 °C, and the mixture extracted with EtOAc (3 × 50 mL). 
The combined organics were dried over MgSO4 and concentrated under reduced 
pressure. The residue was purified by column chromatography (petrol) to afford 
(Z)-1-bromo-4-(2-bromovinyl)benzene (171) (565 mg, 43 %) as a colourless oil.

Rf = 0.69 (5 % EtOAc in petrol); νmax (cm−1) (thin film): 3076, 1611, 1587, 
1485, 1400; δH (CDCl3, 400 MHz): 7.62–7.48 (m, 4H, 4 x Ar CH1), 7.02 (d, 
J = 8.2 Hz, 1H, 7-H1), 6.48 (d, J = 8.2 Hz, 1H, 8-H1); δc (CDCl3, 100 MHz): 
133.8 (C-1), 131.4 (C-3 and C-5), 131.3 (C-8), 130.5 (C-2 and C-6), 122.3 (C-4), 
107.3 (C-7).

7.4.4  General Cyanation Procedure

A solution of vinyl halide (0.550 mmol), Pd2(dba)3 (25.0 mg, 0.0300 mmol), and 
DPPP (34.0 mg, 0.0800 mmol) in Et2O (1.00 mL) was stirred at rt. for 15 min. 
Na2CO3 (64.0 mg, 0.600 mmol) and DMAc (0.500 mL) were then added, and 
the mixture heated to 100/140 °C. Upon reaching the required temperature ace-
tone cyanohydrin (55.0 µL, 0.600 mmol) was added in one portion, and the mix-
ture stirred at this temperature for 2–7 h. The mixture was cooled to rt. and H2O 
(10 mL) added, then extracted with EtOAc (3 × 10 mL). The combined organic 
layers were dried over MgSO4 and concentrated under reduced pressure. The 
residue was purified by silica gel chromatography, eluting with a mixture of 
petrol/EtOAc, affording the desired alkenyl nitrile.

All reactions were conducted on a 0.55 mmol scale (of vinyl halide) unless oth-
erwise indicated. Where alternative substrate quantities were used, all other rea-
gents and solvents were scaled accordingly.
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7.4.5  Characterisation of Cyanation Products

Cinnamonitrile (149) [67]
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Reaction mixture heated at 100 °C for 4 h to afford cinnamonitrile (149) 
(56.0 mg, 79 %) as a colourless oil.

Rf = 0.16 (5 % EtOAc in petrol); νmax (cm−1) (thin film): 2218, 1619, 1577, 
1494, 1449, 967; δH (CDCl3, 400 MHz): 7.50–7.38 (m, 6H, 5 x Ar CH1 and 7-H1), 
5.90 (d, J = 16.7 Hz, 1H, 8-H1); δc (CDCl3, 100 MHz): 150.6 (C-7), 133.5 (C-1), 
131.2 (C-4), 129.1 and 127.3 (C-2, C-3, C-5 and C-6), 118.1 (C-9), 96.3 (C-8); 
HRMS (ESI) calculated for C9H7NNa [M + Na]+ 152.0471, found 152.0464.

(E)-3-(4-Nitrophenyl)acrylonitrile (152) [68]
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From (E)-1-(2-bromovinyl)-4-nitrobenzene (151): conducted on 0.460 mmol 
scale. Reaction mixture heated at 100 °C for 6 h (66.0 mg, 83 %, inseparable E:Z 
18:1 mixture obtained).

From (E)-1-(2-chlorovinyl)-4-nitrobenzene (153): conducted on 0.220 mmol 
scale. Reaction mixture heated at 100 °C for 6 h to afford (E)-3-(4-nitrophenyl)
acrylonitrile (152) (18.0 mg, 47 %, E isomer only) as a yellow solid.

Rf = 0.08 (5 % EtOAc in petrol); mp: 201–202 °C (lit: 198–200 °C) [68]; νmax 
(cm−1) (thin film): 3065, 2922, 2217, 1594, 1516, 1343; E-isomer: δH (CDCl3, 
400 MHz): 8.31–8.26 (m, 2H, 3-H1 and 5-H1), 7.67–7.62 (m, 2H, 2-H1 and 6-H1), 
7.48 (d, J = 16.7 Hz, 1H, 7-H1), 6.06 (d, J = 16.7 Hz, 1H, 8-H1); δc (CDCl3, 
100 MHz): 149.0 (C-4), 147.7 (C-7), 139.1 (C-2 and C-6), 128.1 (C-3 and C-5), 
124.4 (C-1), 116.9 (C-9), 101.0 (C-8); Z-isomer [69]: δH (CDCl3, 400 MHz): 8.31 
(d, J = 8.6 Hz, 2H, 3-H1 and 5-H1), 7.97 (d, J = 8.6 Hz, 2H, 2-H1 and 6-H1), 7.24 
(d, J = 12.1 Hz, 1H, 7-H1), 5.71 (d, J = 12.1 Hz, 1H, 8-H1); HRMS (ESI) calcu-
lated for C9H7N2O2 [M + H]+ 175.0502, found 175.0505.

(E)-3-(4-Methoxyphenyl)acrylonitrile (155) [68]
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7.4 Experimental
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From (E)-1-(2-bromovinyl)-4-methoxybenzene (154): reaction mixture heated 
at 140 °C for 2 h (71.0 mg, 81 %).

From (E)-1-(2-iodovinyl)-4-methoxybenzene (156): reaction mixture heated 
at 140 °C for 7 h to afford (E)-3-(4-methoxyphenyl)acrylonitrile (155) (20.0 mg, 
23 %) as a white solid.

Rf = 0.14 (5 % EtOAc in petrol); mp: 62–64 °C (lit: 63–65 °C) [68]; νmax 
(cm−1) (thin film): 2937, 2218, 1604, 1574, 1512, 1255, 1175; δH (CDCl3, 
400 MHz): 7.43–7.38 (m, 2H, 2-H1 and 6-H1), 7.34 (d, J = 16.6 Hz, 1H, 7-H1), 
6.95–6.90 (m, 2H, 3-H1 and 5-H1), 5.73 (d, J = 16.6 Hz, 1H, 8-H1), 3.86 (s, 3H, 
10-H3); δc (CDCl3, 100 MHz): 162.0 (C-4), 150.0 (C-7), 129.1 (C-2 and C-6), 
126.4 (C-1), 118.7 (C-9), 114.5 (C-3 and C-5), 93.4 (C-8), 55.4 (C-10); HRMS 
(ESI) calculated for C10H10NO [M + H]+ 160.0757, found 160.0757.

(Z)-3-Phenylacrylonitrile (158) [23]
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Reaction mixture heated at 100 °C for 6 h to afford (Z)-3-phenylacrylonitrile 
(158) (39.0 mg, 55 %) as a colourless oil.

Rf = 0.29 (5 % EtOAc in petrol); νmax (cm−1) (thin film): 2927, 2219, 1602, 
1494, 1465; δH (CDCl3, 400 MHz): 7.88–7.75 (m, 2H, 2 x Ar CH1), 7.50–7.42 
(m, 3H, 3 x Ar CH1), 7.14 (d, J = 12.1 Hz, 1H, 7-H1), 5.46 (d, J = 12.1 Hz, 1H, 
8-H1); δc (CDCl3, 100 MHz): 148.7 (C-7), 133.6 (C-1), 131.0 (C-4), 129.0 and 
128.9 (C-2, C-3, C-5 and C-6), 117.3 (C-9), 95.1 (C-8); HRMS (ESI) calculated 
for C9H7NNa [M + Na]+ 152.0471, found 152.0465.

(E)-3-(4-Methoxy-3,5-dimethyl-2-oxo-2H-pyran-6-yl)but-2-enenitrile (159)
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Reaction mixture heated at 100 °C for 4 h to afford (E)-3-(4-methoxy-3,5-
dimethyl-2-oxo-2H-pyran-6-yl)but-2-enenitrile (159) (80.0 mg, 66 %) as a yellow 
solid.

Rf = 0.12 (25 % EtOAc in petrol); mp: 127–129 °C; νmax (cm−1) (thin film): 
3060, 2219, 1704, 1556, 1239, 1136; δH (CDCl3, 400 MHz): 5.58 (d, J = 1.2 Hz, 
1H, 8-H1), 3.86 (s, 3H, 12-H3), 2.36 (d, J = 1.2 Hz, 3H, 9-H3), 2.09 (s, 3H, 
11-H3), 2.07 (s, 3H, 10-H3); δc (CDCl3, 100 MHz): 167.1 (C-6), 163.9 (C4), 
152.3 (C-7), 151.4 (C-2), 115.6 (C-13), 112.9 (C-3 and C-5), 102.9 (C-8), 60.5 
(C-12), 19.7 (C-9), 11.9 and 10.5 (C-10 and C-11); HRMS (ESI) calculated for 
C12H17N2O3 [M + NH4]+ 237.1234, found 237.1236.
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(E)-4-Hydroxy-3-methylbut-2-enenitrile (160) [70]
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Reaction mixture heated at 100 °C for 2 h to afford (E)-4-hydroxy-3-
methylbut-2-enenitrile (160) (38.0 mg, 72 %) as a yellow oil.

Rf = 0.07 (25 % EtOAc in petrol); νmax (cm−1) (thin film): 3441, 2223, 
1734, 1644, 1440, 1377, 1247; δH (CDCl3, 400 MHz): 5.58–5.53 (m, 1H, 2-H1), 
4.20–4.15 (m, 2H, 4-H2), 2.41 (br. s, 1H, OH), 1.99 (d, J = 1.0 Hz, 3H, 5-H3); δc 
(CDCl3, 100 MHz): 163.4 (C-3), 117.1 (C-1), 93.4 (C-2), 65.1 (C-4), 17.5 (C-5); 
HRMS (ESI) calculated for C5H7NNaO [M + Na]+ 120.0420, found 120.0428.

(Z)-2-Formyl-3-phenylacrylonitrile (162)
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Reaction mixture heated at 100 °C for 6 h to afford (Z)-2-formyl-3-
phenylacrylonitrile (162) (42.0 mg, 49 %; formed as an inseparable 3.5:1 mixture 
with trans-cinnamaldehyde) as a pale yellow oil.

Rf = 0.21 (10 % EtOAc in petrol); νmax (cm−1) (thin film): 3058, 2932, 
2190, 1629, 1553, 1414; (Z)-2-formyl-3-phenylacrylonitrile (162): δH (CDCl3, 
400 MHz): 9.36 (s, 1H, 1-H1), 8.05–7.98 (m, 2H, 5-H1 and 9-H1), 7.91 (s, 1H, 
3-H1), 7.52–7.47 (m, 3H, 6-H1, 7-H1 and 8-H1); δc (CDCl3, 100 MHz): 187.0 
(C-1), 149.1 (C-3), 131.6 (C-7), 130.9 (C-5 and C-9), 129.1 (C-4), 128.7 (C-6 
and C-8), 128.5 (C-2), 124.3 (C-10); trans-cinnamaldehyde [71]: δH (CDCl3, 
400 MHz): 9.72 (d, J = 7.7 Hz, 1H), 7.60–7.56 (m, 2H), 7.48–7.43 (m, 4H), 6.74 
(dd, J = 7.7, 16.0 Hz, 1H).

Ethyl 4-cyano-2-((diphenylmethylene)amino)pent-4-enoate (164)
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Reaction mixture heated at 100 °C for 4 h to afford ethyl 4-cyano-2-
((diphenylmethylene)amino)pent-4-enoate (164) (146 mg, 80 %) as a yellow oil.

Rf = 0.14 (10 % EtOAc in petrol); νmax (cm−1) (thin film): 2981, 2223, 1737, 
1622, 1598, 1577, 1446; δH (CDCl3, 400 MHz): 7.71–7.64 (m, 2H, 2 x Ar CH), 
7.51–7.39 (m, 4H, 4 x Ar CH), 7.39–7.31 (m, 2H, 2 x Ar CH), 7.26–7.19 (m, 2H, 
2 x Ar CH), 5.92 (br. s, 1H, 6-HH′), 5.83 (br. s, 1H, 6-HH′), 4.32 (dd, J = 5.7, 

7.4 Experimental
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7.3 Hz, 1H, 2-H1), 4.26–4.15 (m, 2H, 7-H2), 2.93– 2.88 (m, 2H, 3-HH′), 1.28 (t, 
J = 7.2 Hz, 3H, 8-H3); δc (CDCl3, 100 MHz): 172.3 (C-1), 170.4 (C-9), 139.0 
and 135.7 (2 x Ar Cquaternary), 133.6 (C-6), 130.6 (2 x Ar CH), 128.9 (2 x Ar CH), 
128.6 (2 x Ar CH), 128.0 (2 x Ar CH), 127.8 (2 x Ar CH), 119.5 (C-4), 118.2 
(C-5), 63.3 (C-2), 61.4 (C-7), 38.4 (C-3), 14.1 (C-8); HRMS (ESI) calculated for 
C21H21N2O2 [M + H]+ 333.1598, found 333.1584.

(E)-3-(4-Bromophenyl)acrylonitrile (168) [72]

CN1
2

3

4
5

6

7

8

Br

9

Reaction mixture heated at 100 °C for 4 h to afford (E)-3-(4-bromophenyl)
acrylonitrile (168) (95.0 mg, 83 %) as a white solid.

Rf = 0.39 (5 % EtOAc in petrol); mp: 104–105 °C (lit: 105–105.8 °C) [73]; 
νmax (cm−1) (thin film): 3061, 2222, 1620, 1588, 1487, 1403, 1074; δH (CDCl3, 
400 MHz): 7.59–7.53 (m, 2H, 2 x Ar CH1), 7.35 (d, J = 16.7 Hz, 1H, 7-H1), 7.33–
7.30 (m, 2H, 2 x Ar CH1), 5.89 (d, J = 16.7 Hz, 1H, 8-H1); δc (CDCl3, 100 MHz): 
149.2 (C-7), 132.4 (C-1, C-3 and C-5), 128.7 (C-2 and C-6), 125.6 (C-4), 117.8 
(C-9), 97.1 (C-8); HRMS (ESI) calculated for C9H6BrNNa [M + Na]+ 229.9576, 
found 229.9570.

(E)-3-(2-Bromophenyl)acrylonitrile (170) [73]

CN1
2

3

4

5

6

7

8

Br

9

Reaction mixture heated at 100 °C for 2 h to afford (E)-3-(2-bromophenyl)
acrylonitrile (170) (78.0 mg, 68 %) as a yellow oil.

Rf = 0.19 (5 % EtOAc in petrol); νmax (cm−1) (thin film): 3064, 2223, 1617, 
1588, 1468, 1437, 1281; δH (CDCl3, 400 MHz): 7.81 (d, J = 16.7 Hz, 1H, 
7-H1), 7.64 (dd, J = 1.3, 8.0 Hz, 1H, 5-H1), 7.53 (dd, J = 1.6, 8.0 Hz, 1H, 2-H1), 
7.39–7.26 (m, 2H, 3-H1 and 4-H1), 5.87 (d, J = 16.7 Hz, 1H, 8-H1); δc (CDCl3, 
100 MHz): 149.1 (C-7), 133.6 (C-5), 133.5 (C-1), 132.1, 127.9 and 127.0 (C-2, 
C-3 and C-4), 124.8 (C-6), 117.6 (C-9), 99.1 (C-8); HRMS (ESI) calculated for 
C9H7BrN [M + H]+ 207.9756, found 207.9751.

(Z)-3-(4-Bromophenyl)acrylonitrile (172) [73]

1
2

3

4
5

6

7
8

Br 9
CN
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Reaction mixture heated at 100 °C for 7 h to afford (Z)-3-(4-bromophenyl)acry-
lonitrile (172) as a yellow oil (75.0 mg, 67 %; Z:E 11:1).

Rf = 0.25 (5 % EtOAc in petrol); νmax (cm−1) (thin film): 2219, 1615, 1588, 
1488, 1075; δH (CDCl3, 400 MHz): 7.71–7.65 (m, 2H, 2-H1 and 6-H1), 7.62–7.56 
(m, 2H, 3-H1 and 5-H1), 7.08 (d, J = 12.2 Hz, 1H, 7-H1), 5.50 (d, J = 12.2 Hz, 
1H, 8-H1); δc (CDCl3, 100 MHz): 147.3 (C-7), 132.4 (C-1), 132.2 and 130.4 (C-2, 
C-3, C-5 and C-6), 125.4 (C-4), 117.0 (C-9), 95.8 (C-8); HRMS (ESI) calculated 
for C9H7BrN [M + H]+ 207.9756, found 207.9745.
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The equilibrium geometries of 43 and 44 were calculated using Spartan ’10 
Version 1.1.0.

Geometry optimisation was performed using the B3LYP density functional 
model with a 6-31G* basis set.

Appendix A 
Molecular Modelling: Equilibrium Geometries
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2-Methoxy-3,5-dimethyl-6-((2Z,4E,6E)-4,6,9-trimethyldeca-2,4,6-trien-2-yl)-
4H-pyran-4-one (43)
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2-Methoxy-3,5-dimethyl-6-((2E,4E,6E)-4,6,9-trimethyldeca-2,4,6-trien-2-yl)-
4H-pyran-4-one (44)
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The tables below outline the statistical parameters generated using GraphPad 
Prism v5.0 when fitting the binding data (see Sect. 3.3.6) to Eqs. 3.2–3.4, includ-
ing R Square values, a measure of the goodness of fit, and the F and P values used 
in the comparison of the goodness of fit of Eqs. 3.2 and 3.3 (using an extra sum-
of-squares F test, see Sect. 6.2.8). Equation 3.4, even where high R Square val-
ues are reported, produced binding parameters with standard errors many times 
larger than the parameters themselves, and the fits were deemed ambiguous by the 
software.

DFn = DF1 − DF2
DF1 = Degrees of freedom (Eq. 3.2)
DF2 = Degrees of freedom (Eq. 3.3)

See Tables B.1, B.2, B.3, B.4 and B.5.

Appendix B 
Statistical Parameters

Table B.1  Statistical parameters for binding to PC100% PLVs

Compound P value F(DFn,DF2) R Square

Equation 3.2 Equation 3.3 Equation 3.4

(±)-9 0.0025 10.94(1,15) 0.9576 0.9689 0.9864

(-)-9 0.0169 6.403(1,30) 0.9937 0.9948 1.000

(+)-9 0.6830 0.1700(1,30) 0.9671 0.9673 1.000

43 0.0049 10.87(1,15) 0.9451 0.9682 0.9660

44 0.3142 1.084(1,15) 0.9742 0.9759 1.000

http://dx.doi.org/10.1007/978-3-319-22069-7_3
http://dx.doi.org/10.1007/978-3-319-22069-7_3
http://dx.doi.org/10.1007/978-3-319-22069-7_3
http://dx.doi.org/10.1007/978-3-319-22069-7_3
http://dx.doi.org/10.1007/978-3-319-22069-7_3
http://dx.doi.org/10.1007/978-3-319-22069-7_6
http://dx.doi.org/10.1007/978-3-319-22069-7_3
http://dx.doi.org/10.1007/978-3-319-22069-7_3
http://dx.doi.org/10.1007/978-3-319-22069-7_3
http://dx.doi.org/10.1007/978-3-319-22069-7_3
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Table B.3  Statistical parameters for binding to PC70%SM30% PLVs

Compound P value F(DFn,DF2) R Square

Equation 3.2 Equation 3.3 Equation 3.4

(±)-9 0.4818 0.5158(1,18) 0.9069 0.9095 0.9069

43 0.1315 2.497(1,18) 0.9122 0.9229 0.9122

44 0.1792 1.963(1,17) 0.9687 0.9720 0.9687

Table B.4  Statistical parameters for binding to PC60%Chol20%SM20% PLVs

Compound P value F(DFn,DF2) R Square

Equation 3.2 Equation 3.3 Equation 3.4

(±)-9 0.5872 0.3057(1,18) 0.9280 0.9292 0.9292

43 0.0463 4.579(1,18) 0.8972 0.9181 0.9312

44 0.0689 3.742(1,18) 0.9602 0.9671 0.9602

Table B.5  Statistical parameters for binding to PC40%SM60% PLVs

Compound P value F(DFn,DF2) R Square

Equation 3.2 Equation 3.3 Equation 3.4

(±)-9 0.1220 2.633(1,18) 0.9942 0.995 0.995

43 0.0533 4.278(1,18) 0.9866 0.9892 0.9866

44 0.0100 8.285(1,18) 0.9861 0.9905 0.9861

Table B.2  Statistical parameters for binding to PC70%Chol30% PLVs

Compound P value F(DFn,DF2) R Square

Equation 3.2 Equation 3.3 Equation 3.4

(±)-9 0.0278 5.348(1,30) 0.8979 0.9133 0.8979

(-)-9 0.0578 3.893(1,30) 0.9180 0.9274 0.9180

(+)-9 0.1153 2.631(1,30) 0.8904 0.8992 0.8904

43 0.0141 7.721(1,15) 0.7237 0.8176 0.7236

44 0.0097 8.783(1,15) 0.9711 0.9818 0.9711

http://dx.doi.org/10.1007/978-3-319-22069-7_3
http://dx.doi.org/10.1007/978-3-319-22069-7_3
http://dx.doi.org/10.1007/978-3-319-22069-7_3
http://dx.doi.org/10.1007/978-3-319-22069-7_3
http://dx.doi.org/10.1007/978-3-319-22069-7_3
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http://dx.doi.org/10.1007/978-3-319-22069-7_3
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http://dx.doi.org/10.1007/978-3-319-22069-7_3

	Parts of this thesis have been published in the following articles:
	Supervisor’s Foreword
	Abstract
	Acknowledgments
	Contents
	Abbreviations
	Part I Synthetic and Biophysical Studies on the Tridachiahydropyrone Family of Natural Products
	1 Introduction
	1.1 Tridachiahydropyrone and Related Natural Products
	1.1.1 γ-Pyrone-Containing Polypropionates from Sacoglossan Molluscs
	1.1.2 Biosynthesis of γ-Pyrone-Containing Polypropionate Natural Products
	1.1.3 Biomimetic Electrocyclisations in Natural Product Synthesis
	1.1.4 Tridachiahydropyrone: Biosynthetic Hypothesis

	1.2 UV Light-Induced Cell Damage
	1.2.1 Direct Damage to DNA
	1.2.2 Cell Damage via Reactive Oxygen Species
	1.2.2.1 Damage to DNA
	1.2.2.2 Damage to Proteins
	1.2.2.3 Damage to Cell Membranes: Lipid Peroxidation

	1.2.3 Prevention of Oxidative Cell Damage: Low Molecular Mass Antioxidants

	1.3 Tridachiahydropyrone: Previous Work
	1.4 Aims of This Work
	References

	2 Synthesis of the Tridachiahydropyrones and their Biomimetic Precursors
	2.1 Revised Synthetic Route
	2.2 Synthesis of the Boronic Ester Coupling Fragment
	2.3 Synthesis of the Vinyl Iodopyrone Fragments
	2.4 Suzuki Coupling: Synthesis of the Biomimetic Precursors
	2.5 Biomimetic Synthesis of the Tridachiahydropyrone Family
	References

	3 Interactions of the Tridachiahydropyrones with Model Membrane Systems: Biophysical Studies
	3.1 Liposomes as Experimental Membrane Models
	3.2 Behaviour of the Polyene Pyrones in Solution: Critical Micelle Concentrations
	3.3 Exploring Molecular Interactions with Membranes: Exploiting the Membrane Dipole Potential
	3.3.1 Membrane Potentials
	3.3.2 Measurement of the Membrane Dipole Potential: Di-8-ANEPPS
	3.3.3 Effect of Molecular Interactions on the Membrane Dipole Potential: Difference Spectra
	3.3.4 Concentration Dependence of the Membrane Dipole Potential: Ratiometric Fluorescence Measurements
	3.3.5 Uptake of Di-8-ANEPPS by Micelles: Effects on Fluorescence
	3.3.6 Fitting the Binding Profiles: Characterising the Interactions

	3.4 Electrocyclisations Using PLVs as Chiral Reaction Media
	References

	4 Investigations into the Photoprotective and Antioxidant Properties of the Tridachiahydropyrones
	4.1 Thiobarbituric Acid Reactive Substances (TBARS) Assay
	4.2 2,2-Diphenyl-1-Picrahydrazyl (DPPH) Assay
	4.3 Ferric Reducing Antioxidant Power (FRAP) Assay
	4.4 Antioxidant Properties: Mechanistic Considerations
	4.5 Synthetic Studies: Peroxidation of Tridachiahydropyrone Precursors
	References

	5 Summary and Conclusions
	6 Experimental
	6.1 Organic Synthesis
	6.1.1 Experimental Techniques
	6.1.2 Analysis
	6.1.3 Experimental Procedures and Characterisation Data
	6.1.4 Electrocyclisation in Membranes: General Procedure
	6.1.5 Analysis of the Separated Enantiomers of Tridachiahydropyrone

	6.2 Biophysical Techniques
	6.2.1 Materials and Methods
	6.2.2 90° Light Scattering: Critical Micelle Concentration Determination
	6.2.3 Liposome Preparation
	6.2.4 Fluorescent Labelling of PLVs with Di-8-ANEPPS
	6.2.5 Characterisation of Di-8-ANEPPS-Labelled PLVs
	6.2.6 Fluorescence Difference Spectra
	6.2.7 Titration of Ligands into Di-8-ANEPPS-Labelled PLVs: Dual-Wavelength Ratiometric Fluorescence Time Course Measurements
	6.2.8 Analysis of Titration Data: Generation of Binding Profiles

	6.3 Assay Procedures
	6.3.1 Materials and Methods
	6.3.2 Thiobarbituric Acid Reactive Substances (TBARS) Assay
	6.3.3 2,2-Diphenyl-1-Picrahydrazyl (DPPH) Assay
	6.3.4 Ferric Reducing Antioxidant Power (FRAP) Assay

	References

	Part II Synthesis of Alkenyl Nitriles by the Palladium-Catalysed Cyanation of Vinyl Halides with Acetone Cyanohydrin
	7 Synthesis of Alkenyl Nitriles by the Palladium-Catalysed Cyanation of Vinyl Halides with Acetone Cyanohydrin
	7.1 Introduction
	7.1.1 Prevalence and Utility of Alkenyl Nitriles
	7.1.2 Transition Metal-Catalysed Cyanation of Vinyl Halides: Existing Methodology
	7.1.3 Use of Acetone Cyanohydrin in Cyanation Methodology
	7.1.4 Aims of This Work

	7.2 Results and Discussion
	7.2.1 Optimisation of the Reaction Conditions
	7.2.2 Substrate Scope

	7.3 Summary and Conclusions
	7.4 Experimental
	7.4.1 Experimental Techniques
	7.4.2 Analysis
	7.4.3 Preparation of Substrates
	7.4.4 General Cyanation Procedure
	7.4.5 Characterisation of Cyanation Products

	References

	Appendix AMolecular Modelling: Equilibrium Geometries
	Appendix BStatistical Parameters



