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Abstract 

This thesis describes synthetic endeavours towards two families of 5,5-benzannulated spiroketals 

isolated from plants used in traditional Chinese medicine: the danshenspiroketallactones and the 

pinnatifinosides.  

The first part of this thesis describes the successful synthesis of danshenspiroketallactone (14) and 

epi-danshenspiroketallactone (15). Danshenspiroketallactone (14) was isolated in 1985 by Rao et 

al. from Chinese Sage (Salvia miltiorrhiza), a plant used in traditional Chinese medicine to treat 

cardiovascular disease. In 1988 epi-danshenspiroketallactone (15) was isolated from S. miltiorrhiza 

by Snyder et al. These natural products possess a 5,5-spiroketallactone moiety fused to a 

naphthalene ring and are epimeric at the spiroketal centre. Key features of the total synthesis 

described herein are a directed ortho-metalation/lactonisation procedure used to unite the aromatic 

and aliphatic fragments of the molecule and form the lactone ring, and an oxidative radical 

cyclisation by intramolecular hydrogen abstraction used to complete the spiroketal.  

 

The second part of this thesis presents synthetic attempts towards pinnatifinosides C (18) and D 

(19), two members of the pinnatifinosides family of 5,5-spiroketal flavone containing natural 

products isolated by Zhang et al. in 2001 from Chinese Hawthorn (Crataegus pinnatifida). Two 

benzannulated spiroketal model compounds possessing the core of the pinnatifinosides were 

synthesised using a key Sonogashira cross-coupling reaction and gold-catalysed spiroketalisation. 

While the final spiroketalisation step of the attempted total synthesis of pinnatifinosides C (18) and 

D (19) using methods developed during the initial model studies proved unsuccessful, these 

investigations have established a sound platform that will enable further synthetic efforts towards 

pinnatifinosides C (18) and D (19), and other related compounds.  
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1.1 Spiroketal-Containing Natural Products 

The natural world is a rich source of biologically active organic molecules.1 Isolated from 

organisms including plants, bacteria, , and marine invertebrates, these natural products provide the 

inspiration for novel pharmaceuticals and supply tools for probing the function of biological 

systems.2,3 Evolutionary processes have shaped these small molecules to interact with proteins and 

other biochemical machinery, many of which possess structural and functional similarities to those 

found in humans.2-4 This suggests that these natural products may be utilised to modify the 

functioning of human cellular systems and thus lead to beneficial effects in the treatment of disease. 

The efficacy of natural products as leads in drug development is evidenced by the central role they 

have played in the development of modern medicines and in their impact on the pharmaceutical 

industry.5,6 Approximately 50% of drugs approved in the last decade and 75% of all cancer drugs 

developed since 1940 were derived from natural products.5  

The spiroketal moiety is a structural feature found in a broad range of biologically active natural 

products.7-9 It is generally characterised by a bicyclic acetal system where the base of the acetal is 

the only carbon common to both rings and through which they are bound (Figure 1.1). A high 

degree of structural variability is observed in spiroketal containing natural products, including 

benzannulation, and varying degrees of unsaturation and substitution around the spiroketal rings.  

 

Figure 1.1: Spiroketal motifs observed in natural products  
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Below, a selection of spiroketal natural products is described to illustrate the structural variation 

and biological activity of this class of molecules (Figure 1.2).  

 

Figure 1.2: Biologically active spiroketal-containing natural products. 

Berkelic acid (9) is a monobenzannulated 5,6-spiroketal isolated in 2006 from microorganisms 

collected in the Berkeley Pit Lake (Figure 1.2).10 The lake is highly acidic and contaminated with 

heavy metals resulting in unusual extremophile microorganisms that produce interesting novel 

natural products. The absolute stereochemistry of berkelic acid (9) was not published until 2009 

where total synthesis was used to confirm the postulated stereochemistry of the C-18 and C-19 

positions, and to establish the stereochemistry at C-22.11 Berkelic acid (9) inhibits metalloproteinase 

MMP-3 and protease caspase-1, in addition to showing potent and selective cytotoxicity towards 

ovarian cancer cells (OVCAR-3, GI50 = 91 nM). In 2012, Rodríguez and co-workers published an 

efficient protecting-group free total synthesis of berkelic acid (9).12  

γ-Rubromycin (10) is a member of the rubromycin family of highly oxygenated natural products 

containing a naphthazarin ring and isocoumarin moiety.13 They exhibit antimicrobial and anticancer 

activity, with γ-rubromycin (10) demonstrating potent activity against human telomerase (IC50 = 3 

µM) and HIV-1 reverse transcriptase (Figure 1.2).13,14 Currently, all known members of the 

rubromycin family contain a spiroketal moiety, with the exception of α-rubromycin which 

demonstrates significantly lower activity towards human telomerase when compared to the other 

members.14 This has been used to suggest the importance of the spiroketal moiety to the 

bioactivity.14 A number of total syntheses exist for γ-rubromycin (10) including those by Kita,15 

Pettus,16 and Brimble13. 
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The chaetoquadrins are a family of flavone spiroketals isolated from the fungi Chaetomium 

quadrangulatum in 2002.17 Chaetoquadrin A (11), along with B and C, are members of the family 

found to inhibit monoamine oxidase in mouse liver (Figure 1.2).17 The first total synthesis of 

chaetoquarins A-C was published in 2013 by Brimble et al.18 

The spirastrellolides are a family of spiroketal-containing macrolides, isolated from the marine 

sponge Spirastrella coccinea.19 The first member of the class, spirastrellolide A (12), was isolated 

in 2003 by Andersen et al., and was found to be a potent inhibitor of protein phosphatase 2A (IC50 

= 1 nM) (Figure 1.2).20 The relative stereochemistry of the macrolide core was assigned in 2004, 

and in 2007 the isolation of the related spirastrellolide B provided the absolute configuration.21,22 

In 2012, Anderson described the isolation of five additional members, C-G, of the spirastrellolide 

family.19 The total synthesis of spirastrellolide A methyl ester was completed by Paterson in 2008, 

with the total synthesis of spirastrellolide A (12), and the confirmation of the absolute 

stereochemistry, by Perkins later that year.23,24  

Bistramide A (13) is a 6,6-spiroketal first isolated from the ascidian Lissoclinum bistratum in 1988 

(Figure 1.2).25 The stereochemistry was confirmed through total synthesis in 2004 by Kozmin and 

co-workers.26 Early studies revealed bistramide A (13) to have cytotoxicity and anti-proliferation 

activity against six tumour cell lines, including non-small cell lung carcinoma (NSCLC-N6, IC50 = 

30 mM).27 It was later established that binding of bistramide A (13) to the cytoskeletal protein, 

actin, was the source of its anti-proliferation activity.28 The authors suggest that not only does this 

provide a new biochemical tool for investigating actin but could also prove to be a lead compound 

in the development of novel anti-tumour agents.28   

The interesting structural diversity and biological activity of these molecules has motivated our 

research group to investigate the synthesis of spiroketal-containing natural products. Furthermore, 

Traditional Chinese Medicines (TCM) have proved to be a rich source of these biologically active 

natural products, drawing upon a large collection of therapeutically effective plants to provide a 

wide variety of structures. Hence, a specific interest in discovering the bioactive spiroketal 

constituents of traditional Chinese medicines (TCM) has led to the selection of the 

danshenspiroketallactones (14 and 15) and the pinnatifinosides (16 – 19) as interesting synthetic 

targets for the current work (Figure 1.3). The following sections will provide a brief outline of 

traditional Chinese medicine with a focus on drug development from natural products isolated 

therein, followed by a discussion of the chemistry of spiroketal containing natural products, 

primarily contemporary synthetic strategies for the synthesis of complex spiroketal-containing 

natural products.   
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Figure 1.3: Spiroketal-containing natural products from traditional Chinese medicines.  
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1.2 Traditional Chinese Medicine as a Source of Natural 

Products 

1.2.1 Traditional Chinese Medicine 

Humans have a long and rich history with plants. Medicinal herbs, as an easily accessible and 

sustainable resource, were originally sourced by people from their local environment. 29-31 As 

agricultural cultivation of plants developed and societies became increasingly interconnected 

through trade, the knowledge, traditions, and the plants themselves, became wide-spread.29-31 

Written examples of the use of plants for medicinal purposes date back to Sumeria clay tablets, 

approximately 5000 years ago.32 Chinese texts of the 26th century BC detailed the use of herbs and 

roots to concoct 365 traditional medicines from plants that are still in use today, including camphor, 

ginseng, and ephedra (Figure 1.4).32  

         

Figure 1.4: Plants used in traditional Chinese medicine: Ginseng (Panax ginseng), camphor 

(Cinnamomum camphora), and ephedra (Ephedra sinica) (left to right).33-35 

Traditional medicine, in contrast to ‘modern medicine’, is a term that has been used to broadly 

encapsulate any non-Western or pre-industrialised medicinal treatment.36 It is estimated that 65% 

of the world’s population use traditional medicines as their primary source of healthcare.36  

Traditional Chinese Medicine (TCM) is a holistic healthcare philosophy and practice which dates 

back over 4,500 years, and which utilises animal, mineral, and plant material in an effort to bring 

balance to a person’s vital energy (qi).37-39 The Chinese Pharmacopoeia describes over 500 herbal 

medicines, most of which are made by combining multiple plants, resulting in a complex mixture 

of compounds.38 TCM maintains a central role in modern Chinese healthcare, and is used alongside 

modern medicine. Approximately 40% of healthcare delivered in China is based on some form of 

TCM.37  

There has been extensive investigation into both the clinical efficacy of traditional Chinese 

medicines and into the isolation and characterisation of the active natural products.40 A multitude 

of reviews exist discussing the efficacy of the traditional uses of Chinese medicines,41-44 as well as 

novel applications and investigations into previously unknown biological activity including anti-
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viral,45 anti-oxidant,46 immunomodulatory, 47 and anti-cancer activity.46 Furthermore, focused 

reviews have been published describing the pharmacology and natural product constituents of 

particular traditional Chinese medicinal plant species and genera. A brief selection are presented 

below to illustrate the diversity of biological activities.  

Danshen (Salvia miltiorrhiza) is an excellent example of a herbal medicine that has been extensively 

researched as both a whole plant and as extracts.48 It is used to treat cardiovascular conditions and 

has been shown to improve circulation, cause vasodilation, and inhibit platelet aggregation. In 

investigation regarding its protective effect, mice treated with danshen were found to tolerate anoxia 

far better than untreated mice, leading to the use of danshen as a treatment for shock.48 

Another widely investigated TCM is ginseng (Panax sp.), which has been used to treat type 2 

diabetes, hypertension, liver failure, kidney disease, mental disorders, and to inhibit platelet 

aggregation.49,50 It has been found to have antioxidant, antitumor, and neuroprotective effects. A 

number of bioactive compounds, called ginsenosides, have been isolated from ginseng to which 

most of the medicinal properties are attributed. Ginsenosides are triterpenoids which inhibit a 

number of ion-gated channels and have activity in the central and peripheral nervous systems.51 

Ginsenoside Rg1 (20) is one representative example of a ginsenoside, implicated in protecting 

against exercise induced oxidative damage in rats (Figure 1.5).52  

 

Figure 1.5: Structure of ginsenoside Rg1 (20).  

Another example of a clinically investigated TCM is ge-gen (Pueraria lobate) used traditionally to 

treat febrile diseases.40 One study investigated the TCM’s utility in relieving headache, dizziness, 

and neck stiffness. Several isoflavones including daidzein (21), puararin (22), and daidzin (23), 

were isolated from P. lobate and it was found that both administration of extracts of P. lobate and 

the isolated flavones alone had a positive effect on blood pressure (Figure 1.6).40 

 

Figure 1.6: Structures of a selection of isoflavones isolated from P. lobate. 
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While there are many more examples of TCM which have been shown to demonstrate clinical 

efficacy, their therapeutic benefits may be overshadowed by a number of issues inherent to plant-

based medicines, primarily the control of dosing and concentrations of the active constituents 

needed to effectively treat disease. The following sections detail potential issues with the use of 

plant-based medicines and illustrate how identification and synthesis of the biologically active 

natural products contained in TCM plants may lead to novel drug development.  

 

1.2.2 Issues with Traditional Medicines as Pharmaceutical Agents  

Having been used for thousands of years, there is a public perception that traditional medicines are 

both universally effective and harmless, however, there are a number of potential issues with 

traditional medicines, both in the constituents of the traditional medicines and in their 

application.31,53 Safety issues have received increasing attention in line with the concurrent rise in 

the use of traditional medicines in parallel with other medications, specifically with regards to 

unknown drug-drug interactions.29 A number of reviews have investigated the issues surrounding 

toxicity in traditional Chinese medicines.31,54-56  

Much of the knowledge regarding traditional medicines is developed through informal observation 

and unsubstantiated rationalization. As discussed in a review by Laland et al., when observed in a 

clinical or experimental context, many traditional medicines are found to lack substantial 

therapeutic effects, while others are applied beyond what current scientific evidence supports.56 Of 

those traditional medicines which have demonstrated clinical efficacy, one of the most pressing 

areas of research is into the identification of the bioactive constituents which confer its healthcare 

benefits.29 Traditional medicines are a medley of complex natural products. Isolation and 

identification of the active ingredient can often be challenging, and the active natural products 

themselves may make up only a tiny proportion of the plant material when compared to primary 

constituents like lipids, proteins, and sugars.38 Often, multiple molecules are suspected of 

harbouring biological activity, and hence effective clinical evaluation of the concentrations of 

bioactive molecules and the development of effective and safe dosing regimens is difficult. An 

excellent example of this is St. John’s Wort (Hypericum perforatum L.), which has been used 

historically to cure excitability and in the treatment of wounds, but which is now commonly used 

to treat mild to moderate depression and anxiety.57 Much of the biological activity of St. John’s 

Wort is attributed to hyperforin (24) and hypericin (25).57 However, as Phillipson et al. note, a 

myriad of other active molecules have been identified and no individual compound or combination 

thereof, demonstrates the full range of biological interactions as the intact herbal product (Figure 

1.7).57 
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Figure 1.7: The major bioactive natural products of St. John’s Wart (Hypericum perforatum L.). 

Even when the active natural product has been identified, there can be significant variation in 

different parts of the plant and between environments from which the plant was sourced. One study 

by Yuan et al. investigated the concentrations of orientin (26) (Figure 1.8), a major flavone C-

glycoside found in Trollius chinensis, a plant used in traditional Chinese medicine to treat and 

prevent infection.58 Significant variation of orientin (26) was found between different parts of the 

plant, with 77% of the contribution in the calyx (part of the flower) down to 2% in the stalk. 

Significant sample and location variability was also reported; a sampling of 11 flowers from 

different locations was found to contain concentrations between 0.87 mg/g and 8.12 mg/g – a near 

tenfold difference.58 This uncertainty makes it difficult to control the concentration of active 

ingredients a patient may be ingesting and hence any associated overdose or sub-clinical dose 

toxicity.  

   

Figure 1.8: Trollius chinensis (left)59 and the structure of orientin (26) (right).58 

Notwithstanding plant species misidentification, which at best can lead to a product that contains 

none or little of the desired ingredient, and at worst is a significant source of poisoning, there are a 

number of causes of potential toxicity associated with traditional medicine use.29,54 Fungal toxins 

(mycotoxins) may be introduced to traditional medicines if stored improperly, while environmental 

variation in heavy metals may mean some samples have dangerous levels of toxic heavy metals.54,60 

A review by Ernst discusses the large body of research describing heavy metal contamination of 

traditional Chinese medicine, including that of As, Cd, Hg, and Pb, and the health consequences for 

patients taking them.61 

Additionally, many plants used for traditional medicines naturally contain cytotoxic molecules. One 

example is the traditional Chinese medicinal herb, Chinese Hawthorn (Crataegus pinnatifida) 



Introduction 

 
11 

which, in addition to medicinal constituents, contains a number of potent cytotoxic natural products, 

3-oxoursolic acid (27), pinnatifidannin B VIII (28), and (7R,8S)-balanophonin (29), which were 

effective against various cancer cell lines in vitro (Figure 1.9).62-64  

 

Figure 1.9: Cytotoxic natural products from Chinese Hawthorn (Crataegus pinnatifida). 

The public’s perception of the toxicity and effectiveness of a traditional Chinese medicine is often 

based on traditional knowledge over scientific research.31 While many traditional medicines may 

have helpful compounds, their benefit may be overshadowed by accompanying toxins. Troublingly, 

due to the variation in regulatory frameworks overseeing traditional and herbal medicines, 

adulteration, where pharmaceutical agents are added to artificially enhance the desired medical 

effects, may also be a potential source of toxicity. This is particularly an issue for products marketed 

for weight loss and erectile dysfunction.31,55 

 

1.2.3 Drug Development from Traditional Chinese Medicine 

Despite the pitfalls of traditional medicines, plant based healthcare has played a pivotal role in the 

history of our societies and continues to provide benefits to a majority of the world’s population.30 

With improved regulation and processes many of the disadvantages may be addressed, but one 

crucial weakness of traditional medicines is the inability to fully control the biologically active 

components and improve their efficacy.  

Isolation and structural identification of the active natural products in plants from traditional 

medicines gives us the opportunity to develop synthetic procedures for their production, perform 

scientific evaluation of the mechanism of their biological activity, and allows us to design series of 

analogues which seek to improve the selectivity and efficacy of the compound whilst reducing 

potential toxicity; that is, it allows us to start the drug development process.2,5,6 

While the advent of combinatorial chemistry and mass screening of libraries has received extensive 

attention in industry, low hit rates mean the successful identification of a potential lead compound 

for drug development remains a challenge.1 The use of natural products as a source of novel 

molecular architecture leverages a vast existing reservoir of molecules whose structures have been 

shaped by nature to be biologically active.4 
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The first instance of drug development from traditional Chinese medicine was the isolation of 

ephedrine (30) from the plant Ephedra sinica known locally as ma huang 麻黃 (Figure 1.10). 

Ephedrine (30) is a natural product medicine which was used to treat the common cold and 

bronchial disorders, and has also inspired the development of other drugs such as the anti-asthma 

drug salbutamol (31).6,65,66  

 

Figure 1.10: Structure of the natural product ephedrine (30) on which salbutamol (31) was designed.  

Another prominent example of drug development from TCM is artemisinin (32), the antimalarial 

compound isolated from the TCM plant Artemisia annua (Figure 1.11).65 It was discovered during 

an investigation of 640 TCM preparations, utilizing 380 plants, which were tested for their 

antimalarial activity.67 Extracts of A. annua showed variable but sometimes potent parasite growth 

inhibition. It was thought that low natural concentrations of the natural anti-parasitic compound(s) 

may to be blame for the variability. When artemisinin (32) was isolated from A. annua and applied 

in its pure form, it showed complete inhibition of Plasmodium berghei. Artemisinin (32) overtook 

quinine (33), itself a natural product, and also chloroquine (34) as the preferred treatment for 

malaria due to its potency and relatively low toxicity.65  

 

Figure 1.11: The antimalarial natural products artemisinin (32) and quinine (33), and natural product 

derivative chloroquine (34). 

More recent examples of drugs developed from TCM include the sesquiterpenes huperzines A (35) 

and B (36), isolated from the TCM plant Huperzia serrata, in 1985 by Zhu and Lui (Figure 1.12).68 

The plant has been used for hundreds of years to treat fever, swelling, and blood disorders. 

Huperzines A (35) and B (36) are potent reversible acetylcholinesterase (AChE) inhibitors that 

show neuroprotective properties and low toxicity.69 Recently, huperzine A (35) has been studied 

for potential therapeutic use in Alzheimer’s disease, showing promise in improvement of cognitive 

function for patients.69 In 2007, Bai et al. used the structure of hyperzine B (36) to develop a series 

of bifunctional AChE inhibitors (37) on the basis of dual-site binding of AchE inhibition which 

simultaneously binds to both catalytic sites of the enzyme.70  
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Figure 1.12: Sesquiterpene alkaloids from Huperzia serrata, huperzines A (35) and B (36) and their 

derivatives (37). 

 

1.2.4 Spiroketal Natural Products Isolated from Traditional Chinese 

Medicines 

A large number of natural products isolated from traditional Chinese medicines have not yet been 

fully investigated for their potential biological activity and use as lead compounds in the 

development of new pharmaceutical agents. Natural products from clinically effective traditional 

medicines which possess structural features, such as spiroketals, seen in other biologically active 

molecules provide a guide to potentially active compounds.  

Below is a collection of spiroketal containing natural products isolated from traditional Chinese 

medicine (Figure 1.13). They include: 25R-spirost-4-en-3,12-dione (38) isolated from  Tribulus 

terrestris, the fruits of which showed significant anti-inflammatory and immunosuppressive 

activities;71 actein (39), isolated from Cimicifuga racemosa, which has thus far shown potential as 

a potent anti-HIV agent;72 acortatarins A (40) and B (41), isolated from Acorus tatarinowii, used in 

TCM to treat central nervous system disorders;73 the novel chiral sulfoxide-containing 5,6-

spiroketal breynin D (42), from Breynia fruticosa;74 and saffloquinoside A (43), isolated from 

Carthamus tinctorius which has been used in traditional medicines to treat cardiovascular 

diseases.75  
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Figure 1.13: Spiroketal natural products isolated from traditional Chinese Medicines.  

While the plants from which the spiroketals above were isolated have demonstrated therapeutic 

activity, total synthesis and biological testing of the isolated compounds is necessary to identify 

potential new drug leads. Hence, the following sections discuss the chemistry of spiroketals with a 

focus on their synthesis.  
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1.3 Chemistry of Spiroketals 

Spiroketals are bicyclic acetals which possess a large degree of structural variability in ring size, 

and degree of substitution and unsaturation. Spiroketals show far greater stability towards 

hydrolysis than their acyclic analogues.76 Due to kinetic and entropic factors, the open-chain 

dihydroxyketone form is rarely isolated and is unobservable on the NMR time scale. Many 

spiroketals are capable of undergoing acid catalysed epimerisation through the ring-opened form 

(46), which allows for epimerisation at the spiro-centre (Scheme 1.1).7,77 Protonation of a spiroketal 

oxygen (45) allows elimination of a hydroxyl group and generation of oxonium ion 46. Attack of 

the oxonium ion by the hydroxyl group regenerates the spiroketal with the resulting stereochemistry 

determined by which face of the oxonium ion is attacked.  

 

Scheme 1.1: Acid-catalysed epimeric interconversion of spiroketals.  

 

1.3.1 Stereochemistry and the Anomeric Effect  

In all but the simplest spiroketals, the acetal carbon is chiral, where the stereochemistry of this 

centre is controlled by a combination of steric and electronic factors.78-80 The spatial arrangement 

around the spiroketal centre is a combination of the stereochemical configuration (which may be 

subject to epimerization) and the conformation adopted by the rings, which is influenced by the 

anomeric effect. 

For a simple six-membered ring acetal (49/50), the ether substituent may be in an axial or equatorial 

configuration (Figure 1.14). Typically, six-membered rings prefer to adopt a conformation were its 

substituents adopt an equatorial orientation in order to minimise 1,3-diaxial interactions.79 The 

anomeric effect describes the preference for heteroatoms to adopt the more sterically demanding 

axial orientation (49). 81 The idea that pyranose rings prefer axial alkoxy substituents was first 

proposed by Edward in 1955, at a similar time that Lemieux was investigating the anomerisation 

equilibria of glycosides.79,82 The anomeric effect has since become a significant consideration in 

both the stereochemistry and reactivity of carbohydrates and spiroketals.79  
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Figure 1.14: Conformational preference as a result of the anomeric effect. 

There are two complementary explanations for the anomeric effect: orbital hyperconjugation and 

dipole repulsion.79 When the heteroatom containing substituent of a six-membered ring is axial 

(51), hyperconjugation of the lone pair of the oxygen in the ring into the σ* orbital of the C-O bond 

of the substituent provides a stabilizing effect (Figure 1.15, a).80 This overlap is not possible when 

the heteroatom substituent is equatorial (52). Alternatively, when the substituent is in the equatorial 

position (52), the dipoles are oriented parallel which would result in a destabilizing dipole-dipole 

repulsion; an effect which is not present when the substituent is axial (51) (Figure 1.15, b). There 

exists experimental and computational evidence to support both effects, but the extent to which 

each effect contributes to the stability observed by this phenomenon, remains a topic of debate.78,83 

Furthermore, solvation effects and the presence of other ring substituents complicate this 

prediction.79,83  

 

Figure 1.15: Origins of the anomeric effect. 
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As a result of the anomeric effect, most 6,6-spiroketals can adopt four configurations (Figure 1.2). 

Most naturally occurring 6,6-spiroketals prefer to adopt a conformation (53d) with double anomeric 

stabilisation, with the oxygen substituents of the spiro centre in an axial position with respect to 

each ring.80  

 

Scheme 1.2: Ring-flip interconversions of 6,6-spiroketals resulting in differing degrees of anomeric 

stabilization 

In some six-membered ring containing spiroketals, the non-anomeric conformer is observed due to 

the presence of fused ring systems, macrocyclic ring strain, or the overwhelming steric impact of 

other ring substituents.81 In 5,5-spiroketals, the required axial orientation is not possible, and thus 

the stereochemistry of these systems is often more complicated, largely depending on the other 

stereocenters in the molecule, making the conformation difficult to predict.80 Thus, the 

stereochemical configuration and conformation of complex natural products is often the result of a 

combination of between steric and electronic factors, which often produces mixtures of the various 

conformers.  
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1.3.2 Synthesis of Spiroketals 

Traditionally, spiroketals have been constructed by acid-catalysed cyclisation of dihydroxyketones 

(57) (Scheme 1.3).84 This approach has been successful in constructing a wide variety of spiroketals 

and has been applied extensively in the construction of complex spiroketal-containing natural 

products.80  

 

Scheme 1.3: Acid catalysed spirocyclisation of a dihydroxyketone 

However, the enormous variety of spiroketal containing natural products has encouraged the 

development of a large array of synthetic tools and strategies for constructing the spiroketal ring 

system (Figure 1.4).84 The diversity of synthetic strategies has been reviewed extensively,9,80,85 

including reviews specifically focused on non-anomeric spiroketals,77,81 benzannulated 

spiroketals,84 chroman-containing spiroketals,86 asymmetric synthesis,87, and transition metal 

catalysed spiroketal synthesis.88,89 Below a selection of examples are presented to illustrate the 

range of spiroketalisation strategies employed in the construction of the spiroketal moiety, with a 

specific focus towards natural product synthesis.  

 

Scheme 1.4: Examples of spiroketalisation strategies. 
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1.3.2.1 Transition Metal Catalysed Spiroketalisation 

A wide array of transition metals have been used to effect spirocyclisation, including PdII, PtII, AuI, 

AuIII, HgII, and ReVII.88 Often, the metal is used as a chemoselective Lewis acid to activate C-C 

double or triple bonds, thus inducing electrophilicity in a desired carbon. However, transition metals 

may also be used in different ways, such as part of a cross-coupling sequence (vide infra).  

In the total synthesis of acortatarin A (81), Aponick used PdII to catalyse the cyclisation of 

hydroxyketone 76 to spiroketal 80 (Scheme 1.5).90 Lactol 77, which exists in equilibrium with the 

open chain hydroxyketone 76, undergoes reaction with the Pd catalyst to form a η3 complex (78) 

with concurrent departure of the methoxy group. This electrophilic intermediate (78) undergoes 

kinetically-controlled, intramolecular attack by the oxygen of the lactol, forming the desired 6,5-

spiroketal (79). Dissociation of the resulting η2 Pd complex gives spiroketal 80, which was then 

used to complete the total synthesis of acortatarin A (81).88,90 

 

Scheme 1.5: Spiroketalisation in the total synthesis of acortatarin A 81. 

Ley et al. have used gold(I) chloride in the presence of pyridinium p-toluenesulfonate (PPTS) to 

form the 6,6-spiroketal core of spirodienal A (84) and spirangien A methyl ester (85) (Scheme 

1.6).91 Gold catalyst coordinates strongly and selectively to the triple bond allowing the alcohols to 

attack the alkyne. The successful spiroketalisation of alkyne 82, which contains multiple 

unprotected hydroxyl groups, 12 chiral centres, and a non-participating terminal alkyne, to 

spiroketal 83, demonstrates the utility of transition metal catalysts in the spiroketalisation of highly 

complex substrates. The non-participating hydroxyl groups are able to remain unprotected during 

the spiroketalisation step as nucleophilic attack to form 3, 4, 7, or 8 membered rings is kinetically 
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disfavoured. These hydroxyl groups are thus outcompeted by the hydroxyl groups capable of 

forming kinetically faster six-membered rings.  

 

Scheme 1.6: Reagents and Conditions: a) AuCl (10 mol%), PPTS, CH2Cl2, -20 °C to rt, 30%.  

While the majority of spiroketalisation strategies focus on the formation of the spiroketal’s C–O 

bonds, there are an increasing number of examples where the spiroketal rings are constructed 

through carbon–carbon bond formation.88 Peng et al. employed a Zn/Ni catalytic system to form 

the C–C bond of spiroketal 55 from 6-bromoalkene 56, in which both C–O bonds have already been 

formed. This occurs in tandem with cross-coupling to aryl iodide 57 (Scheme 1.7).92 

 

Scheme 1.7: Reagents and Conditions: a) Zn (3 eq.), NiCl2 (30 mol%), 2,2ʹ-bipyridine (36 mol%), 

pyridine/MeCN, rt, 6-8 h, 38% - 82%, dr: 1.2:1 – 20:1.  

A radical mechanism is proposed for the reaction, involving a nickel(I) catalyst and excess zinc 

metal (Scheme 1.8).92 The terminal alkene of the initial radical intermediate 86 is thought to adopt 

a pseudo-chair conformation which may direct the diastereoselectivity of the reaction. The authors 

proposed that reaction of an in situ generated aryl nickel species 88 with radical 87 may provide 

the product directly. Alternatively, oxidative addition of aryl iodide 57 with nickel species 89 and 

subsequent reductive elimination of complex 90 may be the key coupling step. Depending on the 

substrate, excellent diastereomeric ratios and yields were achieved.92 
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Scheme 1.8: Proposed mechanism for tandem spirocyclisation/cross-coupling. 

Another innovative approach to achieve the coupling of multiple molecular fragments and 

spirocyclisation in one pot, makes use of nucleophilic enol ethers generated in situ from the gold 

catalysed ring closing of alcohols onto alkynes. Wang et al. have utilised ‘bimetallic relay catalysis’ 

to synthesise a series of spiroketals and spiroaminals.93 A series of unsaturated keto-esters 66 were 

coupled and cyclised with alkynol 65 in the preparation of 5,6-spiroketals 64 (Scheme 1.9). The 

reactions proceeded with excellent diastereoselectivity with only the endo isomer detected. 

 

Scheme 1.9: Reagents and Conditions: a) PPh3AuNTf2 (5 mol%), Y(OTf)3 (10 mol%), MeCN, rt, 

1 h, 81% – 91%. 

Exploration of the reaction mechanism suggested that the initial step involves gold-catalysed 

cyclisation of alkynol 65 via kinetically favoured 5-exo-dig attack onto the triple bond (Scheme 

1.10). This generates nucleophilic enol ether 91 in situ which then reacts with the electrophilic α,β-

unsaturated keto-ester 66 to provide spiroketal 64. A Diels–Alder-like transition state (94) is 

proposed to account for the final position of the double bond and the high diastereoselectivity 

observed.93 
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Scheme 1.10: Proposed mechanism for bimetallic relay catalysis by Wang et al.  

In addition to inducing electrophilic character in carbon-carbon triple and double bonds, transition 

metals have also been used to catalyse pericyclic and metathesis reactions in the preparation of 

spiroketals. In their investigation towards the papulacandins (99), Kaliappan et al. used ring-closing 

metathesis to convert acetal (95) to spiroketal (96). Benzannulated spiroketal (98) was then formed 

via cycloaddition with electron deficient alkyne (97).  

 

Scheme 1.11: Reagents and Conditions: a) Grubbs’ I (100) (10 mol%), PhMe, 80 °C, 12 h, 72%; b)  

PhMe, 80 °C, then Et3N/SiO2, CHCl3, rt, 58%.  

 

1.3.2.2 Asymmetric Spiroketal Synthesis  

There are a number of strategies for inducing stereoselectivity in both the spiroketal centre and the 

substituents around the spiroketal rings. These include the use of chiral catalysts, temporary chiral 

substituents on the substrate, or manipulation of the anomeric effect.80,88,89 
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Rodriguez et al. prepared a series of enantioenriched 5,5- and 5,6-spiroketals 73 containing masked 

α-amino acid moieties (Scheme 1.12).94 The reaction united three components, alkynol 75, 

glyoxylic acid 74, and arylamine 72, and was catalysed using the combination of a gold(I) complex 

and a bulky chiral phosphoric acid 102.  

 

Scheme 1.12: Reagents and Conditions: a) (JohnPhos)AuMe (5 mol%), 102 (5 mol%), 4 Å MS, 

toluene, rt, 1-3 h, 77% - 99%, dr: 2:1 – 7:1, er: 80:2 – 98:2.  

The reaction is proposed to proceed via in situ generation of a chiral iminium–phosphoric acid 

complex (102 + 106) which is formed from the acid catalysed condensation of glyoxylate 74 and 

amine 72 (Scheme 1.13).88,94 Concurrently, coordination of the gold catalyst to alkyne 75 forms 

enol ether 105. Enol ether 105 attacks the iminium complex (102 + 106) giving oxonium 107 and 

installing the first chiral centre. Cyclisation of the carboxylate group onto the resulting oxonium of 

107 provides the enantiomerically enriched spiroketal 73. 

 

Scheme 1.13: Proposed mechanism for asymmetric coupling/spiroketalization  

The anomeric effect is a key determinant of the thermodynamic stability of different conformations 

in 6,6- and 5,6-spiroketals, and thus often determines the stereochemistry around the spiro carbon.81 

This can make the synthesis of spiroketals in the non-anomeric configuration challenging under 

conditions where equilibration to the most thermodynamically stabilised configuration is possible. 
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In the first total synthesis of the altohyrtin C (spongistatin 2) (111), Evans et al. used CSA in 

MeOH/CH2Cl2 to catalyse spirocyclisation of ketone (108), giving a 6:1 mixture of spiroketals 

(109) and (110) (Scheme 1.14). The major isomer of the reaction was the undesired doubly 

anomerically stabilized spiroketal 109 (Scheme 1.14). The desired singly anomerically stabilised 

110 was achieved through the use of chelating metal cations. Use of zinc chloride resulted in a 1:4.3 

ratio of 109/110.95 

 

Scheme 1.14: Reagents and Conditions: a) CSA, MeOH/CH2Cl2, rt, 24 h, 78%, dr: 6:1 109/110; b) 

ZnCl2, CH2Cl2, rt, 3h, 1:4.3 109/110. 

 

1.3.2.3 Regioselectivity in Spirocyclisation  

When spirocyclisation is occurring onto a C-C double or triple bond, regioselectivity of the 

nucleophilic attack becomes an issues that may be challenging to control. It would be expected that 

in cases where one hydroxyl group is more nucleophilic, such as in the case between a primary 

alcohol and a phenol, that the regiochemistry of the final spiroketal will be governed by the 

kinetically faster 5-exo-dig attack of the aliphatic hydroxyl group to give predominantly 6,5-

spiroketal 114 (Scheme 1.15).80,88 In many situations this is indeed the case, however in studies 

towards enantioenriched benzannulated spiroketals using chiral gold-phosphine complexes, 

Brimble et al. found that changing the gold catalyst resulted in different regioselectivity. When 

alkyne-diol 113 was treated with Ph3PAuCl the expected 5,6-spiroketal 114 was predominantly 

formed, however if gold(III) chloride was instead used the reaction favoured 6,5-spiroketal 115.96  
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Scheme 1.15: Reagents and Conditions: a) [Au]+, 116, AgSbF6, CH2Cl2, -41 °C, 81 – 83%. 

Alternative strategies for controlling the regioselectivity of spiroketalisation onto a C-C multiple 

bond involves blocking the reactivity of one hydroxyl group and performing a regioselective partial 

spiroketalisation. In their total synthesis of the northern fragment of spirastrellolide B, Smith et al. 

initially attempted to use gold(I) chloride to effect spirocyclisation of lactol 117 to the desired 5,6,6 

bis-spiroketal 118 (Scheme 1.16). Unfortunately, upon reaction only the 5,5,7 bis-spiroketal 119 

was obtained.97 The authors reasoned that the required 6-exo-dig attack from the secondary alcohol 

of lactol 117 was sufficiently disfavoured such that undesired spiroketal formation from the lactol 

predominated. Following the cyclisation of the lactol 117 to form the central, five-membered ring 

of 119, the secondary alcohol then cyclises to form a seven-membered ring. 

 

Scheme 1.16: Reagents and Conditions: a) AuCl, PPTS, THF, 12%.  

The alternative was to block all but the secondary alcohol from cyclising. Thus, they employed a 

platinum(II) catalyst to cyclise alcohol 120 to lactol 121, giving them the desired rightmost six-

membered ring, elusive in their previous attempts (Scheme 1.17).97 Following this, the PMB group 

was removed under oxidative conditions with DDQ, and the revealed alcohol, having formed a γ-

lactol with the ketone, underwent condensation with the existing δ-lactol, to provide the desired 

spiroketal 118. 
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Scheme 1.17: 1. Reagents and Conditions: a) [Cl2Pt(CH2CH2)]2, Et2O, 4 Å MS, then aqueous work-

up; b) DDQ, CH2Cl2/H2O; c) PPTS, CH2Cl2, rt, 38% over 3 steps, dr: 7:1.  

In some instances, issues of regioselectivity can become issues of chemoselectivity, specifically in 

the case of spiroketalisation of phenols when forming benzannulated spiroketals. This was the case 

in the total synthesis of (±)-δ-rubromycin (128) by Li et al. where the kinetically favoured 5-endo-

dig attack predominated over 6-exo-dig, resulting in the formation of a stable benzofuran 124 from 

alkyne 122 instead of the desired spiroketal 123 (Scheme 1.18).98 Attempts to complete the 

cyclisation from benzofuran 124 using various acid catalysts and electrophilic reagents, were 

unsuccessful.  

 

Scheme 1.18: Reagents and Conditions: a) PPh3AuCl (10 mol%), AgOTf (10 mol%), CH2Cl2, 95%. 

The solution was to block the reactivity of the kinetically favoured phenol by protecting it as an 

ethoxymethyl (EOM) ether. Palladium(II) catalysed cyclisation of 125 led to the desired enol ether 

126 which underwent acid catalysed deprotection of the EOM group and spirocyclisation to give 

spiroketal 127 (Scheme 1.19). Treatment of spiroketal 127 with boron tribromide afforded (±)-δ-

rubromycin (128).98 
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Scheme 1.19: Reagents and Conditions: a) PdCl2(PPh3)2 (10 mol%), Et3N, MeCN, 70 °C, 3 h, 89%; 

b) NaHSO4/SiO2, CH2Cl2, rt, 12 h, 80%; c) BBr3, CH2Cl2, -78 °C → -20 °C, 0.5 h, 60%.  

 

1.3.2.4 Other Strategies 

While transition metal, Lewis acid, and Brønsted acid catalysts are the most widely used reagents 

for construction of the spiroketal core, a number of other approaches have been investigated, 

including ring expansions, rearrangements, and spiroketalisation under oxidative conditions.80  

Li et al. used an alternative approach in the synthesis of (±)-γ-rubromycin (10), where the key 

spirocyclisation was performed under oxidative conditions.99 Phenol 129 was treated with meta-

chloroperbenzoic acid (m-CPBA) and tetrabutylammonium iodide (TBAI) in the presence of 

tetrabutylammonium fluoride (TBAF) to effect cyclisation, affording spiroketal 130 in excellent 

yield (Scheme 1.20). The active catalyst for the spirocyclisation is a hypoiodite species generated 

in situ from the oxidation of TBAI with m-CPBA.99  

 

Scheme 1.20: Reagents and Conditions: a) m-CPBA, TBAF, TBAI, THF, rt, 1 h, 88%. 

In the mechanism proposed by Li et al. when developing the reaction, the β-keto functionality on 

the existing ring is key to the oxidation (Scheme 1.21).100 The enol tautomer (131b) of the substrate 
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(131a) attacks the hypoiodite species generated in situ, forming intermediate alkyliodide 132 which 

then undergoes an SN1 displacement of the iodide by the phenol, via oxonium 133, to afford 

spiroketal 134. The fluoride present is thought to increase the nucleophilicity of the phenol, 

allowing it to displace the iodide and form the final ring more readily. 100 These oxidative conditions 

contrast to the radical cyclisation conditions (discussed in chapter 2) used by Brimble et al. to 

synthesise benzannulated spiroketals.101 It was found that radical cyclisation was unsuccessful in 

the construction of bis-benzannulated spiroketals from phenols due to quenching of the resulting 

radical or insufficient nucleophilicity of the phenol.101 

 

Scheme 1.21: Proposed reaction mechanism for oxidative cyclization to bis-benzannulated 

spiroketals.  
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In their investigations toward the spiroketal core of integramycin (138), Roush et al. performed an 

iodoetherification of an alkene to construct the spiroketal ring system (Scheme 1.22).102 A mixture 

of ketone 135 and lactol 136 (1:1.3 135/136), which exist in equilibrium with each other, was treated 

with N-iodosuccinimide (NIS).102 An intermediate iodonium ion was opened by the lactol hydroxyl 

group of 136 with an anti-periplanar geometry affording the trans product, spiroketal 137 

stereospecifically. In previous models Roush et al. had found the iodide could be removed with free 

radical conditions using tributyltin hydride and AIBN.102  

 

Scheme 1.22: Reagents and Conditions: a) NIS, CH2Cl2, 0 °C, 1 h, then rt, 24 h, 47%.  

Rearrangements and ring-expansions have also been used to construct the spiroketal ring system.80 

Wez et al. synthesised a series of unsaturated spiroketals (141) via cyclopropane ring-expansion 

(Scheme 1.23).103 Oxidation of alcohol 139 results in aldehyde 140 which can either undergo ring-

expansion to give spiroketal 141a, conserving the initial stereochemistry, or form a zwitterionic 

complex (142) with the Lewis acid, which then forms the spiroketals (141) as mixture of epimers.103  
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Scheme 1.23: Reagents and Conditions: a) IBX DMSO, Yb(OTf)3, 26% - 87%.  

As the field of spiroketal synthesis continues to develop, complex and highly regio- and 

stereospecific methodologies emerge. Recently, Li et al. published an enantioselective synthesis of 

spiroketals via tandem Cu(I)-catalysed cycloetherification followed by [4 + 2] cycloaddition 

(Scheme 1.24).104 Using established transition metal-catalysed intramolecular cyclisation of an 

alkynol 143, enol ether 144 could be formed in situ. In the presence of an α,β-unsaturated ketone 

145, the enol ether 144 would undergo a stereoselective hetero-Diels-Alder reaction affording an 

unsaturated spiroketal (146). Alternatively in situ generation of an ortho-quinone methide from 

phenol 147 enabled subsequent [4 + 2] cycloaddition to give benzannulated spiroketal 148. The 

chiral alcohol of alkyne 144 directs the approach of the coupling partner during the cycloaddition 

step, resulting in excellent diastereoselectivity.104  

 

Scheme 1.24: Reagents and Conditions: a) CuI (5 mol%), PPh3 (5 mol%), CHCl3, 100 °C, 24 h, 

sealed tube, 55% - 90%, >20:1 dr, 96% - 99% ee.  
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1.4 Aims of this Research 

Two families of spiroketal natural products, isolated from TMC plants, were selected for synthetic 

investigations.  

Firstly, danshenspiroketallactone (14) and epi-danshenspiroketallactone (15), isolated from the 

traditional Chinese medicinal plant known as danshen (Salvia miltiorrhiza), were identified as 

synthetic targets (Figure 1.16). Danshenspiroketallactone (14) was isolated by Roa et al.105 in 1985 

whilst epi-danshenspiroketallactone (15) was isolated by Snyder et al.106 in 1988. They contain a 

synthetically interesting benzannulated 5,5-spiroketallactone moiety fused to a naphthalene core 

and differ only in the configuration at the spiroketal carbon.  

 

Figure 1.16: Structures of danshenspiroketallactone (14) and epi-danshenspiroketallactone (15) 

Secondly, the pinnatifinosides family of flavone-containing 5,5-spiroketals were also selected as 

synthetic targets (Scheme 1.17). Pinnatifinoside C (18) and its spiroketal epimer pinnatifinoside D 

(19), are two representative examples, which were isolated from Chinese Hawthorn (Crataegus 

pinnatifida) by Zhang and Xu in 2001.107 

 

Figure 1.17: Structures of pinnatifinoside C (18) and pinnatifinoside D (19) 

These structurally complex compounds contain a spiroketal and, in the case of the pinnatifinosides, 

flavone moieties, both of which are found in a number of bioactive compounds.13,108 At the time of 

commencing this project, there were no published syntheses for these compounds nor any 

information regarding their biological activity.  

Thus, the central aim of this project was to develop total syntheses for danshenspiroketallactone 

(14), epi-danshenspiroketallactone (15), and members of the pinnatifinoside family including 

specifically pinnatifinosides C (18) and D (19), in order to provide a blue-print for their synthesis, 

confirm their structures as reported, and provide sufficient material for future biological testing.  
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2.1 Biology of Chinese Sage (Danshen, 丹參) 

2.1.1 Danshen in TCM 

Danshen 丹參 (also known as Tan Shen) is a Traditional Chinese Medicine (TCM) made from the 

dried roots of Chinese Sage (Saliva miltiorrhiza) (Figure 2.1).109 It is used to treat a number of 

cardiovascular diseases, including coronary heart disease, angina pectoris, hyperlipidemia, and 

cerebrovascular disease.110 It is one of the most widely used TCM herbal remedies being sold across 

the world with the largest market share in China, exceeding US$120 million in 2002.109,110 

   

Figure 2.1: Chinese Sage (Salvia miltiorrhiza) (left)111 and dried roots of S. miltiorrhiza (right).112 

 

2.1.2 Clinical Efficacy and Research 

There have been extensive studies into the pharmacology and clinical efficacy of danshen, as a 

medicinal agent, both as a whole medicine and as the extracts from the plant material.110 The 

cardiovascular benefits of Danshen were found to be extremely broad, and include: the 

improvement of microcirculation, coronary vasodilation, suppression of the formation of 

thromboxane, inhibition of platelet adhesion and aggregation, and protection against myocardial 

ischemia.48 In treatment of ischemic disease, it has been shown to be highly effective in the 

management of angina pectoris, myocardial infarction, and stroke.113 One study found danshen in 

the form of dripping pills, where the blended herb is mixed with excipients, was more effective than 

one current medication, isosorbide dinitrate (159), at treating angina pectoris (Figure 2.2).109,114 

With respect to cerebral infarction, a type of ischemic stroke, Danshen was found to have anti-

hypertensive and anti-platelet aggregation effects and is speculated to enhance anti-oxidative 

enzyme activities through increased expression of endothelial nitric oxide synthase.115 Another 

study found significant anti-viral activity from extracts of Danshen, against enterovirus 71.116 The 

broad array of biological activities possessed by Danshen suggest it as a potentially rich source of 

novel lead compounds for drug development.  
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Figure 2.2: Structure of isosorbide nitrate (159), used for treatment of angina.  

In addition to the wide ranging health benefits exhibited by danshen, there also exists potential 

sources of toxicity. Notwithstanding the general issues and sources of toxicity common to many 

plant-based medicines (discussed in chapter 1), danshen also contains a number of cytotoxic 

compounds, including salviolone (155), palmitoyl arucadiol (156), and salvinal (157) (Scheme 

2.3).117-119 Salvioline (155), possessing a structurally interesting 7-membered enol ether, was 

isolated from the methanolic extracts of danshen in 1988 and exhibits cytotoxic activity against 

kidney epithelial cells (Vero cells, TD50 = 12.3 µM).117 Palmitoyl arucadiol (156) possessed similar 

activity against human cancer cell lines (HeLa, CD50 = 11.9 µM; OVCAR-3, CD50 = 15.3 µM).118 

Comparatively, the commonly used anti-cancer drug cisplatin was less potent against these cell 

types (HeLa, CD50 = 26.8 µM; OVCAR-3, 33.5 µM).118 Salvinal (155) is one cytotoxic compound 

that has generated interest as a potential anti-cancer agent.119 Salvinal (155) demonstrates anti-

proliferative ability through inhibition of mitosis and has shown in vitro efficacy against multidrug 

resistant human tumour cells, including those resistant to existing microtubule inhibitors (IC50 = 4-

17 µM across multiple cell lines).119  

 

Figure 2.3: Cytotoxic compounds isolated from Danshen (Salvia miltiorrhiza). 

While these compounds may provide potential leads for new cancer therapies, the presence of 

cytotoxic compounds in a medicine intended to treat cardiovascular diseases, for example, is not 

desirable. However, Cheng et al. note in their investigations of acute and sub-chronic toxicity of 

danshen, that despite the presence of toxic compounds the herbal medicine is considered generally 

to have a low intrinsic toxicity.120 

The primary source of side-effects in practice is the result of herb-drug interactions, where the 

herbal based medicine is interacting with prescribed medication.48 This is often an issue where 

patients are self-administering herbal medicines under an assumption that they should be harmless 

and will not interfere with conventional medicines.29 One well documented interaction concerns 

patients taking warfarin (158), the common anticoagulant drug prescribed for a number of 
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cardiovascular conditions, primarily those which involve blood clotting (Figure 2.4).48 Danshen 

was found to exaggerate the anticoagulation response in patients taking warfarin which could 

potentially lead to bleeding problems for patients.121 Patients who took Danshen while also being 

prescribed digoxin (159), another cardiovascular medication, resulted in false readings when their 

serum digoxin levels were measured.48 Plasma protein binding and cytochrome P450 induction are 

mechanisms by which Danshen is proposed to interact with conventional treatments.122 There is 

evidence to suggest that P450 induction is the effect by which co-administration of Danshen with 

diazepam (160), a benzodiazepine anxiolytic drug, leads to changes in the pharmacokinetics of, 

resulting in increased metabolism of diazepam (160).123  

 

Figure 2.4: Structures of common prescription drugs with documented danshen-drug interactions.  

 

2.1.3 Isolated Compounds 

There have been a large number of compounds isolated from danshen, with extensive reviews 

cataloguing their structures and biological activities.48,109,110,124 The compounds isolated from 

danshen can be broadly divided into two groups: the water-soluble phenolic acids and the lipophilic 

terpenoids (Figure 2.5). The phenolic acids possess diverse structures often based on dimers and 

trimers of simpler members of the class. Many molecules of this class are biologically active and 

exhibit similar bioactivity to the herbal medicine itself. The lipophilic terpenoids, most of which 

have closely related structures possessing naphthalene or tetralin cores, are often highly 

oxygenated, polycyclic compounds which show a wide range of biologically activities. Members 

of this class possess some of the noteworthy cytotoxic effects of Danshen extracts.110 A selection 

of some of the more important isolated compounds are discussed below.  
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Figure 2.5: Examples of compounds isolated from Danshen (Salvia miltiorrhiza). Terpenoids 

(green) and acids (blue). 

Amongst the terpenoids is the tanshinone family. These diterpenoids are regarded as being 

responsible for much of the cardiovascular bioactivity of danshen. Tanshinone I (161) and IIA (162) 

are two representative examples that cause coronary artery dilation, an effect implicated in the 

treatment of heart disease (Figure 2.6).110,125 Additionally, they are found to inhibit the expression 

of the inflammatory regulator gene interleukin-12, a key mediator of the inflammatory response. 

110,125 Both have been found to be strong anti-oxidants, with tanshinone IIA (162) possessing in 

vitro inhibition of LDL oxidation, which is suspected to have an implication in the development of 

atherosclerosis.126-128 Tanshinone IIA (162) has also demonstrated anti-cancer potential through 

induced differentiation and apoptosis, in addition to preventing cancer invasion and metastasis.129 

The related compound dihydrotanshinone I (177) possess a wide scope of biological activity 

including antibacterial activity and cytotoxicity through inducing apoptosis in various tumour cell 

lines.130,131 While a number of compounds from danshen have received extensive investigation, 
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there remains a large number, like praewa tanshinone A (178), which possess many of the structural 

features of their biologically active relatives, but which have hitherto not been investigated. 

 

 

Figure 2.6: Diterpenoids isolated from Danshen (Salvia miltiorrhiza).  

Salvianonol (163) and neo-tanshinlactone (164) are cytotoxic compounds which depart slightly 

from the typical tanshinone scaffold by having a heteroatom attached directly to the aromatic core 

(Figure 2.7). Isolated in 2006, salvianonol (163) demonstrates toxicity towards HeLa (CD50 = 17.4 

µM) and HepG2 (CD50 = 37.5 mM) cancer cell lines.118 Neo-tanshinlactone (164) was isolated in 

2004 and a total synthesis completed in the same year.132 It was found to be extremely effective in 

the inhibition of breast cancer cell growth, showing far greater selectivity and potency when 

compared to tamoxifen citrate (179) – a current breast cancer chemotherapeutic drug.132 Further 

studies have developed analogues of neo-tanshinlactone (164) to improve on its potency as an anti-

cancer lead.133  

 

Figure 2.7: Cytotoxic terpenoids isolated from Danshen (Salvia miltiorrhiza), and anticancer drug, 

tamoxifen (179). 

Danshensu (170) is one of many phenolic compounds of Danshen, and one which is thought to 

inhibit Ca2+ aggregation in cardiac muscle (Figure 2.8). Studies have shown that danshensu (170) 

causes dilation of coronary arteries, inhibits platelet aggregation, and improves microcirculation –

features which are characteristic of the whole herbal medicine.109 Salvianolic acid B (167) possesses 

its own suite of cardiovascular effects, stimulating nitric oxide production and preventing oxidative 

modification of LDL which prevents their uptake by macrophages.109 In contrast, lithospermic acid 

(176) shows strong inhibition of HIV-1 reverse transcriptase (IC50 = 2.0 µM) with lower 

cytotoxicity than existing drugs.110  
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Figure 2.8: Examples of phenolic compounds isolated from Danshen (Salvia miltiorrhiza). 
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2.2 Danshenspiroketallactone: Isolation and Characterisation 

Danshenspiroketallactone (14) was first isolated from Chinese Sage (Salvia miltiorrhiza) by Rao et 

al. in 1985.105 The structure and absolute configuration were assigned using a combination of NMR 

data and X-ray diffraction analysis of the crystal structure.105 In 1988, during their investigation of 

the constituents of S. miltiorrhiza, Snyder et al. published the isolation of epi-

danshenspiroketallactone (15), isolated as an inseparable 6:4 (15/14) mixture with 

danshenspiroketallactone (14).106 Danshenspiroketallactone (14) and epi-danshenspiroketallactone 

(15) are stereoisomers, being epimeric at the spiroketal centre, and contain a synthetically 

interesting 5,5-spiroketallactone moiety (Figure 2.9). They possess many of the same structural 

features common to other terpenoids isolated from S. miltiorrhiza (vide supra), possessing an 

oxygenated, polycyclic ring system containing a naphthalene core.  

 

Figure 2.9: Structures of danshenspiroketallactone (14) and epi-danshenspiroketallactone (15) 

During their 1988 isolation, Snyder et al. reported that when treated with silica gel in chloroform, 

epi-danshenspiroketallactone (15) was observed to partially epimerise to danshenspiroketallactone 

(14), while no such epimerisation was observed for danshenspiroketallactone (14) (Scheme 2.1).106 

This suggests that epi-danshenspiroketallactone (15) is indeed a natural product, while it remains 

unclear whether danshenspiroketallactone (14) is an artefact of the isolation, or is also a natural 

product itself.  

 

Scheme 2.1: Epimerisation of epi-danshenspiroketallactone (15) to danshenspiroketallactone (14). 

The structure of epi-danshenspiroketallactone (15) was established using NMR data, including 

NOESY spectra, to confirm the relative stereochemistry, and establish it as the spiroketal epimer of 

danshenspiroketallactone (14).106 Unfortunately, the structures reported by Snyder et al. in the 

isolation paper of epi-danshenspiroketallactone (15) were incorrect with respect to the absolute 

stereochemistry (Figure 2.10). Snyder et al. reported NMR data for both 181 and 180, which was 

consistent with the previously reported danshenspiroketallactone (14), however the structures 



Danshenspiroketallactone 

 
42 

drawn had the methyl substituent on the spiroketal ring in the (S) configuration for both enantiomers 

(Figure 2.10 b) which was in conflict with the initial crystal structure data for 

danshenspiroketallactone (14) showing the methyl group as (R) (Figure 2.10 a).105,106 The correct 

structures (Figure 2.10 c) were independently determined by Kakisawa et al. in 1990, alongside 

the isolation of the two related compounds, cryptoacetalide (172) and epi-cryptoacetalide (171) 

(Figure 2.10 d).134  

 

Figure 2.10: Structures published for danshenspiroketallactone and its epimer, alongside the related 

cryptoacetalides.  
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2.3 Retrosynthetic Strategy 

2.3.1 Retrosynthetic Analysis of Danshenspiroketallactone (14) 

The synthetic strategy for danshenspiroketallactone (14) and its epimer (15) would hinge on the 

late stage oxidative radical cyclisation by intramolecular hydrogen abstraction (IHA) to form the 

spiroketal moiety from lactone 182 (Scheme 2.2). It was envisaged that lactone 182 could be 

obtained via intramolecular lactonisation and hydrogenolysis of alcohol 183, which in turn, could 

be constructed a using directed-ortho metalation to couple naphthamide 185 with known aldehyde 

184.135  

 

Scheme 2.2: Retrosynthetic strategy for danshenspiroketallactone (14) and its epimer (15).  

 

2.3.1 Total Synthesis of Cryptoacetalide (172) 

During the initial stages of this project, Deiters and Zou published a total synthesis of the closely 

related natural product, cryptoacetalide (172).136 The synthesis began with tert-butyldimethylsilyl 

(TBS) protection of alcohol 186 and subsequent Finkelstein reaction to provide iodide 187 (Scheme 

2.3).136 Iodide 187 was treated with lithiated isobutyronitrile (188) to give nitrile 189, which was 

subsequently reduced to aldehyde 190 using diisobutylaluminum hydride (DIBAL). A Corey-Fuchs 

reaction with carbon tetrabromide and triphenylphosphine converted the aldehyde of 190 into the 

terminal alkyne homologue which, following deprotection of the TBS ether using 

tetrabutylammonium fluoride (TBAF), gave alcohol 191. Jones' reagent was then used to effect 

oxidation of primary alcohol 191 to acid 192.  



Danshenspiroketallactone 

 
44 

 

Scheme 2.3: Reagents and Conditions: a) TBSCl, DMF, imidazole, rt, 3 h 94%; b) NaI, acetone, 

reflux, O.N., 98%; c) 188, LDA, THF, 0 °C → rt, 1 h, then 187, -78 °C, 30 min, rt, O.N., 86%; d) 

DIBAL, CH2Cl2, -78 °C, 100 min, 93%; e) CBr4, Ph3P, CH2Cl2, 0 °C, 15 min, then 190, rt, O.N., 

86%; f) n-BuLi, THF, -78 °C, 2 h; g) TBAF, THF, 0 °C, 1 h, 79% over 2 steps; h) Jones’ reagent, 

H2O, acetone, 0 °C, 1 h, 97%. 

Known chiral aldehyde 193, synthesised in five steps from (S)-3-hydroxy-2-methylpropiolate, was 

treated with ethynylmagnesium bromide giving a 1:1 diastereotopic mixture of alcohol 194 

(Scheme 2.4).136 Steglich esterification with N,Nʹ-dicyclohexylcarbodiimide (DCC) and 4-

dimethylaminopyridine (DMAP) united acid 192 and alcohol 194, affording ester 195 which was 

then ready for the key C-C bond forming step. A [2+2+2] intramolecular cyclotrimerisation 

catalysed by Cp*RuCl(COD) under microwave heating effected cyclisation of the aromatic core of 

the molecule, simultaneously generating the three western rings of cryptoacetalide (172), providing 

lactone 197. Deprotection of the p-methoxybenzyl (PMB) ether using DDQ gave alcohol 198 which 

was then ready for the key spirocyclisation reaction via oxidative radical cyclisation by IHA. 

Treatment of alcohol 198 using iodobenzene diacetate and iodine, under irradiation with a 200 W 

Xe/Hg lamp, afforded a 2:1 mixture of cryptoacetalide (172) and its epimer (171). 

 

Scheme 2.4: Reagents and Conditions: a) ethynylmagnesium bromide, THF, 0 °C,  1 h, 90%; b) 

DCC, DMAP, CH2Cl2, 0 °C → rt, O.N., 79%; c) Cp*Ru(COD)Cl, MW 300 W, toluene, 50 min, 

90%; d) DDQ, CH2Cl2, H2O, 0 °C, O.N., 99%; e) PhI(OAc)2, I2, benzene, hν 200 W, 1 h, 84%. 
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Despite the similarity of Dieters' synthesis to our own retrosynthesis, the project was at a 

sufficiently advanced stage to justify continuing with our route, despite the final spiroketalisation 

being very similar.  
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2.4 Synthesis of Naphthamide 185 

2.4.1 Retrosynthetic Strategy 

To commence our synthesis, naphthamide 185 would be synthesised. It was envisaged that 

naphthamide 185 could be obtained via a Suzuki cross-coupling of methylboronic acid and known 

bromide 199, which itself could be obtained from bromination and amidation of commercially 

available 1-naphthoic acid (200) (Scheme 2.5).  

 

Scheme 2.5: Retrosynthetic strategy for naphthamide 185.  

 

2.4.2 Synthesis of Naphthamide 185 

Commercially available 1-naphthoic acid (200) was brominated according to literature procedures 

using bromine in acetic acid, affording bromide 201, in moderate yield (Scheme 2.6).137 Using 

common literature conditions, bromide 201 was heated at reflux in the presence of oxalyl chloride 

and dimethylformamide (DMF) to generate acid chloride 202 which was directly treated with 

diethylamine affording amide 199 in excellent yield.138  

 

 

Scheme 2.6: Reagents and Conditions: a) Br2, AcOH, 110 °C, 48 h, 46%; b) oxalyl chloride, DMF, 

THF, reflux, 3 h; c) HNEt2, THF, 0 °C , 22 h, 91% over 2 steps. 

A number of methods exist for converting bromoarenes into their methylated analogues, including 

lithiation and subsequent quenching with a methylating agent139,140 or via transition metal-catalysed 

cross-coupling reactions including Negishi, Suzuki, Stille, and Kumada couplings.140-142 A simple 

example is the PdCl2(dppf) catalysed Suzuki cross-coupling of 1-bromonaphthalene (203) and 

potassium methyltrifluoroborate to give 1-methylnaphthalene (204) (Scheme 2.7).143 
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Scheme 2.7: Reagents and Conditions: a) PdCl2(dppf), CH3BF3K, CH2Cl2, Cs2CO3, THF/H2O 

(20:1), reflux, 16 h, 85% 

Previous work in our group had shown the effectiveness of 

tris(dibenzylideneacetone)dipalladium(0) and 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl 

(S-Phos) (206) to effect the Suzuki cross-coupling of methylboronic acid with simple 

bromonaphthalenes. Gratifyingly, treating bromonaphthalene 199 and methylboronic acid with 

Pd2(dba)3, S-Phos (206), and caesium carbonate in 1,4-dioxane effected a successful Suzuki cross-

coupling, providing the naphthamide 185 in excellent yield (Scheme 2.8). With gram quantities of 

the naphthamide 185 in hand, preparation of aldehyde 184 could be undertaken. 

 

Scheme 2.8: Reagents and Conditions: a) Pd2(dba)3 (5 mol%), S-Phos (206) (5 mol%), MeB(OH)2, 

Cs2CO3, 1,4-dioxane, reflux, 72 h, 96%. 
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2.5 Synthesis of Aldehyde 184 

2.5.1 Retrosynthesis of Aldehyde 184 

It was envisaged that synthesis of chiral aldehyde 184 could be achieved through reductive cleavage 

of known oxazolidinone 207 (Scheme 2.9). Nakamura and co-workers had previously synthesised 

oxazolidinone 207 using Evans auxiliary-based asymmetric conjugate addition onto α,β-

unsaturated oxazolidinone carboximide 208.144 Hydrolysis and coupling of Evans auxiliary 210 to 

known ester 209 would provide oxazolidinone 208.  

 

Scheme 2.9: Retrosynthesis of aldehyde 184. 

 

2.5.2 Synthesis of Aldehyde 184 

Commercially available benzyl alcohol (211) was treated with sodium hydride followed by allyl 

chloride to give alkene 212 in excellent yield (Scheme 2.10).145 Alkene 212 then underwent 

ozonolysis followed by treatment with two equivalents of triethylamine.146 Without isolation of the 

intermediate aldehyde 213, the crude mixture was subjected to Horner-Wadsworth-Emmons 

(HWE) olefination, providing the desired α,β-unsaturated ester 209 in good yield across the two 

steps.147 NMR data of the isolated ester (209) were in excellent agreement with the literature.148 

Hydrolysis of ester 209 with lithium hydroxide revealed acid 214 which was then ready to be 

coupled to the Evans chiral auxiliary.144 

 

Scheme 2.10: Reagents and Conditions: a) NaH, DMF, 0 °C → rt, 20 min, then allyl chloride, rt, 

1.5 h, 88%; b) O3, CH2Cl2,  -78 °C, 1.5 h, then NEt3, rt, 4 h; c) triethyl phosphonoacetate, K2CO3, 

H2O, 0 °C, 15 min, then aldehyde 213, Et2O, rt, 18 h, 50% (over 2 steps); d) LiOH, THF, rt, 43 h, 

86%. 
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With the acid 214 in hand, the synthesis of oxazolidinone 207 could now be undertaken following 

the procedures published by Nakamura et al. (Scheme 2.11).144 Oxazolidinone chiral auxiliaries, 

popularised by Evans in 1981, have found wide use in asymmetric aldol reactions, alkylations, 

Diels-Alder reaction and Michael additions.149-152 The auxiliaries are often synthesised from amino 

acids or chiral amino alcohols, however many are now commercially available.  

Acid 214 was coupled to commercially available chiral auxiliary 210, under Merck conditions, 

using pivaloyl chloride, triethylamine, and lithium chloride to provide oxazolidinone 208.153 

Oxazolidinone 208 then underwent asymmetric conjugate addition with the organocuprate 

generated in situ from treatment of methylmagnesium bromide, with copper(I) bromide dimethyl 

sulfide complex, providing oxazolidinone 207 in excellent yield and diastereoselectivity.144,154 

Recrystallisation from ethyl acetate-hexanes (4:1) provided the diastereomerically pure 

oxazolidinone 207. 

 

Scheme 2.11: Reagents and Conditions: a) pivaloyl chloride, NEt3, -41 °C, 2 h, then (R)-4-

phenyloxazolidin-2-one (210), LiCl, rt., 3 h, 72%; b) MeMgBr, CuBr.SMe2, THF/Me2S (3:2), -78 

°C, 20 min, then 0 °C, 20 min, then oxazolidinone 208, THF/CH2Cl2 (6:1), -78 °C, 30 min, then -41 

°C, 1 h, 98%, d.r. 96:4. 

Initial attempts to effect reductive cleavage of the chiral auxiliary from 207 using DIBAL were 

unsuccessful, giving no reaction (Scheme 2.12). However, treatment of 207 with lithium 

borohydride, cleaved the auxiliary and provided alcohol 215.144 Re-oxidation of primary alcohol 

215 using freshly prepared Dess-Martin periodinane (216) gave the desired chiral aldehyde 

184.155,156 NMR data were in good agreement with published values, as was the optical rotation 

data, [𝜶]𝑫
𝟐𝟏 = +10.4 (lit. [𝛼]𝐷

20 = +10.7).135 

 

Scheme 2.12: Reagents and Conditions: a) DIBAL, THF, -78 °C  rt; b) LiBH4 (2.0 M in THF), 

H2O, THF, 0 °C, 1 h, then rt, 4 h, 84%; c) Dess-Martin periodinane (216), CH2Cl2, 0 °C, 5 h, 63%. 
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2.6 Total Synthesis of Danshenspiroketallactone (14) and its 

epimer (15) 

2.6.1 Coupling Strategy  

With naphthamide 185 and chiral aldehyde 184 in hand, investigations towards coupling of the two 

fragments could be undertaken. It was thought that directed-ortho metalation of naphthamide 185 

could provide the required regioselectivity for the coupling with aldehyde 184 (Scheme 2.13). In 

principal, the nucleophilic aryllithium intermediate 217 formed would attack the aldehyde which, 

upon aqueous work-up, should yield benzylic alcohol 183 as the product.  

 

Scheme 2.13: Directed-ortho lithiation of naphthamide 185 to synthesise 183. 

 

2.6.2 Directed-ortho Metalation 

Directed-ortho metalation is a common strategy employed for the regioselective synthesis of 1,2-

disubstituted aromatics.157 Typically, deprotonation of an aromatic ring occurs via the most acidic 

proton forming an intermediate aryllithium species which can then be quenched by an introduced 

electrophile. If a directing ortho-metalation group (DMG) is present on the aromatic ring of the 

substrate (218), it can coordinate to the incoming alkyllithium reagent (219), guiding deprotonation 

at the ortho position (Scheme 2.14).157 The resulting aryllithium intermediate 220 is stabilised by 

continued complexation by the DMG. Subsequent addition of an electrophile affords the desired 

1,2-disubstituted aromatic 221.157  

 

Scheme 2.14: General directed-ortho metalation mechanism, and subsequent addition of an 

electrophile  

There are a wide variety of directing groups that have been successfully used for directed-ortho 

metalation, however the DMG generally needs to satisfy two, potentially contradictory, conditions: 

having the ability to coordinate to the metal which necessitates the presence of a heteroatom, and 

being poorly electrophilic as to prevent attack by the alkyllithium reagent.157 Early work made use 
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of halide, methoxy, and ether DMG.157-159 Later, this gave rise to the use of carbamates, bulky 

tertiary amides, and heterocycles, and more recently, sulfonamides as the directing substituents 

(Figure 2.11).157,159  

 

Figure 2.11: A selection of common DMG for directed-ortho metalation. 

Initially, tertiary amides were found to be of limited utility in directed-ortho metalation. Treatment 

of diethylbenzamide (222) with n-BuLi at 0 °C, resulted in butyl ketone 223 (Scheme 2.15).160 

However, use of bulkier bases (sec-BuLi), lower temperatures, and the addition of TMEDA allowed 

benzamide 222 to be successfully ortho-lithiated to aryllithium 224, evidenced by the production 

of the 1,2-disubstituted benzamide 225 upon addition of an electrophile, and by dimerisation to the 

anthraquinone 226 if aryllithium 224 was allowed to warm to 0 °C.159  

 

Scheme 2.15: Reagents and Conditions: a) n-BuLi, THF, 0 °C; b) sec-BuLi, TMEDA, THF, -78 

°C.  

Relevant to our investigations, tertiary naphthamides have been successfully coupled to 

electrophilic substrates using directed-ortho lithiation strategies. This has been a useful strategy to 

regioselectively introduce a formyl substituent onto an aromatic ring. In their investigations into 

the synthesis of dimethyl phthalide-3-phosphates, such as 229, Watanabe et al. treated naphthamide 
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227 with sec-BuLi and the resulting aryllithium species was quenched with DMF which, upon 

acidic work-up, afforded aldehyde 228 (Scheme 2.16).161 

 

Scheme 2.16: Reagents and Conditions: a) sec-BuLi, THF, -78 °C, 1 h, then DMF, THF, -78 °C, 

30 min, then rt, 2 h, 94%.  

Furthermore, there are numerous reports of lithiated naphthamides being coupled to carbonyl-

containing compounds, most commonly, simple aldehydes. Clayden et al. constructed a series of 

racemic alcohols 232 by directed-ortho lithiation of diethyl (227) or diisopropyl naphthamide (230) 

with subsequent addition of aliphatic or aromatic aldehydes (231) (Scheme 2.17).162 It was found 

that increasing the steric bulk of both the R group on the amide and of the R1 group of the aldehyde 

(231) resulted in lower yields.  

 

Scheme 2.17: Reagents and conditions: a) sec-BuLi, THF, -78 °C, 30 min, then aldehyde 231, -78 

°C - 20 °C, 30 min. 

 

2.6.3 Coupling of Naphthamide 185 and Aldehyde 184 

2.6.3.1 Attempted Synthesis of Alcohol 183  

Our initial attempts to synthesise alcohol 183 using directed-ortho metalation were undertaken. 

Naphthamide 185 was treated with sec-BuLi at -78 °C to generate the ortho lithiated species, and 

after 30 minutes at -78 °C, aldehyde 184 was added (Scheme 2.18). The reaction quickly resulted 

in a complex mixture of products which failed to resolve over time. Attempts to isolate and identify 

compounds of the mixture were unsuccessful.  

 

Scheme 2.18: Reagents and conditions: a)  sec-BuLi, THF, -78 °C, 30 min, then aldehyde 184, -78 

°C → rt , 18 h. 
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Successful synthesis of the desired alcohol 183 would have resulted in a mixture of diastereomers 

and potentially rotamers, in addition to any side products of the reaction. If any of the desired 

products were present in the complex mixture, it was hoped that treatment with anhydrous HCl 

would effect lactonisation and thus potentially simplify the mixture and allow for isolation of 

lactone 233 (Scheme 2.19). 

 

Scheme 2.19: Tandem directed-ortho metalation/lactonisation. 

Directed-ortho lithiation of naphthamide 185 followed by addition of aldehyde 184 was undertaken 

as before. The crude mixture was then treated with anhydrous HCl in 1,4-dioxane. Monitoring of 

the reaction mixture by thin layer chromatography (TLC) revealed an intensely fluorescent spot 

when viewed under UV light. The compound giving rise to this single spot was purified and 

analysed.  

The 1H NMR spectrum showed signals similar to both the naphthamide 185 and aldehyde 184 

precursors in a 1:1 ratio, with the absence of an aldehyde peak at δ 9.77 ppm and of one aromatic 

proton, consistent with formation of the cross-coupled product. Furthermore, the peaks arising from 

the ethyl groups of the naphthamide 185 had disappeared, suggestive of a successful lactonisation. 

Finally, the absence of a correlation between H-2 aromatic proton and the carbonyl carbon of the 

lactone in the HMBC, a correlation which was present in the naphthamide 185 precursor (HMBC: 

H-2/C=O), provides evidence for regioselective substitution ortho to the directed group, as 

intended. With mass spectrum data in agreement, the isolated product was concluded to be the 

desired lactone 233, isolated in 12% yield, over 2 steps as a 4:3 mixture of diastereomers.  

 

Scheme 2.20: Reagents and Conditions: a) sec-BuLi, THF, -78 °C, 30 min, then aldehyde 184, THF, 

-78 °C → rt, 18 h; b) HCl (4.0 M, in 1,4-dioxane), THF, rt, 19 h, 12% over 2 steps.  

 

2.6.3.2 Optimisation of Directed ortho-Metalation/Lactonisation  
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Optimisation studies, varying solvent, base, additives, times, and substrate ratio, were carried out 

to find the best conditions to perform the tandem directed ortho metalation/lactonisation protocol 

and improve upon the initial 12% yield (Table 2.1).  

 

Table 2.1: Optimisation of Conditions for Directed ortho Metalation/Lactonisation  

Entry Base Solvent Additive Lithiation 

temp 

Metalation 

Time (h) 
Reaction 

timea (h) 
Ratio  

185:184 

Yieldb 

(%) 

1 sec-

BuLi 

THF - -78 °C 0.5 18 1 : 1 12 

2 sec-

BuLi 

THF - -78 °C 1 18 1 : 1 7 

3 sec-

BuLi 

THF - -78 °C 1 4 1 : 1 35 

4 tert-

BuLi 

THF - -78 °C 1 4 1 : 1 10 

5 sec-

BuLi 

Et2O - -78 °C 1 4 1 : 1 26 

6 sec-

BuLi 

Et2O - -78 °C 1 4 2 : 1 38 

7 sec-

BuLi 

Et2O - -41 °C 1 4 1 : 1 19 

8 sec-

BuLi 

Et2O TMEDA -78 °C 1 4 1 : 1 18 

9 sec-

BuLi 

THF MgBr2
c -78 °C 1 4 1 : 1 0 

10d sec-

BuLi 

Et2O - -78 °C 1 70 1 : 1 5 

a. Aldehyde added in solution of THF at -78 °C and allowed to warm to rt over 30 min 

b. Isolated yield of lactone 233 following lactonisation of crude lithiation product with HCl (4.0 M, in dioxane), THF, rt, 

for 3 h 

c. MgBr2 added 30 min  after sec-BuLi. A further 30 min later, the aldehyde 184 was added as usual.  
d. 2.5 equiv. sec-BuLi, 1 equiv. naphthalene, 1 equiv. aldehyde 184. 

 

Longer metalation times were not found to change the yield significantly (Table 2.1: entry 1 vs. 2) 

However, decreasing the overall reaction time saw a significant increase in desired lactone 233 

(entry 3 vs. 2). Changing the base from sec-butyllithium to tert-butyllithium (entry 4 vs. 3) resulted 

in a decreased overall yield. Use of diethyl ether as the solvent resulted in a slightly decreased yield 

(entry 5 vs. 3), however this was countered by the use of two equivalents of naphthamide 185 and 
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base, relative to the aldehyde 184 (entry 6 vs. 5). Undertaking the directed ortho metalation at a 

higher temperature (entry 7 vs. 5) or the addition of TMEDA (entry 8 vs. 5) were found to be 

counterproductive. Attempts to form the Grignard reagent through transmetalation of the 

aryllithium intermediate with magnesium bromide were unsuccessful resulting in no product being 

isolated (entry 9 vs. 3). The addition of 2.5 equivalents of sec-BuLi (entry 10 vs. 5) also resulted in 

a low yield of lactone 233. 

Using two equivalents of the naphthamide 185 and two equivalents of base, a modest yield of the 

required lactone 233 could be obtained (Scheme 2.21). Subsequent removal of the benzyl ether 

protecting group by hydrogenolysis of 233 over Pd(OH)2/C provided alcohol 182 which was then 

ready to undergo the key oxidative radical cyclisation step to form the spiroketallactone ring.  

 

Scheme 2.21: Reagents and Conditions: a) sec-BuLi, Et2O, -78 °C, 1 h, then aldehyde 184 (0.5 

equiv.), Et2O, -78°C, 1 h, rt, 3 h; b) HCl (4.0 in 1,4-dioxane), THF, rt, 3 h, 38% c) H2, Pd(OH)2/C 

(20% Pd on carbon), EtOAc/MeOH (2:1), rt, 6.5 h, 63%  

 

2.6.4 Oxidative Radical Cyclisation  

Oxidative radical cyclisation through intramolecular hydrogen abstraction (IHA) is a versatile 

method to construct spiroketals and offers a mild alternative to traditional acid-catalysed cyclisation 

of dihydroxyketones. Performed under oxidative conditions, it provides a useful alternative to 

forming the spiroketal core for substrates that are acid sensitive.163  

The first report of this methodology used lead(IV) acetate as the oxidant, to effect the spirocylisation 

of a series of diols 234 to the corresponding spiroketals 235 (Scheme 2.22).164 In recent years, 

lead(IV) acetate has since been replaced by non-toxic hypervalent iodine reagents, notably 

(diacetoxyiodo)benzene.163 

 

Scheme 2.22: Reagents and Conditions: a) Pb(OAc)4, benzene, reflux, 2-5 h, 3- 29%. 

In its modern form, the active oxidant, acetyl hypoiodite, is formed in situ from the reaction of 

(diacetoxyiodo)benzene and iodine (Scheme 2.23).165 The alcohol 236 displaces the acetyl group 
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of acetyl hypoiodite giving the intermediate alkyl hypoiodite 237.163 Irradiation with visible light 

induces homolytic cleavage of alkyl hypoiodite 237 resulting in alkoxy radical 238 (and an iodine 

radical) which then proceeds to intramolecularly abstract the hydrogen at the base of the ether to 

give radical 239.80,166 The preference for 1,5-hydrogen abstraction is due to a kinetically favoured 

six-membered transition state and a weakened C-H bond due to hyperconjugation of the oxygen’s 

unpaired electrons into the C-H σ* orbital.163,167 Alkyl radical 239 is stabilised by resonance 

contribution from radical 240. Single electron transfer oxidises 239/240 to oxonium 241 which then 

undergoes intramolecular nucleophilic attack by the hydroxyl group to give spiroketal 235a.163  

 

Scheme 2.23: Mechanism of oxidative radical cyclisation by intramolecular hydrogen abstraction 

The success of IHA in late-stage construction of the spiroketal moiety has been reviewed recently, 

illustrating the synthetic utility of this approach in the synthesis of complex natural products.163 In 

the synthesis of the bis-spiroketal moiety of spirolides B and D, Brimble et al. used PhI(OAc)2 and 

iodine to perform two consecutive IHA reactions to first give a 5,6-spiroketal 243 followed by the 

desired 5,5,6-bisspiroketal 245, providing excellent yields for both transformations (Scheme 

2.24).168  

Scheme 2.24: Reagents and Conditions: a) PhI(OAc)2, I2, hν, cyclohexane, rt, 86%; b) TBAF, 

DMF, 80 °C, 82%; c) PhI(OAc)2, I2, hν, cyclohexane, rt, 81%, d.r. 1:1:1:1.  

This chemistry has also been used to construct monobenzannulated spiroketals, with a series of 5,5-

, 5,6- and 6,6-spiroketals synthesised from the corresponding dihydrobenzofurans. In a 

representative example, dihydrobenzofuran 246 was treated under standard IHA conditions using 
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(diacetoxyiodo)benzene and iodine, resulting in 5,6-spiroketal 247, obtained in a 7:5 ratio of 

diastereomers (Scheme 2.25).101 As expected, the six-membered ring of 247 adopted a conformation 

that allowed for anomeric stabilisation with the oxygen of the benzofuran ring axial. Further 

investigations into bis-benzannulated spiroketals from phenols were unfortunately unsuccessful, 

resulting in no reaction. The lack of reactivity of phenolic substrates towards IHA is attributed to 

either reduced nucleophilicity of the phenol preventing the formation of initial alkyl hypoiodite 

species, or from increased stability of the resulting phenoxide radical which prevents hydrogen 

abstraction.101 

 

Scheme 2.25: Reagents and Conditions: a) PhI(OAc)2, I2, hν, cyclohexane, rt, 93%, d.r 7:5. 

Relevant to our synthetic interests here, IHA methodology has also been used to achieve 

spiroketallactone structures. In 2000, Brimble et al. prepared a series of benzannulated 

spiroketallactones 249 from phthalides 248 (Scheme 2.26).169 Examples such as these provided the 

foundation for the use of IHA in the total synthesis of cryptoacetalide (172) (vide supra) and which 

would hence be the basis on which the key spiroketalisation step in our synthesis of 

danshenspiroketallactone (14) would be undertaken.136  

 

248 R1 R2 Yield (%) 

a H H 78 

b OMe H 83 

c OMe Me 83 

 

Scheme 2.26: Reagents and Conditions: a) PhI(OAc)2, I2, hν, cyclohexane, rt, 72%. 
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2.6.5 Total Synthesis of Danshenspiroketallactone (14) and epi-

Danshenspiroketallactone (15) 

2.6.5.1 Total Synthesis  

Pleasingly, when alcohol 182 was treated with (diacetoxyiodo)benzene  and iodine, in cyclohexane, 

and the mixture irradiated with visible light from a 60 W desk lamp, an inseparable 1:2 mixture of 

danshenspiroketallactone (14) and epi-danshenspiroketallactone (15) was isolated (Scheme 2.27).  

 

 

Scheme 2.27: Reagents and Conditions: (i) PhI(OAc)2, I2, cyclohexane, hν, rt, 3.5 h, 47%, d.r. 1:2.  

Investigation of the 1H and 13C NMR spectra of the products provided an immediate indication of 

a successful oxidative radical cyclisation due to the disappearance in the 1H NMR spectrum of the 

resonance for the lactone C-H at δ 5.63 ppm and 5.68 ppm, from the respective starting material 

diastereomers. Comparison of the 1H and 13C NMR spectra to those reported confirmed that 

synthesis of the natural product had been achieved.105,106,134 Interestingly, this is the same 

diastereomeric ratio as seen in the IHA spirocyclisation of cryptoacetalide (172) and its epimer 

(171) (vide supra).136  

Despite NMR data being obtained for the mixture of epimers, peaks for each compound were able 

to be fully assigned based on literature data.105,106,134 Detailed below is the comparison of the 1H and 

13C NMR data obtained from this total synthesis with that published for danshenspiroketallactone 

(14) (Table 2.2) and epi-danshenspiroketallactone (15) (Table 2.3). The data shows excellent 

agreement in both chemical shifts and coupling constants across all spectra. 
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Table 2.2: Comparison of 1H and 13C NMR data for synthesised danshenspiroketallactone (14) with 

literature values.  

 1H NMR 13C NMR 

Position Recorded  

chemical 

shift (ppm) 

Coupling 

constant, J 

(Hz) 

Literature 

chemical 

shift (ppm) 

Literature 

coupling 

constant, J 

(Hz) 

Recorded  

chemical 

shift (ppm) 

Literature 

chemical 

shift (ppm) 

1 8.87 8.4 8.84 8.5 122.1 121.98 

2 7.60 7.0, 8.5 7.56 7.0 ,8.5 129.0 128.79 

3 7.46 1.0 ,7.0 7.44 7.0 128.5 128.33 

4       135.1 134.95 

5       133.5 133.3 

6 8.34 m 8.32 8.6 131.9 131.77 

7 7.57 8.4 7.53 8.6 118.2 118.05 

8       147.1 146.96 

9       122.2 122.02 

10       129.3 129.08 

11       168.4 168.26 

12          

13       113.2 113.09 

14a 3.82 8.2 3.79 8.1 77.4 77.23 

  14b 4.47 8.2 4.45 8.1 

15 2.95 m 2.95 m 32.6 32.49 

16a 2.11 10.5, 13.0 2.09 10.5, 12.9 45.4 45.22 

  16b 2.53 7.0 ,13.0 2.51 6.8,12.9 

17 1.26 7.0 1.23 7.0 17.4 17.24 

18 2.74 s 2.72 s 19.9 19.68 
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Table 2.3: Comparison of 1H and 13C NMR data for synthesised epi-danshenspiroketallactone (15) 

with literature values 

 1H NMR 13C NMR 

Position Recorded  
chemical 

shift (ppm) 

Coupling 
constant, J 

(Hz) 

Literature 
chemical 

shift (ppm) 

Literature 
coupling 

constant, J 
(Hz) 

Recorded  
chemical 

shift (ppm) 

Literature  
chemical 

shift (ppm) 

1 8.87 8.4 8.84 8.5 122.2 121.99 

2 7.60 7.0 ,8.5 7.56 7.0, 8.5 129.0 128.79 

3 7.46 1.0 ,7.0 7.44 7.0 128.5 128.33 

4       135.1 134.95 

5       133.4 133.24 

6 8.34 m 8.31 8.6 132.0 131.89 

7 7.53 8.8 7.51 8.6 118.1 117.98 

8       147.8 147.66 

9       121.7 121.52 

10       129.2 128.99 

11       168.4 168.47 

12          

13       113.2 113.09 

14a 4.42 7.8 4.40 8.1 77.4 77.23 
  14b 3.93 7.2, 8.2 3.91 6.9, 8.1 

15 2.76 m 2.73 m 33.5 33.35 

16a 2.70 9.5, 13.4 2.67 9.4, 13.1 44.6 44.16 
  16b 2.22 4.7, 13.2 2.19 4.1, 13.4 

17 1.32 7.0 1.29 7.0 18.2 18.02 

18 2.74 s 2.72 s 19.9 19.68 
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2.6.5.2 Absolute Stereochemistry  

Danshenspiroketallactone (14) and epi-danshenspiroketallactone (15) were originally isolated as a 

7:1 mixture of diastereomers.106 When subjected to acidic conditions, epi-danshenspiroketallactone 

(15) was found to undergo partial epimerisation to danshenspiroketallactone (14). The same was 

not observed for danshenspiroketallactone (14).106  

 

Scheme 2.28: Equilibration studies on synthesised danshenspiroketallactone (14) and epimer (15). 

The IHA mediated spirocyclisation is not stereospecific, thus the difference in the ratios of products 

observed (1:2, 14/15) will be as the result of the preferential formation of the kinetic product during 

reaction and subsequently any equilibration towards the thermodynamic product (if not the same as 

the kinetic product) in the presence of silica gel during purification, as previously suggested.106  

Equilibration studies were carried out on the mixture of diastereomers obtained from this synthesis. 

Treatment with a selection of Lewis and Brønsted acids further drove the equilibrium towards the 

thermodynamically stable diastereomer, danshenspiroketallactone (14) (Table 2.4). This is 

consistent with the original isolation paper.106  

 

Table 2.4: Equilibration studies of epi-danshenspiroketallactone (15) to danshenspiroketallactone 

(14). 

Entry Additive Solvent Time (h) (14) (%) epi- (15) (%) 

Initial - - - 62 38 

1 InCl3 MeCN 2 74 26 

2 PPTS MeCN 24 73 27 

3 - CDCl3 24 73 27 

4 ZnCl2 DCM 24 70 30 

 

This synthesis was performed with the stereochemistry of the aliphatic methyl group fixed as (R). 

When combined with the data of the thermodynamic stabilities of the respective isomers, this allows 
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us to confirm the absolute stereochemistry as assigned in the original isolation of 

danshenspiroketallactone (14) by Rao et al. and is consistent with the corrected structures for epi-

danshenspiroketallactone (15) published by Kakisawa et al.105,134 Additionally, this allows us to 

disregard the incorrectly drawn structures by Snyder et al. in the initial reporting of the isolation of 

epi-danshenspiroketallactone (15), where the stereochemistry of the aliphatic methyl group was 

reported as (S) for both epimers, in contraction to the X-ray crystal structure data for 

danshenspiroketallactone (14).105,106  
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2.7 Conclusions and Future Work 

Thus, it was concluded that the total syntheses of danshenspiroketallactone (14) and epi-

danshenspiroketallactone (15) had been achieved. The report of this synthesis was published in 

Synlett in 2011.170  

The total synthesis of danshenspiroketallactone (14) and its epimer (15) began with the synthesis 

of the aromatic fragment from 1-naphthoic acid (200). Regioselective bromination, amidation, and 

subsequent Suzuki cross-coupling with methyl boronic acid, afforded naphthamide 185 (Scheme 

2.29).  

 

Scheme 2.29: Reagents and Conditions: a) Br2, AcOH, 110 °C, 48 h, 46%; b) oxalyl chloride, DMF, 

THF, reflux, 3 h, then HNEt2, THF, 0 °C , 22.5 h, 91% over 2 steps; c) Pd2(dba)3 5 mol%, S-Phos 

(206), 5 mol%, MeB(OH)2, Cs2CO3, 1,4-dioxane, reflux, 72 h, 96%. 

Following this, the aliphatic aldehyde 184 was synthesised. Benzyl alcohol (211) was treated with 

allyl chloride giving alkene 212 which underwent ozonolysis and HWE olefination to provide ester 

209 (Scheme 2.30). Ester hydrolysis and subsequent coupling to chiral auxiliary 210 afforded 

oxazolidinone 208. Asymmetric conjugate addition with an in situ generated methyl cuprate 

installed the chiral methyl group of 207, which was then reduced to remove the auxiliary giving 

alcohol 215. Oxidation of alcohol 215 gave chiral aldehyde 184.   

 

Scheme 2.30: Reagents and Conditions: a) NaH, DMF, 0 °C → rt, 20 min, then allyl chloride, rt, 

1.5 h, 88%; b) O3, CH2Cl2,  -78 °C, 1.5 h, then NEt3, rt, 4 h; c) triethyl phosphonoacetate, K2CO3, 

H2O, 0 °C, 15 min, then aldehyde 213, Et2O, rt, 18 h, 50% (over 2 steps); d) LiOH, THF, rt, 43 h, 

86%; e) Pivaloyl chloride, NEt3, -41 °C, 2 h, then (R)-4-phenyloxazolidin-2-one (210), LiCl, rt., 3 

h, 72%; f) MeMgBr, CuBr.SMe2, THF/Me2S (3:2), -78 °C, 20 min, then 0 °C, 20 min, then 

oxazolidinone 208, THF/DCM (6:1), -78 °C, 30 min, then -41 °C, 1 h, 98%, d.r. 96:4; g) LiBH4 (2.0 

M in THF), H2O, THF, 0 °C, 1 h then rt, 4 h, 84%; h) Dess-Martin periodinane (216), CH2Cl2, 0 °C, 

5 h, 63% 
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Directed-ortho metalation of naphthamide 185 was used to generate the corresponding aryllithium 

species which then underwent 1, 2-addition to aldehyde 184 (Scheme 2.31). Acid-catalysed 

lactonisation of the crude product provided lactone 233 as a mixture of diastereomers. 

Hydrogenolysis effected the removal of the benzyl ether to give alcohol 182 which then underwent 

successful oxidative radical cyclisation by intramolecular hydrogen abstraction (IHA) to afford 

danshenspiroketallactone (14) and epi-danshenspiroketallactone (15) as an inseparable 1: 2 mixture 

of diastereomers. 

 

Scheme 2.31: Reagents and Conditions: a) sec-BuLi, Et2O, -78 °C, 1 h, then aldehyde 184 (0.5 

equiv), Et2O, -78°C, 1 h, rt, 3 h; b) HCl (4.0 in dioxane), THF, rt, 3 h, 38% over 2 steps; c) H2, 

Pd(OH)2/C (20% Pd/C), EtOAc/MeOH (2:1), rt, 6.5 h, 63%; d) PhI(OAc)2, I2, cyclohexane, hν, r.t., 

3.5 h, 47%, d.r. 1:2 14/15. 

The future work for this project will involve biological testing of danshenspiroketallactone (14) and 

epi-danshenspiroketallactone (15) to assess any biological activity.  
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3.1 Biology of Chinese Hawthorn 山楂 

3.1.1 Chinese Hawthorn in TCM 

Chinese Hawthorn (Crataegus pinnatifida), also known as Chinese Hawberry, is one of 16 species 

of the Crataegus genus found in China, and just one of more than 1000 species of this genus found 

worldwide (Figure 3.1).171 The tree possesses broad green leaves with white flowers which develop 

into small red fruit known as shānzhā 山楂 or da hong guo 大红果.172 The dried fruits have been 

used for centuries in Traditional Chinese Medicine (TCM) for the treatment of cardiovascular 

diseases, to improve blood circulation, reduce hypertension, and to treat arrhythmias and heart 

failure.173,174 The fruits have also been used to improve gastrointestinal health, promoting stomach 

functioning, reducing indigestion, and treating diarrhoea and epigastric distension.173  

 

Figure 3.1: Botanical drawings of Crataegus sp. (left)175 and dried Chinese Hawthorn fruit (right)176  

 

3.1.2 Clinical Efficacy and Research 

Attributed to the ubiquity of the Crataegus genus across the northern hemisphere, extensive reviews 

have been published regarding the biological activity and isolated compounds found in these 

plants.172,173 Different members of the genus possess many of the same medicinal effects and contain 

many related natural products. The pharmacological activity of the genus is largely attributed to 

proanthocyanidins (oligomeric flavonoids) and glycosylated flavonoids.172 With respect to Chinese 

Hawthorn (Crataegus pinnatifida) specifically, numerous reports have described the biological 

activity of the whole fruits and of their extracts; a summary of the published research is detailed 

below.  

3.1.2.1 Cardiovascular Effects 
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Severe cardiovascular disease caused by atherosclerosis (thickening of the artery wall causing 

blockage) is typically treating using cholesterol-lowering drugs such as statins, which are noted as 

having a wide range of negative side-effects and are ineffective in a significant number of 

patients.177 As such, the cholesterol and fat-lowering effects observed in TCM like Chinese 

Hawthorn (Crataegus pinnatifida) have been investigated as alternative treatments and as a source 

of novel cardiovascular compounds. In 2012, an extensive study into the anti-inflammatory and 

cardiovascular benefits of C. pinnatifida by Yang found reduced inflammatory cytokines, improved 

lipid metabolism, and decreased blood lipid levels of mice suffering from atherosclerosis when they 

were treated with ethanolic extracts of C. pinnatifida fruit.177 In general, it was observed that the 

extracts impeded the progression of the disease and may potentially help to prevent it.177  

Chan et al. showed the whole dried fruits to have a variety of health benefits in rats with diet-

induced hypercholesterolemia, providing oxidative relief to the liver, resulting in reduced blood 

cholesterol, and reducing the magnitude of fatty liver development.174 This result was supported in 

a separate publication which also noted that the dried fruit of the Chinese Hawthorn had 

hepatoprotective effects, reducing cholesterol levels by upregulating CYP7A1 mRNA expression 

in the liver which is known to have a direct impact on bile acid biosynthesis from cholesterol.178 

Another study attributed the hypochloesterolemic effects of C. pinnatifida to its regulation of 

cholesterol-7α-hydroxylase and sterol O-cholesterol acyltransferase – two enzymes involved in 

cholesterol metabolism and bile acid biosynthesis.179 

Fractionated extracts of C. pinnatifida fruit also showed significant lipid lowering effects in mice 

with high-fat diet-induced hyperlipidaemia.180 Interestingly, the extracts showed greater effect than 

any individual known compounds identified from the extract, suggesting a synergist effect for the 

constituents.180  

3.1.2.2 Anti-oxidant and Anti-inflammatory Effects 

During investigation into LDL oxidation, it was found that hot-water extracts of C. pinnatifida fruit 

quenched free radicals and provided in vitro anti-oxidative effects; the effects are largely ascribed 

to the abundance of radical scavenging polyphenols identified in the extracts.181  

Similarly, in research into oxidative stress-mediated neurodegeneration and its implication in the 

pathophysiology of Alzheimer’s disease, the ethanolic extract of the fruit was found to have in vitro 

neuroprotective effects in neuronal cells (PC12 cells) with hydrogen peroxide-induced 

cytotoxicity.182 Again, the total phenolic and flavonoid content was noted as being significant to the 

observed antioxidant effects.  

The ethanolic extracts of the fruit have also been investigated for their anti-inflammatory activity. 

In a mouse model for asthma the extracts were found to reduce cytokine proteins and reduce the 

expression of a number of inflammation-linked factors.183  
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There are a number of different varieties of C. pinnatifida var., which possess differing levels of 

some bioactive natural products. The relative anti-oxidant and anti-inflammatory activities of two 

variants: C. pinnatifida and C. pinnatifida var. typica were investigated. C. pinnatifida was found 

to have a far higher concentration of phenolics and thus greater in vitro anti-oxidant activity when 

compared to C. pinnatifida var. typica, while C. p. typica demonstrated higher anti-inflammatory 

effect.184  

3.1.2.3 Other Biological Activities  

Aside from the cardiovascular, anti-oxidant, and anti-inflammatory effects investigated, C. 

pinnatifida has been investigated for a variety of less well explored applications. One study in 2013 

found oral administration of C. pinnatifida extracts promoted hair growth in mice models and in 

human skin cells.185 The authors report that constituents of the extract interact with cell signalling 

pathways involving mitogen-activated kinases, Bcl-2 and Bax, which induce the hair growth phase 

(anagen phase) in follicles and which are involved with mediation of cell death.185  

 

3.1.3 Isolated Compounds 

Chinese Hawthorn (C. pinnatifida) is rich in biologically active polyphenols and glycosylated 

flavonoids, with multiple reviews and catalogues of the chemical constituents having been 

published (Figure 3.2).172,186-189 As of 2014, over 150 compounds had been isolated and 

characterised from C. pinnatifida; below a representative selection of biologically active 

compounds is discussed.189  
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Figure 3.2: A selection of compounds isolated from C. pinnatifida.  

Hyperoside (266) and isoquercitrin (267) are two of the most abundant flavonol glycosides found 

in the extracts of Chinese Hawthorn fruits (Figure 3.3).190 During one study into reactive oxygen 

species in Alzheimer’s disease, hyperoside (266) was found to have a protective effect against 

peroxide-induced cytotoxicity in neuronal PC12 cells. Complete protection from cytotoxicity was 

observed for concentrations under 160 µg/mL and 100 µg/mL, for hydrogen peroxide and tert-butyl 

hydroperoxide respectively.191 Hyperoside has also shown opioid receptor activity, demonstrating 

κ-opioid antagonism – a receptor implicated in drug relapse behaviour, specifically for cocaine and 

methamphetamine dependence.192 Isoquercetrin (267), along with rutin (271) and quercetin (265) 

(on which many of these flavonol glycosides are based), were tested for α-glucosidase activity.193 

All three compounds were found to be good inhibitors of the enzyme (Ki = 25.0, 28.3, and 6.68 µM 

respectively), making them interesting lead compounds for research into hyperglycaemia and 

diabetes.193 In 2010, isoquercetin (267) was found to be a potent inhibitor of both influenza A and 

B viruses, showing a lower virus titre and decreased pathological lung changes in the mouse models 

compared to a typical infection (ED50 = 1.2 µM, TD50 = 46 µM).194  
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Figure 3.3: Flavonol O-glycosides isolated from C. pinnatifida. 

A large number of flavone O-glycosides have been isolated from C. pinnatifida, and while flavone 

C-glycosides are also known, they are less common and their biology less well explored (Figure 

3.4). The flavone C-glycoside vitexin (272) possesses antibiotic activity against Staphylococcus 

aureus, Bacillus subtilis and Pseudomonas aeruginosa in addition to anti-thyroid activity in 

humans.195,196 Additionally, the antioxidant properties of vitexin (272) were investigated for its anti-

aging properties for use in cosmetics.197 It was found to be an effective anti-oxidant and was 

suggested as a potential protective agent against UV-induced skin damage.197 Another C-glycoside, 

isoshaftoside (273) is found in both C. pinnatifida and Desmodium uncinatum - a plant used as an 

‘intercrop’ to suppress the growth of a parasitic weed which can devastate maize crops between 

planting seasons.198 Isoshaftoside (273) is thought to be the primary component by which D. 

uncinatum confers this allelopathic inhibition of the weed.198 In a study of the myocardial effects 

of flavonoids from Crataegus spp., a number of flavones including hyperoside (266), rutin (271), 

and vitexin rhamnoside (274) were found to increase coronary flow to differing degrees. Inhibition 

of 3,5`-cyclic AMP phosphodiesterase is likely to be responsible for the effect.199  

 

Figure 3.4: A selection of flavone C-glycosides from C. pinnatifida. 

A number of cytotoxic triterpenoids have also been isolated from C. pinnatifida (Figure 3.5) 

Corosolic acid (269) and ursolic acid (270) have demonstrated potent cytotoxic activity against 

several human cancer cell lines.200 Ursolic acid (270) exhibited activity against gastric cancer 
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(BGC-803, IC50 = 25.0 µM at 48 h) and hepatocellular cancer cell lines, both in vitro and in vivo, 

and supressed proliferation of myeloma cells through interfering with gene transcription via 

inhibition of signal transducers and activators of transcription 3 (STAT3).201,202 Ursolic acid (270) 

was also found to stimulate cell death of erythrocytes (eryptosis) in which red blood cells shrink 

and their cellular membranes are disrupted.203 3-Oxo-ursolic acid (275) was found to exhibit potent 

cytotoxic activity in murine and in human cancer cell lines.64 

 

Figure 3.5: Cytotoxic sterols isolated from C. pinnatifida. 

A number of other classes of natural products are have been isolated from C. pinnatifida, including 

various terpenoids, e.g. sesquiterpenoid 276 and gibberellic acid (277); hydroxycinnamic acids, e.g. 

tortoside A (278); and a variety of organic acids, e.g. quinic acid (279) (Figure 3.6).189 The wide 

range of metabolites isolated from this species, coupled with a long history of traditional medicine 

use and extensive contemporary research, make C. pinnatifida an attractive source of potential 

novel drug leads.  

 

Figure 3.6: Selection of compounds isolated from C. pinnatifida. 
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3.2 The Pinnatifinoside Family: Isolation and Characterisation 

The pinnatifinoside family of natural products are benzannulated 5,5-spiroketals possessing a 

common 5,7,4ʹ-trihydroxyflavone core and a highly oxygenated 5,5-spiroketal moiety (Figure 3.7). 

Most members of the family differ from one another only in the stereochemical configuration 

around the spiroketal ring or in acetylation of the alcohols. Pinnatifine E (283) is the most different, 

being regioisomeric with respect to the spiroketal benzannulation on the flavone core.  

 

Figure 3.7: The pinnatifinoside family of natural products.  

The first members of the family to be isolated were pinnatifida A (16) and its acetate, pinnatifida B 

(17).204 They were isolated from the ethanolic extract of the leaves of C. pinnatifida and published 

by Zhang et al. in 1999.204 Later that year, two additional members, pinnatifin C (280) and its 

acetate, pinnatifin D (281), were isolated from similar ethanolic extracts of C. pinnatifida. 205 The 

absolute stereochemistry was not initially assigned, however, a subsequent republication in 2001 

provided full stereochemical data for pinnatifin C (18) and D (19).206 Pinnatifida A (16) and B (17) 

were republished by Zhang et al. in 2001 under the names pinnatifinoside A (16) and pinnatifinoside 

B (17) with the previously unreported absolute stereochemistry.107 Oddly, many publications by 

Zhang and co-workers have published the same structures under different names, where pinnatifin 

C (280) has also been identified as pinnatifida C and pinnatifine C, whereas, pinnatifin D (281) has 

also been known as pinnatifida D and pinnatifine D.107,205,207  

The next members of the family were published in 2000, where Zhang and co-workers isolated 

pinnatifine I (282) from the ethanolic extracts of C. pinnatifida. Pinnatifine I (282) is regioisomeric 

to pinnatifin D (281) with respect to acetylation, and the only member of the family to have one of 

the secondary alcohols acetylated.207 In continuation with the confusion in the literature surrounding 
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the naming of these compounds, a 2014 review of natural products isolated from C. pinnatifida, 

simply named all members of the family as ‘pinnatifinosides A-D, and I’, respectively.189  

In addition to their republication of pinnatifinosides A (16) and B (17), in 2001 Zhang and co-

workers also published two new stereochemical variants of the family from C. pinnatifida: 

pinnatifinosides C (18) and D (19). Pinnatifinoside C (18) and pinnatifinoside D (19) are the first 

members of the family to possess a cis vicinal diol on the spiroketal ring.107  

The most recent member of the family to be characterised, pinnatifine E (283) was isolated in 2015 

by Zhang and co-workers from the ethanolic extracts of the seeds of the TCM herb, Vaccaria 

segetalis.208 Pinnatifine E (283) has the spiroketal moiety benzannulated onto the flavone core 

across C-6/C-7 compared to C-7/C-8 for all other members of the family. Otherwise the 

stereochemistry and hydroxylation patterns are the same as those for pinnatifin C (280). Pinnatifine 

E (283) showed weak inhibition of a coagulation factor (Factor Xa, IC50 = 165 µM).208 To date, no 

other member of the pinnatifinoside family has been assessed for its biological activity.  
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3.3 Retrosynthetic Strategy 

3.3.1 Previous Investigations towards the Pinnatifinosides. 

While no formal synthesis for any member of the pinnatifinoside family currently exists, 

Kumazawa et al. have published a method for the construction of related C-glycoside spiroketals 

which contain the benzannulated spiroketal ring system common to the pinnatifinosides, e.g. 

spiroketal 293a which contains the core and stereochemistry of pinnatifinoside C (18) (Figure 

3.8).209  

 

Figure 3.8: Spiroketal 293a by Kumazawa et al. containing the core of pinnatifinoside C (18).  

Starting from phenol 284, Kumazawa and co-workers prepared C-glycosides (285 - 288) from the 

corresponding sugars using scandium triflate as a catalyst (Scheme 3.1).209 The reactions required 

forcing conditions and long reaction times, and provided only low to modest yields of the desired 

C-glycosides (285 - 288).  

 

Scheme 3.1: Reagents and conditions a) D-glucose (3.0 equiv.), Sc(OTf)3, MeCN/H2O, 70 °C, 8 h, 

32%; b) D-galactose (2.0 equiv.), Sc(OTf)3, MeCN/H2O, 70 °C, 24 h, 25%, 14:1 286/287; c) D-

allose (2.0 equiv.), Sc(OTf)3, EtOH/H2O, reflux, 66 h, 6%  
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Aqueous solutions of the C-glycosides were heated under reflux and then treated with acetic 

anhydride in pyridine, giving a mixture of the corresponding benzannulated spiroketals (Scheme 

3.2).209 The products of the reaction were often low yielding and the regioselectivity of the reaction 

was substrate specific, sometimes providing a mixture of 6,5- and 5,5-spiroketals.  

 

Scheme 3.2: Reagents and conditions: a) H2O, reflux, 24 h; b) Ac2O, DMAP, pyridine, rt, 24 h, 

49% 289, 28% 290, over 2 steps; c) H2O, reflux, 21 h; d) Ac2O, DMAP, pyridine, rt, 24 h, 70% 291, 

4% 292, over 2 steps; e) H2O, reflux, 16 h; f) Ac2O, DMAP, pyridine, rt, 24 h, 35% 293a, 25% 293b, 

over 2 steps; 

The proposed mechanism for the spiroketalisation of C-glycoside 288 involves formation of 

quinone methide 294 which then undergoes a pinacol-type 1,2-hydride shift to form ketone 295 

(Scheme 3.3). Dehydration and cyclisation of ketone 295 affords spiroketal 293.209  

 

Scheme 3.3: Proposed mechanism for spiroketalisation of C-glycoside 283 to spiroketal 293.  

While, spiroketals 293a and 293b possess the core of pinnatifinoside C (18) and D (19), the 

presence of the additional methyl ketone group on the aromatic ring prevents further elaboration 

into the natural product. In an earlier publication, Kumazawa and co-workers reported the 

transformation on less substituted arene analogues (296 and 298), however spiroketalisation 

resulted in the 6,5-spiroketals (297 and 299) (Scheme 3.4).210  
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Scheme 3.4: Reagents and conditions: a) TsOH, H2O, reflux, 3 d, 35%; b) TsOH, H2O, reflux, 3 d, 

30%  

The authors commented that furthers studies would attempt to use this methodology to achieve the 

total synthesis of pinnatifinosides A to D (16 – 18), however at the  time of writing, no such total 

synthesis has been forthcoming nor are there any published syntheses for any member of the 

pinnatifinoside family.209  

In general, the C-glycosylation and spiroketalisation strategy used by Kumazawa et al. required 

prolonged reaction times and provided low yields of the desired products. Furthermore, 

spiroketalisation lacked regioisomeric control and provided mixtures of 5,5- and 5,6- spiroketals.209 

As such, it was decided to investigate an alternative synthetic strategy which aimed to provide 

efficient access to all members of the pinnatifinoside family.  

 

3.3.2 Retrosynthetic Analysis for the Pinnatifinosides 

It was envisaged that a gold catalysed spiroketalisation could be used to construct the 5,5-spiroketal 

core of the pinnatifinosides (300) from alkynol 301 (Scheme 3.5). Alkynol 301 could be 

retrosynthetically disconnected to alkyne 302 and apigenin (305) or a halogenated apigenin 

derivative (304) using either emerging C-H activation based cross-coupling or more conventional 

Sonogashira cross-coupling. The terminal alkyne, 302, may be disconnected via a homologation of 

the masked aldehyde of a sugar (303). Pinnatifinosides C (18) and D (19) would be the initial 

synthetic target as they retrosynthetically disconnect to the readily available and inexpensive D-

ribose (306).  
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Scheme 3.5: Retrosynthetic strategy for the pinnatifinosides 

 

3.3.3 Gold-Catalysed Spiroketalisation  

Transition metal-catalysed cyclisation of heteroatoms onto carbon-carbon triple bonds was first 

described by Schwartz et al. in 1982, where mercury salts were used to catalyse the intramolecular 

cyclisation of alkyne 307 to enol ether 308 or vinyl halide 309 (Scheme 3.6).211  

 

Scheme 3.6: Reagents and conditions: a) Hg(OTf)2, NEt3, CH2Cl2, then LiI, diethyl ether, Et3N, 10 

h, 45 %; b) Hg(OTf)2, Et3N, CH2Cl2, NXS, 15 min, X = I 87%, X = Br 88%, X = Cl 32%.  

Since then, many transition metals have been used to induce this transformation, including Pd(II), 

Ag(I), Ir(I), Rh(I) Au(I), Au(III), Pt (II).80 The first use of this chemistry to construct spiroketals 

was by Utimoto in 1983 using Pd(II) to effect the double-hydroalkoxylation of alkyne-diols 310 to 

give spiroketals 311 (Scheme 3.7).212  
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Scheme 3.7: Reagents and conditions: a) PdCl2(PhCN)2, Et2O, rt, 5 h; b) PdCl2, aq. MeCN, reflux, 

1 h, 60 – 95%. 

In the last decade, cationic gold complexes have emerged as powerful catalysts to achieve this 

spirocyclisation.80 First used by Brabander et al. in 2006, alkyne-diol 311 was converted to a 

mixture of 6,6-spiroketal 53 and 5,7-spiroketal 3 in excellent yield through the use of MeAuPPh3, 

(Scheme 3.8).213  

 

Scheme 3.8: Reagents and conditions: a) MeAuPPh3, AgPF6, CSA, aq. MeCN, MgSO4, 92%, 3.7 : 

1 53/3. 

The utility of gold complexes to induce this transformation on complex substrates has been 

demonstrated a number of times through its application to effect late stage spiroketalisation during 

the total synthesis of complex natural products, including cephalosporolides E (312) and F (313),214 

okadaic acid (315),215 and ushikulide A (314) (Figure 3.9).216  

 

Figure 3.9: A selection of natural products synthesised by gold-catalysed spiroketalisation. 

The mild and chemoselective conditions used to effect gold-catalysed spiroketalisation are tolerated 

by a wide variety of functional groups including non-participating unprotected alcohols. This is 

demonstrated in the synthesis of cephalosporolides E (312) and F (313) (Scheme 3.9).214 

Regioselectivity is controlled by the favoured 5-exo-dig attack of the leftmost hydroxyl group in 
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316 over attack by the other hydroxyl groups. 88 This initial cyclisation establishes the 

regiochemistry of the spiroketal centre for final attack by the kinetically favoured leftmost hydroxyl 

in intermediate 317.  

 

Scheme 3.9: Reagents and conditions: a) Ph3PAuCl, AgSbF6, CH2Cl2, 0 °C, 2 h, 85%. 

A number of different gold complexes have been shown to be effective catalysts for 

spiroketalisation of alkyne-diols. While the specific identity of the gold species involved in the 

catalytic cycle is often not discussed, simple 14-electron gold complexes such as AuCl and AuCl3 

have been shown to directly coordinate to the triple bond of the substrate and are often depicted as 

the active catalyst.217,218 Organogold catalysts like the 16-electron Ph3PAuCl complex are less 

Lewis-acidic and require activation by a silver salt which acts as a halide scavenger to form the 

catalytic species, [Ph3PAu]+ (325), in situ (Scheme 3.10).219  

The general mechanism involves coordination of the active gold species 325 to the substrate (319), 

forming η2-complex 320 (Scheme 3.10).219 Complexation induces a significant electrophilic 

character in the alkyne enabling nucleophilic attack by the hydroxyl group, giving enol ether 321. 

The regioselectivity of the reaction is determined by a combination of the relative nucleophilicity 

of the attacking group and the kinetics of the attack.88 In the example below, the aliphatic, primary 

alcohol of 320 would be expected to be more nucleophilic than the phenol and thus regioselectivity 

is determined by the kinetically favoured 5-exo-dig trajectory over the 6-endo-dig attack. Proton 

transfer of enol ether 321 gives oxonium 322, which then undergoes final attack by the phenol to 

establish the spiroketal ring system affording complex 323.220 Protodeauration of complex 323 

reveals the spiroketal product 324 and regenerates the cationic gold complex 325.220  
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Scheme 3.10: General reaction mechanism for gold-catalysed cyclisation of an alkyne-diol 319 to 

spiroketal 324. 

The gold catalysts involved in these reactions show a high degree of chemoselectivity for carbon-

carbon triple bonds in the presence of other functionalities, including alkenes, as demonstrated 

experimentally and computationally by Lopez et al.221 From a molecular orbital perspective, as 

summarised in a review by Davies and Fürstner, the major orbital interactions involve σ-donation 

from the π1 system of the alkyne to the dz
2 orbital on the gold, back-donation from the dxz into the 

alkyne π* orbital, and a lesser contribution from the π-type orthogonal overlap of the alkyne π2 

orbital to the dzy orbital of the gold (Figure 3.10).222  

 

Figure 3.10: Atomic orbital diagram showing the interaction between cationic gold and alkyne.222 



Chapter 3 

 
84 

Furthermore, computational models, such as those by Dias et al., show a significant degree of 

‘slippage’ where the gold centre interacts more strongly with one side of the alkyne than the other, 

resulting in a positive net charge to one of the alkyne carbons, thus enhancing its electrophilicity.217 

This effect was demonstrated experimentally by Utimoto and Fukuda, where gold ‘slippage’ 

causing a partial positive charge on the benzylic position of phenylacetylene 326 resulted in 

regioselective gold-catalysed hydration to give benzylic ketone 328 (Scheme 3.11).223  

 

Scheme 3.11: Reagents and conditions: a) NaAuCl4.H2O, MeOH/H2O, reflux, 1 h, 96% 

The overall effects of these phenomena are a transfer of electron density from the π to π* orbital of 

the alkyne, and a significant increase in the electrophilicity of the alkyne triple bond.222  
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3.4 C-H Activation Strategy  

3.4.1 Dehydrogenative Cross-Coupling by C-H Activation 

Our initial interest was to explore the possibility of uniting the aromatic and aliphatic fragments 

using dehydrogenative cross-coupling by C-H activation.  

Catalytic dehydrogenative cross-coupling by C-H activation is an emerging strategy for the 

formation of carbon-carbon bonds without prior functionalisation of the substrates.224 Inspired by 

the trend towards development of more environmentally-friendly and sustainable chemistry, it aims 

to provides an atom-economical way to form C-C bonds with the tandem oxidation of C-H bonds. 

The primary challenge, however, is the activation of typically unreactive C-H bonds and direction 

of regioselectivity. 224  

An early example of dehydrogenative cross-coupling is the oxidative Heck-type alkenylation 

reaction whereby an unfunctionalised aromatic substrate is cross-coupled with an alkene, forming 

a new Csp2-Csp2 bond in the process. Fujiwara and Moritani provided some of the first examples 

of this, reacting an extensive range of alkenes 329 with benzene derivatives in the presence of 

palladium(II) salts, affording 330 (Scheme 3.12).225  

 

Scheme 3.12: Oxidative Heck-type alkenylation.  

The general mechanism involves electrophilic palladation of arene 331 with a palladium(II) catalyst 

forming intermediate 332 (Scheme 3.13, left).224 Carbopalladation of olefin 333 and subsequent syn 

β-hydride elimination of complex 334 affords alkene 335 and generates a palladium(0) species 

which is reoxidised to the catalytically active palladium(II) by a stoichiometric oxidant.224 Oxidants 

explored for these reactions include copper and silver salts, benzoquinone, molecular oxygen, and 

various peroxides.226 An alternative mechanism for highly electron-rich arenes involves 

palladium(II) coordination to the alkene 333 which increases the alkene’s electrophilicity (Scheme 

3.13, right).224 The nucleophilic electron-rich arene 331 then attacks complex 336 generating 

intermediate 334 which undergoes the same syn β-hydride elimination to afford alkene 335. It is 

this second mode of reactivity that will be of interest to the current applications.224  



Chapter 3 

 
86 

 

Scheme 3.13: Mechanisms of oxidative Heck-type alkenylation.  

In 2001, Yasutake and co-workers demonstrated that gold complexes could undergo similar cross-

couplings with alkynes.227 Gold complex 338 was synthesised by reaction of p-dimethylbenzene 

(337) with stoichiometric gold(III) chloride, followed by subsequent addition of 2,6-lutidine 

(Scheme 3.14).227 When treated with phenylacetylene, gold complex 338 underwent cross-coupling 

forming internal alkyne 339 in excellent yield. 227  

 

Scheme 3.14: Reagents and conditions: a) AuCl3, hexane, rt, 30 min, then ether, 2,6-lutidine, rt, 1 

h; b) phenylacetylene, THF, 50 °C, 5 h, 94%.  

Subsequently, de Haro and Nevado demonstrated the oxidative alkynylation of highly electron-rich 

arenes with electron-poor terminal alkynes (341). A mixture of arene (340) and alkyne (341) was 

treated with chloro(triphenylphosphine)gold(I) and (diacetoxyiodo)benzene affording a series of 

internal alkynes 342a-h (Scheme 3.15).228 Gold complexes are known to strongly coordinate to the 

alkyne functionality, enhancing their electrophilicity and allow the electron-rich aromatic to attack 

the alkyne in a similar fashion to the oxidative Heck-type alkenylation that proceeds by 

intermolecular carbopalladation (vide supra).88 In 2013, Corma et al. performed the same reaction, 

catalysed by gold nanoparticles using molecular oxygen as the oxidant.229  
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Scheme 3.15: Reagents and conditions: a) (Ph3P)AuCl (5 mol%), PhI(OAc)2, NaHCO3, 1,2-DCE, 

90 °C, 12 h. 

In 2013 Miura et al. used rhodium to catalyse the cross-coupling, and subsequent annulation, of a 

series of alkynes (344) with benzoic acid 343 to give isocoumarins (345), expanding the scope of 

the alkynes demonstrated to undergo cross-coupling via C-H activation.230  

 

Scheme 3.16: Reagents and conditions: a) [Cp*RhCl2]2, Cu(OAc)2.H2O, DMF, 120 °C, 4-7 h, 46 – 

98%.  

 

3.4.2 Proposed Synthetic Strategy using Oxidative Cross-Coupling by C-

H Activation 

It was of interest to see if the dehydrogenative cross-coupling by C-H activation (vide supra) could 

be used to unite the aliphatic alkyne and electron-rich flavone in our proposed total synthesis of the 

pinnatifinosides.224,228 Pinnatifinoside C (18) and D (19) would be the initial focus of our synthetic 

interest as they retrosynthetically disconnect to the readily available and inexpensive D-ribose 

(306). Our proposed synthesis aimed to unite apigenin (305) and protected alkyne 350, derived from 

D-ribose (306), with a view to synthesise alkyne-diol 351 (Scheme 3.17). Subsequent gold-

catalysed spiroketalisation of alkyne-diol 351 would provide pinnatifinoside C (18) and D (19), 

following protecting group manipulation. If successful this strategy would lay the foundation for 

the synthesis of the remaining members of the pinnatifinoside family.  
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Scheme 3.17: Proposed strategy for the synthesis of pinnatifinosides C (18) and D (19) based on C-

H activation/gold-catalysed spiroketalisation. 

 

3.4.3 Investigations Towards C-H Activation of Chromones  

To begin, attempts were made to replicate the success of the C-H activation work previously 

published by de Haro et al., in order to assess the reproducibility of the chemistry in our hands.228 

To begin, 1,3,5-trimethoxybenzene (340) was readily synthesised from phloroglucinol (352) 

according to literature procedures.231 Ethyl propiolate (341b) and methyl propiolate (341a) were 

selected to test the chemistry. Ethyl propiolate (341b) was commerically available, whereas methyl 

propiolate 341a was synthesised in one step following the literature procedure.232 Initial attempts 

to reproduce the gold-catalysed cross-coupling of 340 and 341 resulted in disappointing yields for 

both alkyne coupling partners, affording methyl ester 342a in 45% and ethyl ester 342b in 7% yield, 

compared to published yields of 85% and 75%, respectively (Scheme 3.18). 228 

 

Scheme 3.18: Reagents and conditions: a) K2CO3, Me2SO4, acetone, reflux, 24 h, 80%; b) 

Ph3PAuCl, PhI(OAc)2, NaHCO3, 1,2-DCE, 90 °C, 6 h, 45% (R = Me), 47 h, 7% (R= Et).  

Attempts were made to optimise the reaction between 1,3,5-trimethoxybenzene (340) and ethyl 

propiolate (341b) (Table 3.1). High catalyst loadings, addition of silver hexafluoroantimonate, and 

increasing the molar ratio of arene did not improve the yield, while performing the reaction in 

dichloromethane resulted in no reaction. Long reaction times resulted in an increased yield (entry 

5) with the highest yield being obtained by performing the reaction in a microwave reactor (entry 

6).  
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Table 3.1: Attempted optimisation of gold-catalysed cross-coupling of 340 and 341b. 

Entry 340/341b Conditionsa 
Yield 342b 

(%) 

1b 1 :1 1,2-DCE, reflux, 47 h 7 

2c 1:1 AgSbF6, 1,2-DCE, reflux, 15 h - 

3 c 1:1 AgSbF6, CH2Cl2, reflux, 15 h - 

4 2:1 1,2-DCE, reflux, 15 h 7 

5 2:1 1,2-DCE, reflux, 71 h 22 

6 2:1 1,2-DCE, MW, reflux, 71 h 36 

a. (PPh3)AuCl (5 mol%); PhI(OAc)2 (1.5 eq), NaHCO3 (2.0 eq) unless otherwise stated.  

b. PPh3AuCl (25 mol%) 

c. AgSbF6 (5 mol%) 

 

Despite only modest yields being achieved, it was of interest to see if the scope of reaction could 

be expanded to work with flavones or alkynes lacking an electron-withdrawing group, like those 

which would be required for the proposed synthesis. Unfortunately, attempts to effect cross-

coupling of 1,3, 5-trimethoxybenzene (340) with a model alkyne 346 were unsuccessful (Scheme 

3.19). While initially no reaction was observed, over time a complex mixture resulted.  

 

Scheme 3.19: Reagents and conditions: a) Ph3PAuCl, PhI(OAc)2, NaHCO3, 1,2-DCE, reflux, 26 h.  

Disappointingly, our efforts to apply this chemistry to a chromone system, as a model for our 

desired flavones, was similarly unsuccessful. A number of different catalysts were screened in an 

effort to achieve the cross-coupling of chromone 348 and alkyne 341a, however no reaction was 

observed (Table 3.2).  
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Table 3.2: Attempted cross-coupling of chromone 348 and alkyne 341a. 

Entrya R [Au] Time (h) 

1 Et Ph3PAuCl 27 

2 Me Ph3PAuCl 18 

3 Me AuCl3 24 

4 Me JohnPhos[Au]b 45 

5 Me NHC[Au]c 24 

a. Reagents and conditions: a) [Au] (5 mol%), PhI(OAc)2 (1.5 eq), NaHCO3 (2.0 eq), 1,2-DCE, 

90 °C. 
b. JohnPhos[Au] = (Acetonitrile)[(2-biphenyl)di-tert-butylphosphine]gold(I) hexafluoroantimonate 

c. NHC[Au] = Chloro[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]gold(I) 

 

It was apparent that the efficient and atom-economical C-H activation cross-coupling strategy 

envisaged was not going to be fruitful in our investigations towards the total synthesis of 

pinnatifinosides C (18) and D (19). Thus, attention was turned towards a more conventional 

Sonogashira cross-coupling strategy to unite the aliphatic and aromatic fragments.  
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3.5 Sonogashira Cross-Coupling Strategy 

3.5.1 Revised Retrosynthetic Strategy 

A revised strategy using a Sonogashira cross-coupling to unite the aliphatic and aromatic fragments 

was implemented (Scheme 3.20). It was still intended that the spiroketal moiety would be formed 

using gold-catalysed spiroketalisation of alkyne-diol 350, however alkyne-diol 350 would now be 

constructed via Sonogashira cross-coupling of alkyne 351 and haloflavone 352. Homologation of 

an appropriately protected D-ribose (306) derivative was envisaged to provide alkyne 351, while 

flavone 352 could be obtained by selective halogenation and oxidation of (±)-naringenin (353).  

 

Scheme 3.20: Revised retrosynthetic strategy for pinnatifinosides C (18) and D (19). 

In order to test the key Sonogashira cross-coupling and gold-catalysed spiroketalisation, a model 

spiroketal 357, possessing the core structure of pinnatifinosides C (18) and D (19), would be 

constructed (Scheme 3.21). Starting from (±)-naringenin (353), methylation and subsequent 

regioselective C-8 iodination would provide iodide 354.233-235 Sonogashira cross-coupling of iodide 

354 and 4-pentynol (355) would provide alkyne-diol 356 which would then be subjected to gold-

catalysed spiroketalisation conditions to afford model spiroketal 357.  

 

Scheme 3.21: Proposed synthesis of model spiroketal 357. 
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3.5.2 Flavanone Protection and Oxidation.  

Following modified literature procedures, commercially available (±)-naringenin (353) was 

methylated with dimethyl sulfate.236 Use of potassium carbonate as the base was initially 

unsuccessful, however changing to caesium carbonate afforded flavanone 358 (Scheme 3.22). No 

general and reliable procedure specifically for oxidation of the naringenin ring system has been 

reported, however Fabrizi et al. demonstrated the successful oxidation of a series of flavanones to 

the corresponding flavones using IBX.237 Following this procedure, flavanone 358 was successfully 

oxidised to flavone 359, however only low yields were obtained (Scheme 3.22).  

 

Scheme 3.22: Reagents and conditions: a) Me2SO4, Cs2CO3, acetone, reflux, 24 h, 52%; b) 2-

iodoxybenzoic acid (IBX), DMSO, 90 °C, 24 h, 22%.  

Concurrently, attempts were made to prepare the isopropyl analogues as an alternative substrate 

bearing a more labile protecting group.238 Treatment of (±)-naringenin (353) with isopropyl bromide 

and potassium carbonate failed to provide the fully protected flavone (360). Unfortunately, 

changing the base to caesium carbonate induced flavanone ring opening, giving chalcone 362 

(Scheme 3.23). Monitoring the reactions by TLC and 1H NMR spectrum showed the 5-OH position 

was not alkylated until after ring opening had occurred, at which point facile di-alkylation of the 

resulting chalcone took place. It was thought that hydrogen bonding between the 5-OH and the 

carbonyl group prevented alkylation of the flavanone however this is partially disrupted when the 

flavone ring-opens to the chalcone. Evidence for the presence of hydrogen bonding between 5-OH 

and the carbonyl group in 353 is seen in the 1H NMR spectra, where the 5-OH proton resonates 

downfield producing a sharp peak at δ 12.50 ppm.  

 



Pinnatifinosides 

 
93 

 

Scheme 3.23: Reagents and conditions: a) isopropyl bromide, TBAI, Cs2CO3, acetone/DMF, 0 °C 

→ 60 °C, 29 h, 22%.  

In light of low yields and the propensity of (±)-naringenin to undergo ring-opening, it was decided 

to briefly explore the use of apigenin (305) as the starting material for the synthesis. Apigenin (305) 

is commercially available, however it is considerably more expensive than racemic naringenin 

(353). Thus a series of conditions to effect the oxidation of (±)-naringenin (353) to apigenin (305) 

was screened (Table 3.3). A number of conditions for oxidising (±)-naringenin (353) to apigenin 

(305) have been published, including the use of catalytic iodine under either acidic or basic 

conditions.239,240 In the word detailed here, it was found these methods were low yielding and 

unreliable, often resulting in no reaction (Table 3.3, entries 1-4). Oxidation of (±)-naringenin (353) 

with IBX using the conditions published by Fabrizi et al. resulted in a complex mixture of products 

(entry 5).237 Finally, oxidation with DDQ in refluxing 1,4-dioxane provide apigenin (305) in 

moderate yield (entry 6).  

 

Table 3.3: Conditions for the oxidation of (±)-naringenin (353) to apigenin (305). 

Entry Reagents Solvent Temperature Time Yield of 305 (%) 

1 I2 Pyridine 90 °C 1 h 2 

2 I2 Pyridine 90 °C 23 h 36 

3 I2 (cat.), H2SO4 DMSO 100 °C 5 h -  

4 I2, H2SO4 DMSO 100 °C 22 h 29 

5 IBX DMSO 90 °C 6 h  - 

6 DDQ 1,4-dioxane Reflux 2.5 h 58 
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Whilst a reproducible method to oxidise naringenin (353) to apigenin (305) had been identified, the 

resulting product proved difficult to purify by column chromatography or recrystallisation and 

exhibited very poor solubility in organic solvents. It was observed, however, that alkylation of a 

hydroxyl group did significantly improve the solubility of the substrate. Hence, the protecting group 

strategy was reassessed. Each of the hydroxyl groups in naringenin (353) has a unique reactivity 

and can thus be selectively protected in the order of 7-OH, 4ʹʹ-OH, and then 5-OH.241 The hydroxyl 

group involved in spiroketal formation (7-OH) would be orthogonally protected as a silyl ether 

(363) as this should be readily removed with fluoride prior to spiroketalisation (Scheme 3.24). 

Following this, flavanone 363 would be oxidised to flavone 364 before protection of the remaining 

OH groups (4ʹʹ-OH and 5-OH) in order to avoid ring-opening to the chalcone. Finally flavone 364 

would be alklylated and iodinated to iodide 366, providing an appropriate aryl iodide to test the 

Sonogashira cross-coupling with 4-pentynol.   

 

Scheme 3.24: Proposed orthogonal protecting group scheme.  

The TIPS and TBS protected analogues of (±)-naringenin (355) were prepared, affording 

flavanones 367 and 363, respectively (Scheme 3.25). TIPS ether 367 was obtained in excellent 

yield, while TBS ether 363 was isolated in lower yield due to the formation of the undesired di-

TBS analogue. Flavanones 367 and 363 were then oxidised with DDQ, affording flavones 368 and 

364 in excellent yields.  

 

Scheme 3.25: Reagents and conditions: a) TIPSCl, 2,6-lutidine, DMAP, DMF, 0 °C → rt, 50 min, 

85%; b) TBSCl, imidazole, DMAP, DMF, rt, 30 min, 61%; c) DDQ, 1,4-dioxane, reflux, 6 h, 368 

77% (R= TIPS), 364 80% (R= TBS). 
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The silyl ethers were subjected to alkylation conditions, however, it was not possible to introduce 

isopropyl groups without cleaving the silyl ethers (Scheme 3.26). When the reaction was run for 

shorter periods of time, apigenin (305) was the only product observed, suggesting the silyl ethers 

were very labile. Attempts to acetylate flavone 368 were also unsuccessful, resulting in formation 

of tri-acetate 374.  

 

Scheme 3.26: Reagents and conditions: a) isopropyl bromide, TBAI, Cs2CO3, acetone/DMF, 0 °C 

→ 60 °C, 4 h, 371 11%, 372 15 %, or 21 h, 373 40%. b) NaH, DMF, 1 h, then , Ac2O, -10 °C, 2.5 

h, 374 86%; c) Ac2O, pyridine, DMAP, rt → reflux, 5 h, 374 71%. 

It was postulated that an ethoxymethyl (EOM) ether protecting group may be less labile during 

subsequent reactions.238 (±)-Naringenin (353) was therefore treated with chloromethyl ethyl ether 

with diisopropylamine (DIPEA) affording EOM ether 375 in excellent yield (Scheme 3.27). EOM 

ether 375 was then readily oxidised with DDQ to give flavone 376. Pleasingly, when flavone 376 

was subjected to acetylation conditions acetate 377 was isolated in good yield (Scheme 3.27). With 

an appropriately protected flavone in-hand, investigations towards regioselective halogenation 

could finally be undertaken.  

 

Scheme 3.27: Reagents and conditions: a) chloromethyl ethyl ether, DIPEA, THF, 0 °C – rt, 22 h, 

87%, b) DDQ, benzene, reflux, 5 h, 86%; c) Ac2O, DMAP, pyridine, rt, 3.5 h, 71%. 
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3.5.2 Halogenation of flavones  

3.5.2.1 Halogenation of Flavone Acetate 377  

An examination of the literature suggests a preference for C-8 halogenation of apigenin derivatives, 

followed by halogenation at the C-6 position.233-235 Thus, regioselective C-8 iodination of flavone 

377 was attempted (Table 3.4). Treatment of flavone 377 with a solution of iodine and acetic acid 

in acetone resulted in a complex mixture (entry 1), while reaction of flavone 377 with iodine in the 

presence of silver triflate resulted in cleavage of the acetate groups, giving flavones 379 and 380 

(entry 2). Treatment with iodine monochloride (ICl) gave no reaction at ambient temperature (entry 

3), however, at elevated temperature the starting material was converted to an as yet unidentified 

flavone derivative (entry 4). While analysis of the 1H NMR spectra was suggestive of C-

substitution, mass spectral data did not provide any evidence for the formation of iodinated 

flavones.  

 

Table 3.4: Attempted C-8 iodination of flavone 377 to iodide 378.  

Entry Conditions Result 

1 I2, AcOH, acetone, 0 °C, 2 h,  - 

2 I2, AgOTf, CH2Cl2, 0 °C, 3h,  380 (58%) and 379 (22%)  

3 ICl, DMSO/AcOH, rt, 5 h - 

3 ICl, DMSO/AcOH, 70 °C, 5 h - 

 

In parallel with efforts to effect regioselective iodination, C-8 bromination of flavone 377 was also 

attempted (Table 3.5). Treatment of flavone 377 with N-bromosuccinimide (NBS) in DMF failed 

to provide the desired 8-bromoflavone 381, instead exclusively affording 3-bromoflavone 382 

(entry 1). Using other conditions, the substrate was slow to react and often starting material was 

recovered together with trace amounts of 3-bromoflavone 382 (entries 2 and 3). Bromination at the 

C-3 position of flavones possessing the apigenin (305) core is largely unprecedented in the 
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literature, with the only examples possessing sterically bulky polysaccharide residues at the 7-OH 

position.242,243  

 

Table 3.5: Attempted C-8 bromination of flavone 377 to bromide 381.  

Entry Conditions Result 

1 NBS, DMF, 0 °C, 2 h 3-bromoflavone 382 (74%) 

2 NBS, DMF/MeOH, 0 °C, 20 h - 

3 NaBr, oxone, acetone/water, rt, 20 h - 

 

The regioselectively of bromination (382) was confirmed by inspection of the 1H NMR spectrum 

which revealed retention of the pair of meta-coupled doublets corresponding to H-6 and H-8, in 

addition to the disappearance of the H-3 singlet (Figure 3.11). Mass spectral data and HMBC NMR 

spectra confirmed this structural assignment.  

 

Figure 3.11: 1H NMR spectra of flavone 377 and bromide 382 showing H-6/H-8 meta coupling. 
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3.5.2.2 Halogenation of Flavanone Tosylate 384 

In an effort to address the issues of regioselectivity and cleavage of the acetate groups it was decided 

that EOM ether 375 would be tosylated at the 7-OH and 4ʹʹ-OH positions. It was postulated that the 

steric bulk and electron withdrawing character of the tosyl groups may block undesired 

halogenation at the adjacent positions. Our initial attempts focused on iodination of the unoxidised 

flavanone, as opposed to the flavone ring system.  

Treatment of flavanone 375 with p-toluenesulfonyl chloride in the presence of caesium carbonate 

effected double tosylation of the substrate, however, the prolonged reaction conditions also resulted 

in cleavage of the EOM ether, affording flavone 383 (Scheme 3.28). Confirmation that tosylation 

had occurred at 5-OH came from the disappearance of the characteristic sharp peak in the 1H NMR 

spectrum at δ 12.94 ppm for 375 (DMSO-d6). Gratifyingly, treatment of flavanone 383 with iodine 

monochloride with acetic acid in DMSO afforded iodide 384 in modest yield.  

 

Scheme 3.28: Reagents and conditions: a) TsCl, Cs2CO3, MeCN, rt → 50 °C, 18 h, 95%; b) ICl, 

DMSO/AcOH, rt, 1 h, 40%.  

Mass spectrum data indicated that iodination of the flavanone ring had taken place while analysis 

of the 1H NMR spectrum for iodide 384 suggested the iodination had occurred at either the C-6 or 

the anticipated C-8 position. Evidence for the regioselectivity of the iodination was provided by the 

HMBC correlations between H-6 and C-5 and between H-6 and C-7 (Figure 3.12). 

 



Pinnatifinosides 

 
99 

 

Figure 3.12: 1H NMR spectra of flavanone 383 and iodide 384 showing loss of H-6/H-8 meta 

coupling.  
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3.5.2.3 Halogenation of Flavone Tosylates 386 and 385 

Encouraged by the pleasing result for the halogenation of flavanone 383, it was wondered whether 

similar reactivity would be observed for the flavone system. Initial attempts to effect double 

tosylation to flavone 385 using p-toluenesulfonyl chloride and DMPA in pyridine resulted in the 

O-4ʹʹ tosylate, flavone 386 (Scheme 3.29).  

 

Scheme 3.29: Reagents and conditions: a) p-toluenesulfonyl chloride, DMAP, pyridine, 28 h, 73%.  

When flavone 386 was treated with NBS an inseparable 2:7 mixture of 8-bromoflavone 387 and 6-

bromoflavone 388 resulted, favouring the undesired 6-bromoflavone 388 (Scheme 3.30). 

Pleasingly, the absence of any C-3 brominated derivative indicated a complete shift in 

regioselectivity for this reaction compared to acetylflavone 377. Similar reactivity was observed 

when flavone 376 was treated with iodine monochloride, resulting in an inseparable 1:5 mixture of 

8-iodoflavone 389 and 6-iodoflavone 390.  

 

Scheme 3.30: Reagents and conditions: a) NBS, DMF, 0 °C, 22 h, 53%, 2:7 387/388; b) ICl, 

DMSO/AcOH, rt, 22 h, 43%, 1:5 389/390.  

The previously observed meta-coupling between H-6 and H-8 in flavone 386 was absent from the 

halogenated products, indicating substitution at the C-6 or C-8 position had taken place. The actual 

regioselectivity was established by observing correlations in the HMBC spectra between 6-H and 
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C-5 for bromide 387 (Figure 3.13 and 3.14). The other compound was regioisomeric to bromide 

387 and was therefore assigned as bromide 388. The same correlations between 6-H and C-5 were 

observed for iodide 389 (Figure 3.13).  

 

Figure 3.13: HMBC correlations observed for H-6/C-5 in bromide 387 and iodide 389.  

 

Figure 3.14: HMBC spectra for a mixture of bromide 387 and bromide 388.  

 

This pattern of reactivity is consistent with that observed by Bovicelli et al. in their bromination of 

7,4ʹ-dimethoxyapigenin (391) with tetrabutylammonium tribromide (Scheme 3.31). A 2:1 mixture 

of 8-bromoflavone 392 and 6-bromoflavone 393 was isolated, indicating the preference for 

substitution at the C-8 position despite the presence of an unprotected 5-OH that should encourage 

ortho-substitution at C-6.244  
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Scheme 3.31: Reagents and conditions: a) nBu4NBr3, CHCl3, rt, 80 min, 94%, 2:1 392/393. 

It was reasoned that tosylation of the 5-OH would further encourage selective C-8 halogenation. 

Flavone 376 underwent double tosylation using p-toluenesulfonyl chloride and triethylamine, 

affording flavone 385 in excellent yield (Scheme 3.32). Unexpectedly, treatment of flavone 385 

with NBS did not result in the desired 8-bromoflavone 394 but instead gave 3-bromoflavone 395 

in modest yield.  

 

Scheme 3.32: Reagents and conditions: a) p-toluenesulfonyl chloride, DMAP, Et3N, CH2Cl2, 23 h, 

94%; b) NBS, DMF, rt, 48 h, 47%. 

Attempts were also made to iodinate flavone 395 to give iodide 396 (Table 3.6). Initial attempts 

treating flavone 385 with iodine or iodine monochloride under acid conditions resulted in complex 

mixtures (entries 1 - 3). Tetramethylammonium dichloroiodate (TMA.ICl2) and N-iodosuccinimide 

(NIS) failed to react with the substrate (entries 4 and 5). Treatment of flavone 385 with iodine 

monochloride in dichloromethane resulted in deprotection of the EOM group giving flavone 398 

(entry 6). When the reaction of flavone 385 and iodine monochloride was run for a prolonged period 

of time an iodinated product began to form; after 48 hours the reaction mixture contained a 1:1 

mixture of deprotected flavone 398 and iodide 397 (entry 7). After 72 hours, iodide 397 was formed 

in good yield (entry 8).  
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Table 3.6: Attempted regioselective iodination of flavone 385 to iodide 396.  

Entry Reagent Solvent Timea  Result 

1 I2/HNO3/AcOH acetone 22 h Complex mixture 

2 ICl/H2SO4 DCM 72 h Complex mixture 

3 ICl/AcOH DCM 72 h Complex mixture 

4 TMA.ICl2, NaHCO3 DCM 19 h No reaction 

5 NIS DMF 22 h No reaction  

6 ICl DCM 23 h 398 

7b ICl DCM 48 h 398/397 (1:1 ratio) 

8c ICl DCM 72 h 397 (82%) 

a. Reactions preformed at room temperatures, under a nitrogen atmosphere.  

b. Result is conversion by NMR – products not isolated.  
c. Isolated yield.  

 

These observations suggest that the presence of a free ortho-OH was required to effect successful 

iodination at C-8 on our substrate. To test this, flavone 385 was deprotected with sodium bisulfate 

on silica245 to give flavone 398 which was then treated with iodine monochloride affording iodide 

397 in good yield after a short reaction time (Scheme 3.33) With 8-iodoflavone 397 in hand, a 

model Sonogashira coupling could now be attempted.  

 

 

Scheme 3.33: Reagents and conditions: a) NaHSO4/SiO2, DCM, rt, 17 h, 96%; b) ICl, 

DMSO/AcOH/MeOH, rt, 6 h, 76%.  
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3.5.3 Model Sonogashira Coupling 

3.5.3.1 The Sonogashira Reaction 

The Sonogashira reaction is a coupling between an aryl or vinyl halide (or pseudohalide) and a 

terminal alkyne, generating a new sp2-sp carbon-carbon bond in the process.246 The reaction is 

catalysed by a transition metal, most commonly a palladium complex, in the presence of a base and 

often alongside a copper(I) co-catalyst.247  

The general reaction mechanism is divided into two catalytic cycles, the Cu cycle and the Pd cycle 

(Scheme 3.34). 246 In the Cu cycle, Cu(I) forms a π-complex with alkyne 404, increasing the acidity 

of the terminal proton, allowing the base to deprotonate the alkyne and copper-acetylide 406 to 

form in situ. In the Pd cycle, oxidative addition of halide 399 is undertaken by the catalytically 

active palladium(0) species to form intermediate 400. Transmetallation of copper-acetylide 406 

generates trans-complex 401. Following trans-cis isomerisation to complex 402, reductive 

elimination affords the cross-coupled product (403) and regenerates the palladium(0) catalyst. 

While the reaction has been extensively studied, the exact mechanism, specifically that of the Cu 

cycle, is not completely understood, especially for copper-free variants of the reaction.246  

 

Scheme 3.34: Catalytic cycle for the Sonogashira cross-coupling reaction.  

A number of reviews discuss recent developments in the Sonogashira reaction, illustrating the use 

of novel catalysts, ligands, bases, and additives.246,247 Significant effort has gone into developing 

reliable copper-free Sonogashira protocols in order to prevent the competing Glaser coupling 

(Scheme 3.35).248-250 Furthermore, efforts have been made to generalise reaction conditions and 

provide guides to the selection of catalyst,251,252 and ligand,253,254 to complement the steric and 

electronic properties of the substrates.  

 

Scheme 3.35: General reaction for Glaser coupling  
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3.5.3.2 Sonogashira cross-couplings of Flavone 397 and 396 

In order to test the Sonogashira cross-coupling of iodide 397 and the subsequent gold-catalysed 

spiroketalisation, a model spiroketal (410) was prepared using 4-pentynol (408) as the alkyne 

fragment (Scheme 3.36). 

 

Scheme 3.36: Proposed synthesis of model spiroketal 410. 

Alkyne 408 was prepared in one step by treatment of commercially available 4-pentynol (355) with 

tert-butyldimethylsilyl chloride and imidazole, following literature procedures, affording alkyne 

408 in excellent yield (Scheme 3.37).255  

 

Scheme 3.37: Reagents and conditions: a) TBSCl, imidazole, CH2Cl2, 0 °C – rt, 1 h, 96%.  

Iodide 397 and alkyne 408 were subjected to general Sonogashira cross-coupling conditions with 

bis(triphenylphosphine)palladium(II) dichloride, copper(I) iodide, and triethylamine in THF or 

DMF (Table 3.7). Disappointingly, only the Glaser coupled product, dialkyne 411, was isolated, 

together with recovered starting iodide 397 (entries 1 and 2). Use of palladium(II) diacetate, 

triphenylphosphine, and triethylamine did not afford the desired alkyne 409, instead benzofuran 

412 was isolated, in 49% yield (entry 3). This result indicated that the desired cross-coupling was 

indeed successful, however cyclisation to the benzofuran was a facile process. Changing the co-

catalyst from copper(I) iodide to chloro(triphenylphosphine)gold(I) (entry 4)256 predominantly 

resulted in dialkyne 411 with a trace of benzofuran 412 isolated. Use of 1,1′-bis(di-tert-

butylphosphino)ferrocene (dtbpf) under copper-free conditions (entry 5)257 afforded benzofuran 

412 in 27% yield.  
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Table 3.7: Attempted model Sonogashira cross-coupling of iodide 397 and alkyne 408. 

Entry Catalysts/Ligands Result 

1 Pd(PPh3)2Cl2, CuI, NEt3, THF, rt, 24 h dialkyne 411 

2 Pd(PPh3)2Cl2, CuI, NEt3, DMF, rt, 24 h dialkyne 411 

3 Pd(OAc)2, PPh3, CuI, NEt3, DMF, rt, 24 h benzofuran 412 (49%) 

4 Pd(OAc)2, PPh3, PPh3AuCl, NEt3, DMF, rt, 24 h dialkyne 411 

5 Pd(OAc)2, dtbpf, NEt3, DMF, rt, 24 h benzofuran 412 (27%) 

a. [Pd] = 10 mol%, PPh3 = 25 mol%, dtbpf = 12 mol%, PPh3AuCl = 12 mol%, reactions performed under an atmosphere 

of argon, at rt, for 24 h, unless otherwise stated.  

 

The coupled product isolated from the attempted Sonogashira reactions (vide supra) contained all 

the 1H NMR spectrum resonances found in the starting materials except the alkyne proton in 408. 

However, the appearance of a new aromatic double (H-9) at δ 6.77 ppm which showed a COSY 

correlation to aliphatic proton (H-11) with a coupling constant of J = 0.8 Hz, suggested the 

formation of a benzofuran structure which exhibited allylic coupling to an aliphatic side chain 

(Figure 3.15). Furthermore, this new aromatic proton (H-9) exhibited HMBC correlations to 

quaternary carbons of the flavone (C-8 and C-10), thus further confirming that the compound 

isolated was benzofuran 412.  

 

Figure 3.15: COSY and HMBC correlations to H-9 in benzofuran 412.  
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Inspection of the literature revealed that the conversion of aryl halides to benzofurans, known as 

Sonogashira-Stevens coupling, is well documented.258,259 While benzofuran formation usually 

necessitates the presence of a copper(I) co-catalyst, a number of copper-free variants using forcing 

conditions or exotic ligands, do exist.258,260 

It was postulated that once the desired alkyne-diol 409 formed in situ, palladium or copper may 

then act as a Lewis acid inducing benzofuran cyclisation of complex 413, affording benzofuran 412 

(Scheme 3.39). It was wondered whether use of unprotected 4-pentynol (355) as the alkyne partner 

in the Sonogashira cross-coupling would instead afford alkyne-diol 415 and undergo kinetically 

favoured 5-exo-dig cyclisation initiated by the primary aliphatic alcohol, over 5-endo-dig attack by 

the phenol, and that subsequent spirocyclisation would provide spiroketal 417, in a single step.  

 

Scheme 3.39: Postulated mechanism for palladium-catalysed benzofuran 412 formation and 

proposed spirocyclisation of alkyne-diol 415 to spiroketal 417..  
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Unfortunately, when Sonogashira cross-coupling was attempted between iodide 397 and 4-pentynol 

(355), neither alkyne-diol 418 nor spiroketal 410 were isolated (Table 3.8). Using Pd(PPh3)2Cl2 and 

copper(I) iodide gave the Glaser coupled product, dialkyne 419 alongside flavone 398 resulting 

from protodeiodination of starting iodide 397 (entry 1). When palladium(II) acetate and 

triphenylphosphine were used benzofuran 420 was isolated in 24% yield (entry 2). The copper-free 

biphasic catalytic system described by Zhou and co-workers, resulted in no reaction at ambient 

temperature (entry 3), however when the reaction was performed at 100 °C benzofuran 420 was 

isolated in 25% yield (entry 4).261 

 

Table 3.8: Attempted Sonogashira cross-coupling of iodide 397 and 4-pentynol (355). 

Entry Catalysts/Ligands Result 

1 Pd(PPh3)2Cl2, CuI, NEt3, THF, rt, 24 h flavone 398 

2 Pd(OAc)2, PPh3, CuI, NEt3, DMF, rt, 24 h benzofuran 420 (24%) 

3 Pd(OAc)2, PPh3, Bu4NBr, piperidine, THF/H2O, rt, 24 h,  No reaction  

4 Pd(OAc)2, PPh3, Bu4NBr, piperidine, THF/H2O, 100 °C, 24 h, benzofuran 420 (25%) 

a.  [Pd] = 10 mol%, PPh3 = 25 mol%, dtbpf = 12 mol%, PPh3AuCl = 12 mol%, reactions performed under an atmosphere 
of argon, at rt, for 24 h, unless otherwise stated.  
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Attempts were made to effect spirocyclisation of benzofurans 420 under acidic conditions (Table 

3.9). Subjecting benzofuran 420 to a range of acidic conditions resulted in no reaction despite the 

use of long reaction times and elevated temperatures (entries 1 – 4). Treatment of benzofuran 420 

with BBr3 resulted in a complex mixture from which no compounds could be identified (entry 7), 

while palladium chloride in methanol gave no reaction (entry 8).  

 

Table 3.9: Attempted cyclisation of benzofuran 420 to spiroketal 410. 

Entry Reagents and conditions 

1 TsOH, DMF, 50 °C, 18 h 

2 TsOH, DMF, 100 °C, 24 h 

3 TfOH, DMF, 50 °C, 19 h 

4 TfOH, DMF, 100 °C, 48 H 

5 BBr3, DCM, 0 °C, 19 h 

6 PdCl2, MeOH, 60 °C, 18 h 

 

In an effort to prevent benzofuran formation during cross-coupling, the ortho-phenol of iodide 397 

was protected as an EOM ether, giving iodide 396 (Scheme 3.39). Gratifyingly, when iodide 396 

and 4-pentynol (355) were subjected to Sonogashira cross-coupling using palladium(II) acetate, 

dtbpf, and potassium carbonate in N-methylpyrrolidinone (NMP), alkynol 422 was isolated in 40% 

yield.262  

 

Scheme 3.39: Reagents and conditions: a) chloromethyl ethyl ether, DIPEA, THF, rt, 3.5 h, 91%; 

b) Pd(OAc)2, dtbpf, K2CO3, NMP, rt, 22 h, 40%.  

Conditions were screened to optimise the yield of the cross-coupling reaction (Table 3.10). 

Performing the reaction at elevated temperatures resulted in only a trace amount of the desired 

alkyne 422 with the major product being benzofuran 420 (Table 3.10, entry 2). The reaction 
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proceeded slowly when the ligand was changed from dtbpf to 1'-bis(diphenylphosphino)ferrocene 

(dppf), providing only trace quantities of alkynol 422, with 90% of starting iodide 397 recovered 

(entry 3). Using S-Phos as the ligand provided a similar yield to dtbpf, however a longer reaction 

time was required (entry 6).  

In their review of the Sonogashira reaction, Nájera and Chinchilla note that quaternary ammonium 

salts have been a useful additive to increase the yield of these reactions.246 The salts may help 

stabilise palladium nanoparticles that are generated upon decomposition of the catalyst and thus 

prevent deactivation.247 Furthermore, they are known to facilitate the reduction of palladium(II) 

acetate to the catalytically active palladium(0) species, and may help stabilise anionic palladium 

intermediates in the catalytic cycle. Quaternary ammonium salts have also have been implicated in 

reducing protodehalogenation.247  

In our reactions, addition of tetrabutylammonium iodide (TBAI) did provide an increased yield of 

alkynol 422, from 40% to 63% compared to the initial reaction conditions (Table 3.10, entry 4). 

The reaction time made no appreciable difference with the same yield isolated after 1 hour 

compared to 22 h (entries 4 and 5), however changing the base from potassium carbonate to 

triethylamine resulted in significant reduction in yield of alkynol 422 (entry 7). Performing the 

reaction in triethylamine as the co-solvent with NMP using potassium carbonate as the base, 

provided no additional increase in yield (entry 8). Finally, the optimised conditions (entry 5) were 

performed at a slightly elevated temperature of 50 °C, but even this small increase in temperature 

was sufficient to reduce the yield (entry 9). 
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Table 3.10: Optimisation conditions for model Sonogashira cross-coupling of iodide 397 and 4-

pentynol (355). 

Entrya 
Pd(OAc)2 

+ Ligand 
Base Temp Time Additive 

Iodide 

397 (%) 

Flavone 

398 (%) 

Benzofuran 

420 (%) 

Alkynol 

422 (%) 

1 dtbpf K2CO3 rt 22 h - 40 - - 40 

2 dtbpf K2CO3 100 °C 3.5 h - - - 22 - 

3 dppf K2CO3 rt 70 h - 90 - - - 

4 dtbpf K2CO3 rt 22 h TBAI 19 5% - 63 

5 dtbpf K2CO3 rt 1 h TBAI 17 - - 64 

6 S-Phos K2CO3 rt 22 h TBAI  25% - 67 

7 dtbpf TEA rt 24 h TBAI 59 - - 1 

8b dtbpf 
TEA/ 

K2CO3 
rt 24 h TBAI 32 - - 63 

9 dtbpf K2CO3 50 °C 24 h TBAI 8 - - 48 

a. Pd(OAc)2 = 10 mol%, ligand = 12 mol%, reactions performed in N-methylpyrrolidinone (NMP), under an atmosphere 

of argon, at rt, for 24 h, unless otherwise stated. TBAI = 1.0 equivalents, base = 5.0 equivalents.  

b. Solvent = NMP/TEA 1:1 

 

With a reliable method to synthesise alkynol 422, our attention turned to the gold-catalysed 

spiroketalisation and the preparation of model spiroketal 357.  
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3.5.4 Synthesis of Model Spiroketal 357 

Unfortunately, our initial attempts to effect spiroketalisation of alkynol 422, following deprotection 

to alkyne-diol 418 with sodium bisulfate on silica, did not provide spiroketal 410 (Scheme 3.40). 

Instead treatment of alkyne-diol 418 with chloro(triphenylphosphine)gold(I) and silver 

hexafluoroantimonate gave benzofuran 420 in 40% yield.  

 

Scheme 3.40: Reagents and conditions: a) NaHSO4/SiO2, DCM, rt, 3 h; b) PPh3AuCl, AgSbF6, 

THF, rt, 18 h, 11% (over 2 steps).  

It was expected the primary alcohol of alkyne-diol 418 would participate in a kinetically favoured 

5-exo-dig attack on the triple bond in preference to the phenol. It was reasoned that the phenol 

should be less nucleophilic due to delocalisation of electron density throughout the aromatic system. 

Thus, it was thus postulated that benzofuran 420 may have formed during deauration of the gold in 

423, eliminating the alcohol, or that under the spiroketalisation conditions, elimination and 

aromatisation of spiroketal 410 to benzofuran 420 occurred after spirocyclisation (Scheme 3.41).  

 

Scheme 3.41: Proposed mechanism for benzofuran formation during attempted spiroketalisation  
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It was postulated that it might be possible to isolate the cyclic aliphatic enol ether of alkynol 422 if 

the phenol remained protected. In 2013, Li et al. reported a metal-catalysed cyclisation to synthesise 

(±)-δ-rubromycin (127) which encountered similar issues with undesired benzofuran formation 

(Scheme 3.42).98  

 

Scheme 3.42: a) PPh3AuCl (10 mol%), AgOTf (10 mol%), CH2Cl2, rt, 48 h, 95%; b) AuCl (10 

mol%), K2CO3 (10 mol%), MeCN, 70 °C, 6 h, 90%; c) AgOTf (10 mol%), CH2Cl2, rt, 8 h, 87%; d) 

PdCl2(PPh3)2, Et3N, MeCN, 70 °C, 3 h, 89%; e) NaHSO4/SiO2, CH2Cl2, rt, 12 h, 80%.  

Initial attempts to effect the spirocylisation of model alkyne-diol 122 using 

chloro(triphenylphosphine)gold(I) readily afforded undesired benzofuran 124 (Scheme 3.42). 

Hence, naphthoquinone-phenol 122 was protected as an EOM-ether 424, prior to formation of enol 

ether 425 using gold(I) chloride and potassium carbonate. Subsequent treatment with silver triflate 

afforded the desired spiroketal 426. Unfortunately, when this AuCl/K2CO3 protocol was attempted 

on the rubromycin precursor 125, spiroketalisation did not occur. Serendipitously, partial 
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cyclisation to enol ether 126 was observed during the Sonogashira coupling used to access 125. 

Alkynol 125 was therefore subjected to the Sonogashira conditions again, providing enol ether 126 

in 89% yield. Deprotection and spirocyclisation with NaHSO4/SiO2 then afforded the desired 

spiroketal 127.98 

Using the EOM protected alkynol 422, generation the corresponding enol ether (427) was attempted 

with a view to deprotect the EOM group and carry out spirocyclisation to spiroketal 410 under 

acidic rather than transition-metal catalysed conditions. A series of gold catalysts were screened to 

effect the cyclisation of alkynol 422 to enol ether 427 (Table 3.11). Diasppointingly, complex 

mixtures resulted from the use of PPh3AuCl/AgSbF6, AuCl, or AuCl3, (entries 1 and 2), while no 

reaction was observed when using (JohnPhos)Au(MeCN)SbF6
 (entries 3 and 4).  

 

Table 3.11: Attempted synthesis of enol ether 427 from alkynol 422.  

Entry Reagents and conditionsa 

1b (PPh3)AuCl, AgSbF6 , TsOH, THF, rt, 18 h 

3 AuCl3, K2CO3, MeCN, rt, 24 h 

2c (JohnPhos)Au(MeCN)SbF6, K2CO3, MeCN, rt, 29 h 

4c (JohnPhos)Au(MeCN)SbF6, K2CO3, MeCN, 60 °C, 72 h 

5d AuCl , K2CO3, MeCN, rt, 23 h 

a. All catalysts at 10 mol% unless otherwise stated 

b. TsOH (10 mol%) 
c. (JohnPhos)Au(I)(MeCN)SbF6 = (Acetonitrile)[(2-biphenyl)di-tert-butylphosphine]gold(I) hexafluoroantimonate 

d. AuCl (50 mol%) 

 

An alternative approach was to perform the cyclisation of alkynol 422 in the presence of methanol 

in order to trap out the methoxy acetal (428) which may then undergo deprotection and 

spirocyclisation to afford spiroketal 410 under acidic conditions. Pleasingly, when alkyne 422 was 

treated with gold(III) chloride in methanol/THF, spiroketal 410 was isolated rather than the 

expected methoxy acetal (428) (Table 3.12). This procedure enabled formation of spiroketal 410 in 

one pot without the need to separately deprotect the EOM group. While effecting spirocylisations 

using an acetal protected hydroxyl group is known,263 this is the first example using a protected 

phenol to achieve this transformation.  
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Table 3.12: Conditions for the attempted synthesis of methoxy acetal 428 from alkynol 422, instead 

affording spiroketal 410  

Entry Catalysta Spiroketal 410 (%) 

1 AuCl3, MeOH/THF, rt, 4 h 10 

2 PPh3AuCl, AgSbF6, MeOH/THF, rt, 24 h 51 

3 PPh3AuCl, AgSbF6, TsOH, MeOH/THF, rt, 24 h 31 

4 PPh3AuCl, AgSbF6, THF, rt, 24 h - 

5 tBu3PAuCl, AgSbF6, MeOH/THF, rt, 20 h 31 

6 tBu3PAuCl, AgSbF6, TsOH, MeOH/THF, rt, 6 h 60 

7 tBu3PAuCl, AgSbF6, TsOH, MeOH/THF, rt, 1 h 82 

8 [JohnPhosAu(I)(MeCN)][SbF6], TsOH, MeOH/THF, rt, 1 h 43 

 

Tosyl deprotection of spiroketal 410 with freshly prepared sodium methanoate afforded model 

spiroketal 357 providing the core structure of the pinnatifinoside family (Scheme 3.43). With a 

reliable method for constructing the spiroketal core of the pinnatifinosides, our attention turned to 

the synthesis of pinnatifinoside C (18) and D (19). 

 

Scheme 3.43: Reagents and conditions: a) Na(s), MeOH, rt, 1 h, 33%.  
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3.6 Attempted Total Synthesis of Pinnatifinosides C (18) and D 

(19) from (±)-Naringenin (353) 

3.6.1 Proposed Total Synthesis 

To complete the total synthesis of pinnatifinosides C (18) and D (19) the previously prepared iodide 

397 would be cross-coupled with alkyne 351 (Scheme 3.44). Following TBS protection of D-

ribonic acid γ-lactone (429) to lactone 430, reduction of lactone 430 could provide lactol 431 which 

could then undergo homologation to provide alkyne 432. Sonogashira cross-coupling with iodide 

397 would provide alkynol 433 which would then be subjected to gold-catalysed spiroketalisation 

using the methodology developed in the model studies (vide supra). Deprotection and selective 

acetylation of spiroketal 343 would afford the natural products, pinnatifinosides C (18) and D (19). 

 

Scheme 3.44: The proposed total synthesis of pinnatifinosides C (18) and D (19).  
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3.6.2 Synthesis of Alkyne Fragment 

3.6.2.1 Synthesis of lactol 431 

Following literature procedures, commerically available D-ribonic acid γ-lactone (429) was readily 

protected using tert-butyldimethylsilyl chloride and imidazole giving lactone 430 in excellent yield 

(Scheme 3.45).264 Initial attempts to reduce lactone 430 using diisobutylaluminum hydride 

(DIBAL) resulted in significant amounts of the over-reduced product, alcohol 435. However, 

careful use of a single equivalent of DIBAL at -78 °C with short reaction times afforded lactol 431 

in 81% yield with a 7:1 diastereomeric ratio, favouring the α-anomer. With lactol 431 in hand, our 

attention turned to subsequent homologation of lactol 431 to alkyne 351. 

 

Scheme 3.45: Reagents and conditions: a) TBSCl, imidazole, CH2Cl2, DMF, rt, 24 h, 97%; b) 

DIBAL (1.5 equiv.), CH2Cl2, -78 °C, 15 min, 435 20%, 431 20%; c) DIBAL, CH2Cl2, -78 °C, 15 

min, 81%, d.r. 7:1.  

 

3.6.2.2 Attempted Synthesis of alkyne 432 

The Seyferth-Gilbert homologation using the Ohira-Bestmann reagent (438) appeared to be an 

attractive option for the homologation of lactol 431. The Seyferth-Gilbert homologation is a method 

used to convert aldehydes into their terminal alkyne homologues.258 The Ohira-Bestmann 

modification of the Seyferth-Gilbert homologation uses diazophosphonate 438 (aka the Ohira-

Bestmann reagent) which is converted to the active regent, diazo anion 440, in situ via addition of 

methanol to the carbonyl of 438 to give intermediate 439 followed by elimination of methyl acetate 

to give anion 440 (Scheme 3.46).258 When lactols (436) are subjected to Seyfer-Gilbert 

homologation conditions it is the open chain aldehyde (437) which undergoes reaction. α-

Diazophosphonate 440 attacks the aldehyde 437 forming intermediate 441 which then ring-closes 

to oxaphosphetane 443 (similar to a HWE reaction). The collapse of oxaphosphetane 443 eliminates 

dimethyl phosphate (442) and forms diazoalkene 444a, which may be drawn as its resonance 

contributor 444b. Loss of nitrogen generates carbene 445 which then undergoes a 1,2-shift to form 

the final product – terminal alkyne 446.258  
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Scheme 3.46: General mechanism of Seyferth-Gilbert homologation of lactol 436 using the Ohira-

Bestmann reagent (438). 

In 1999, Ueno et al. demonstrated the use of the Ohira-Bestmann modification to effect the 

homologation of sugar-derived lactols to the corresponding terminal alkynes. 265 Treatment of lactol 

447 with the Ohira-Bestmann reagent (438) and potassium carbonate in methanol afforded alkyne 

448 in 62% (Scheme 3.47).265 Since then, a number of publications have illustrated the utility of 

this reaction for the homologation of sugars.266-268  

 

Scheme 3.47: Reagents and conditions: a) Ohira-Bestmann reagent (438), K2CO3, MeOH, 0 ° → rt, 

62%.  

The Ohira-Bestmann reagent (438) was prepared in two steps according to literature procedures.269 

Chloroacetone (449) was treated with potassium iodide in acetone/MeCN, undergoing a Finkelstein 

reaction and generating the corresponding iodide in situ, which was then treated with 

trimethylphosphite to afford phosphonate 450 (Scheme 3.48). Deprotonation of phosphonate 450 

with sodium hydride followed by addition of commerically available diazo transfer reagent 451, 

afforded diazomethylphosphonate 438 – the Ohira-Bestmann reagent.269  
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Scheme 3.48: Reagents and conditions: a) KI, acetone/MeCN, rt, 1 h, then P(OMe)3, rt, 18 h, 59%; 

b) NaH, PhMe, 0 °C, then azide 451, 0 °C, 18 h, 68%. 

With the Ohira-Bestmann reagent (438) in hand, the homologation of lactol 431 was attempted. A 

solution of the Ohira-Bestmann reagent (438) in THF was pre-treated with sodium methoxide at 0 

°C before lactol 431 was added (Scheme 3.49). Instead of the desired alkyne 351, the only product 

isolated from the reaction possessed very similar 1H and 13C NMR spectra to the starting lactol 

(431). Upon closer analysis of the COSY spectra the free OH was now showing coupling to H-2 as 

opposed to H-1, as observed the COSY spectrum of lactol 431 (Figure 3.16). Furthermore, the 

HMBC spectrum showed correlations between OH-2 and both C-1 and C-3. The compound was 

thus concluded to be lactol 452, wherein the TBS groups had shifted to the adjacent hydroxyl group 

at the anomeric position. Disappointingly, changing the base of the homologation reaction to 

potassium carbonate and the solvent to methanol resulted in the formation of a complex mixture at 

0 °C and at higher temperatures (Scheme 3.49). Due to the lack of success using the Ohira-

Bestmann reagent (438) to effect homologation of lactol 431, other methods were explored.  

 

Scheme 3.49: Reagents and conditions: a) Ohira-Bestmann reagent (438), NaOMe, THF, 0 °C, 15 

min, then lactol 431, THF, 0 °C, 30 min, then rt, 19 h, 38%, d.r. 7:2, b) Ohira-Bestmann reagent 

(438), K2CO3, MeOH, 0 °C → reflux, 23 h, complex mixture.  

 

Figure 3.16: HMBC and COSY correlations of H-2 in lactol 452. 

The Corey-Fuchs reaction was investigated as an alternative method to effect the homologation of 

lactol 431 to alkyne 351. The Corey-Fuchs reaction involves treatment of an aldehyde (466) with 
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dibromo phosphorous ylide 453, generated in situ from the reaction of carbon tetrabromide and 

triphenylphosphine (Scheme 3.50).258 The reaction of the aldehyde (466) and ylide 453 affords 

geminal dibromide 454, which, after subsequent treatment with two equivalents of butyllithium 

followed by aqueous work-up, provides terminal alkyne 455. While usually performed on 

aldehydes, Demailly and co-workers successfully use this reaction to convert a series of unprotected 

sugars to their alkyne homologues.267  

 

Scheme 3.50: The Corey-Fuchs reaction.  

With this reaction in mind, our lactol 431 was treated with a pre-mixed solution of PPh3 and CBr4 

in dichloromethane, in an effort to synthesise geminal dibromide 456 (Scheme 3.51). Unfortunately, 

no reaction was observed even after prolonged reaction times. A number of different procedures 

were attempted including extending the time for the formation of ylide 453, and changing the order 

of addition of the reagents, however lactol 431 failed to react.  

 

Scheme 3.51: Reagents and conditions: a) PPh3, CBr4, Et3N, CH2Cl2, 0 °C → 40 °C, 22 h, no 

reaction.  

In addition to the ability for migration of the silyl ethers during Seyferth-Gilbert homologation, it 

was postulated that the bulk of the TBS ether may be preventing reaction with ylide 453. Hence, 

alternative protecting group strategies were investigated. 

 

3.6.3.2 Initial Synthesis of alkyne 465 

In an effort to circumvent the issue of migration of the silyl ether protecting group, attempts were 

made to synthesise the benzyloxymethyl (BOM) and para-methoxybenzyl (PMB) protected 

analogues, 459 and 461 respectively. To begin, D-ribonic acid γ-lactone (429) was protected as 

TBS ether 547 using tert-butyldimethylsilyl chloride (Scheme 3.51). Subsequent protection as the 

di-BOM ether 458 was challenging, with reactions often giving regioisomer mixtures of the mono-

BOM protected lactone. Treatment of lactone 457 with an excess of BOMCl, at reflux for a 

prolonged period only afforded 15% the doubly protected BOM ether 458. When BOM ether 458 

was subjected to reduction conditions using DIBAL at -78 °C, the starting material was consumed 
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quickly, giving a complex mixture. Preparation of di-PMB ether 460 was similarly challenging. 

Treatment of lactone 457 using NaH and PMBCl in THF at reflux gave no reaction, while use of 

PMBCl and diisopropylethylamine in DMF at 150 °C resulted in a complex mixture.  

 

Scheme 3.51: Reagents and conditions: a) TBSCl, 2,6-lutidine, DMAP, CH2Cl2, -78 °C → rt, 18 h, 

50%, b) BOMCl, DMAP, DIPEA, CH2Cl2, 0 °C → reflux, 48 h, 16%, c) DIBAL, CH2Cl2, -78 °C, 

15 min; d) NaH, THF, 0 °C, 30 min, then PMBCl, TBAI, THF, rt → reflux, 4 h, no reaction; e) 

PMBCl, TABI, EtNiPr2, DMF, rt → 150 °C, 5 h, complex mixture.  

As an alternative D-ribose (306) could be first protected as an acetonide. Following literature 

procedures, D-ribose (306) was protected using 2,2-dimethoxypropane in the presence of catalytic 

para-toluenesulfonic acid, affording known acetonide 462 in good yield.270 Subsequent silyl ether 

protection of lactol 462 using tert-butyldimethylsilyl chloride, catalytic DMAP, and triethylamine, 

readily afforded known lactol 463.271 With an orthogonally protected sugar in hand, investigations 

to effect homologation to alkyne 465 could commence.  

 

Scheme 3.52: Reagents and conditions: a) 2,2-dimethoxypropane, p-TsOH, acetone, 0 °C → rt, 6 

h, 80%, d.r. 8:2; b) TBSCl, DMAP, NEt3, CH2Cl2, -78°C → 0 °C, 5 h, 87%, d.r. 7:1.  

Lactol 463 was subjected to Corey-Fuchs reaction conditions in an effort to synthesise geminal 

dibromide 464 with a view to synthesising alkyne 465 (Scheme 3.53). Treatment of lactol 463 with 

a pre-prepared solution of CBr4 and PPh3 initially resulted in no reaction, even with prolonged 

reaction times. Disappointingly, increasing the reaction temperature from 0 °C to 50 °C resulted in 

a complex mixture.  

 

Scheme 3.53: Reagents and conditions: a) PPh3, CBr4, Et3N, CH2Cl2, 0 °C → 50 °C, 26 h, complex 

mixture.  
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Next, use of the Ohira-Bestmann reagent (438) to effect the homologation of lactol 463 was 

investigated (Table 3.13). Treating lactol 463 using the Ohira-Bestmann reagent (438) and 

potassium carbonate in methanol gave no reaction even at elevated temperatures (entries 1 and 2). 

Similarly, the use of sodium methoxide as the base in THF gave no reaction (entries 3 and 4). 

Pleasingly, changing the base to caesium carbonate did afford alkyne 465, however only in low 

yields (entry 5). Attempts to optimise the reaction conditions were met with limited success. When 

the reaction was started at 0 °C and then warmed to 40 °C, 6% of alkyne 465 was isolated (entry 

6). Heating the reaction under reflux afforded alkyne 465 in 22% yield (entry 7). In general, the 

limited success of this reagent is thought to be due to the reported instability of the Ohira-Bestmann 

reagent (438) and the active homologation species 439 above 40 °C and the slower equilibration to 

generate the reactive aldehyde species from lactol 465 at lower temperatures.266,269 

 

Table 3.13: Optimisation of the homologation of lactol 463 to alkyne 465 using the Ohira-Bestmann 

reagent (438) 

Entrya Base Solvent Temp Time Alkyne 465 (%) 

1a K2CO3 MeOH rt 23 h - 

2a K2CO3 MeOH 50 °C 26 h - 

3b NaOMe THF rt 19 h - 

4b NaOMe THF 50 °C 5 h - 

5c Cs2CO3 MeOH 0 ° C → rt 2 h 10 

6c Cs2CO3 MeOH 0 ° C → 40 °C 8 h 6 

7c Cs2CO3 MeOH 0 ° C → reflux 5 h 22 

a. 1.3 equivalents Ohira-Bestman reagent (438) and base 
b. 1.5 equivalents Ohira-Bestmann reagent (438) and base 

c. 2.0 equivalents Ohira-Bestmann reagent (438) and base 

 

The structure of alkyne 465 was established by NMR and mass spectral data. The high resolution 

mass spectrum provided evidence for a compound with the requisite mass while the 13C NMR 

spectrum showed the presence of a new quaternary carbon at δ 80.4 ppm (C-2), consistent with an 

alkyne. In the 1H NMR spectrum of the starting lactol 463 (for the major anomer), the peak at δ 

5.28 ppm corresponding to H-1 had disappeared and was replaced in the product (465) by a narrow 

doublet at δ 2.58 ppm with a coupling constant of J = 2.2 Hz, which exhibits a COSY correlation 
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to H-3 and a HMBC correlation to C-2 (Figure 3.17). It was thus concluded that the compound 

isolated was the desired alkyne 465.  

 

Figure 3.17: Structures of lactol 463 and structure and selected COSY and HMBC correlations of 

alkyne 465  

 

3.6.3.2 Improved Synthesis of Alkyne 465 using the Colvin Rearrangement  

While the Ohira-Bestmann reagent (438) had proven useful in the initial homologation of lactol 463 

to alkyne 465, low yields prompted us to search for an alternative reaction. This led us to 

investigation the Colvin rearrangement to effect homologation of lactol 463. 

In 1973, Hamill and Colvin published the homologations of ketones and aldehydes to alkynes using 

lithiated trimethylsilyldiazomethane (TMSCLiN2) (467).272 Later, Shioiri and co-workers expanded 

upon this methodology, synthesising a series of aromatic alkynes (468) from the corresponding 

benzylic ketones (466) (Scheme 3.54).273  

 

Scheme 3.54: Synthesis of aromatic aldehydes (468) from benzylic ketones (466) using lithiated 

trimethylsilyldiazomethane (467).  

The reaction progresses through a similar mechanism to the Seyferth-Gilbert homologation, with 

nucleophilic attack of the pre-generated TMSCLiN2 (467) onto aldehyde 466 resulting in 

intermediate 469 (Scheme 3.55).273 Ring-closure of intermediate 469 to oxasiletane 470 and 

subsequent elimination of trimethylsilyl oxide, provides diazoalkene 471. Loss of nitrogen 

generates carbene 472 which undergoes a 1,2-shift to form alkyne 468.273 

 

Scheme 3.55: General mechanism of the Colvin rearrangement.  
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Following literature procedures, lithiated trimethylsilyldiazomethane (TMSCLiN2) (467) was 

prepared by treating trimethylsilyldiazomethane (473) with n-butyllithium (1.0 equivalents) in THF 

at -78 °C.274 Following this, treatment of lactol 463 with the pre-prepared solution of lithiated 

trimethylsilyldiazomethane (467) resulted in trace amounts of desired alkyne 465 (Table 3.14, entry 

1). A series of conditions were explored in an attempt to increase the isolated yield. Encouragingly, 

increasing the equivalents of base and trimethylsilyldiazomethane provided alkyne 465 in 22% 

yield (entry 2). Extending the duration of the reaction at -78 °C did not appreciably increase the 

yield further (entry 3), while changing the base from n-butyllithium to LDA more than doubled the 

yield, affording alkyne 465 in 50% yield (entry 4). Similar yields could be obtained using only 1.2 

equivalents of trimethylsilyldiazomethane (entry 5), however the use of an excess of 

trimethylsilyldiazomethane was detrimental to the yield (entry 6), as was the use of a large excess 

of base (entry 7). Prolonged reaction times at -78 °C (entry 8) or at room temperature (entry 9), or 

changing the base to LiHDMS, did not improve the yield of alkyne 465 isolated (entries 10 and 11).  

 

Table 3.14: Optimisation conditions for homologation of lactol 463 to alkyne 465 using the Colvin 

rearrangement. 

Entry Base 
Base 

equivalents 

TMSCHN2 

equivalentsa 

Time (h) 

at -78 °C 

Time (h) 

at rt 
alkyne 465 (%) 

1 n-BuLi 1.0 1.2 1 0.5 < 1 

2 n-BuLi 2.4 2.4 1.5 2 22 

3 n-BuLi 2.4 2.4 3 1 23 

4 LDA 2.4 2.4 4 1 50 

5 LDA 2.4 1.2 0.5 1 47 

6 LDA 2.4 3.0 1 21 11 

7 LDA 5.0 5.0 1 4 31 

8 LDA 2.4 2.4 4.5 20 44 

9 LDA 3.0 2.4 0.5 18 47 

10 LiHDMS 3.0 1.2 4 - 41 

11 LiHDMS 2.2 1.2 0.5 1.5 41 

a. TMSCHN2 treated with base at -78 °C for 30 minutes before addition of substrate.  

 

With an appreciable quantity of alkyne 465 in hand, attention turned to the Sonogashira cross-

coupling of alkyne 465 and iodide 397.  
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3.6.3 Attempted Total Synthesis of Pinnatifinosides C (19) and D (18) 

3.6.3.1 Sonogashira Cross-Coupling of iodide 397 and alkyne 465.  

Initially, the Sonogashira cross-coupling of alkyne 465 and iodide 397 was undertaken using the 

conditions identified during the earlier model study (Section 3.5.3). A mixture of iodide 397 and 

alkyne 465 was treated using palladium(II) acetate and 1,1′-bis(di-tert-butylphosphino)ferrocene 

(dtbpf) affording alkynol 474 in 45% yield (Table 3.15, entry 1). Increasing the equivalents of 

alkyne 465 to 1.3 or 1.5 increased the yield of alkynol 474 to 77% and 78%, respectively (entries 2 

and 3). While the product and starting materials were stable under the reaction conditions over a 

prolonged period of time, increasing the reaction temperature from ambient to 50 °C resulted in a 

decreased yield and dehalogenation of the starting iodide 397 (entry 4). Changing the ligands from 

dtbpf to S-Phos or dppf resulted in significantly lower yields of alkynol 474 (entry 5 and 6).  

 

Table 3.15: Conditions screened for the Sonogashira cross-coupling of alkyne 465 and iodide 397 

to alkynol 474.  

Entrya 
Alkyne 465 

equivalents 
Ligand Temp Time (h) alkynol 474 (%) 

1 1.0 dtbpf rt 2 45 

2 1.3 dtbpf rt 22 77 

3 1.5 dtbpf rt 22 78 

4 1.5 dtbpf 50 °C 2.5 65 

5 1.5 S-Phos rt 18 23 

6 1.5 dppf rt 90 9 

a. Reactions performed with Pd(OAc)2 (10 mol%), K2CO3 (5.0 equivalents) NMP as the 

solvent, TBAI (1.0 equivalent) additive, under an argon atmosphere.  
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3.6.3.2 Attempted Spiroketalisation of Alkynol 474 to Spiroketal 475 

With alkynol 474 in hand, conditions were screened to effect spiroketalisation of alkynol 474 to 

spiroketal 475, based on those identified in the model study (Section 3.5.4). Disappointingly, initial 

attempts to effect spiroketalisation using JohnPhosAuCl, AuCl3, or AuCl.SMe2 as catalysts resulted 

in complete degradation of the starting material (Table 3.16, entries 1 – 6). Unexpectedly, treatment 

of alkynol 474 using Ph3PAuCl and AgSbF6 gave an inseparable 1:1 mixture of pyran 477 and furan 

476, in 51% yield (entry 7). It was hoped that furan 477 would undergo cyclisation to the spiroketal 

under acidic conditions in a separate step.98 Further conditions were therefore screened in an attempt 

to increase the yield of furan 477 and improve the regioselectivity of the initial cyclisation. 

Changing the solvent to dichloromethane resulted in a complex mixture (entry 8) while addition of 

p-toluenesulfonic acid resulted in rapid decomposition of the starting material (entry 9). Prolonged 

reaction times using Ph3PAuCl and AgSbF6 provided a 2:7 mixture of furan 476 and pyran 477 in 

48% yield, further favouring the undesired pyran 477 (entry 10). This reaction was accompanied 

by 30% of the TBS-deprotected analogues. Use of elevated temperatures resulted in extensive 

decomposition (entry 11), as did the addition of TBSCl or sodium iodide, or the use of methanol as 

the solvent (entries 12 – 14).  
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Table 3.16: Attempted gold-catalysed spiroketalisation of alkynol 474 to spiroketal 475.  

Entry Catalyst Result 

1 JohnPhosAuCl, AgSbF6, TsOH, MeOH/THF, rt, 5 h - 

2 JohnPhosAuCl, AgSbF6, THF, rt, 4 h - 

3 JohnPhosAuCl, AgSbF6, Cs2CO3, MeOH/THF, rt, 0.5 h - 

4 JohnPhosAuCl, AgSbF6, DCM, rt, 0.5 h - 

5 AuCl3, AgSbF6, DCM, rt, 0.5 h - 

6 AuCl.SMe2, DCM, rt, 0.5 h - 

7 Ph3AuCl, AgSbF6, THF, rt, 2 h 476/477 (50%, 1:1) 

8 Ph3AuCl, AgSbF6, DCM, rt, 3 h - 

9 Ph3AuCl, AgSbF6, TsOH DCM, rt, 48 h - 

10a Ph3AuCl, AgSbF6, THF, rt, 72 h 476/477 (48%, 2:7) 

11 Ph3AuCl, AgSbF6, THF, 60 °C, 20 h - 

12 Ph3AuCl, AgSbF6, TBSCl, THF, rt, 2.5 h - 

13 Ph3AuCl, AgSbF6, NaI, THF, rt, 2.5 h - 

14 Ph3AuCl, AgSbF6, MeOH, rt, 2.5 h - 

a. 30% de-TBS furan and pyran also isolated 

 

Furan 476 and pyran 477 result from 5-exo-dig and 6-endo-dig attack of the alkynol 474 hydroxyl 

group onto the alkyne, respectively (Figure 3.18). It was initially assumed the 5-exo-dig cyclisation 

would be kinetically favoured, and were thus surprised to see such a large amount of pyran 477, 

given that the model alkynol (410) underwent spiroketalisation effectively. The aromatic portion of 

the substrate is the same as that for model study, hence it was postulated that steric effects due to 
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the presence of additional aliphatic substituents are responsible for the observed result. Furan 476 

and pyran 477 were distinguished based on the coupling constants observed to their vinylic protons 

in the 1H and COSY NMR spectra. In furan 476 allylic 1H-1H coupling is observed between H-9 

and H-11 (J = 1.1 Hz) whereas much larger geminal coupling between H-10 and H-11 (J = 4.5 Hz) 

is observed in pyran 477. 

 

Figure 3.18: Gold-catalysed cyclisation of alkynol 474 to furan 476 and pyran 477. 

Furan 476 was treated with a variety of acid catalysts in an effort to protonate the enol ether and 

generate an oxonium ion (478) that was envisaged to induce spirocyclisation to 475 upon reaction 

with the phenol (Table 3.17). Disappointingly, all attempts to effect spirocyclisation under acidic 

conditions resulted in a complex mixture (entries 1-5). Treatment of furan 476 with palladium 

chloride resulted in no reaction (entry 6).  

 

Table 3.17: Attempted acid-catalysed spiroketalisation of furan 476 to spiroketal 475. 

Entry Reagents and Conditions 

1 TsOH, MeOH/THF, rt → 40 °C, 25 h 

2 NaHSO4/SiO2, THF, rt → 40 °C, 25 h 

3 TsOH, MeOH/CHCl3, rt, 24 h 

4 ppts, MeOH/THF, rt, 2.5 h 

5 HCl, MeOH/THF rt, 24 h 

6 PdCl2, MeOH/THF, rt, 24 h 
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Observing that the TBS ether was reasonably labile under acidic conditions, it was thought that 

substituting the TBS protecting group for an acetate ester (which would need to be installed 

eventually for the natural product) may improve the stability of the molecule and allow 

spirocyclisation to occur under more forcing conditions. The TBS ether of alkynol 474 was thus 

removed using TBAF and the resulting geminal diol selectively acetylated to give alkynol 479 

(Scheme 3.57). Disappointingly, treatment with (PPh3)AuCl gave a 1:1 mixture of pyran 481 and 

furan 482, as monitored by NMR. When the crude reaction mixture was subjected to acidic 

conditions, a complex mixture resulted.  

 

Scheme 3.57: Reagents and conditions: a) TBAF, THF, -20 °C, 23 h; b) Ac2O, 2,6-lutidine, DMAP, 

DCM, -78 °C → rt, 1 h, 90% over 2 steps; c) PPh3AuCl, AgSbF6, THF, rt, 3.5 h; d) ppts, MeOH, rt 

→ reflux.  

 

3.6.3.3 Synthesis of Alkyne 488 and Attempted Spiroketalisation of Alkynol 489 

It was speculated as to whether the acetonide of alkynol 479 was too unstable to withstand the 

forcing conditions required to effect spiroketalisation following enol ether formation. Thus, it was 

decided to swap the acetonide for the less acid-labile cyclohexylidene ketal protecting group with 

the hope that it would prove to be more robust.238  

Following literature procedures, D-ribose (306) was protected as a cyclohexylidene ketal and 

subsequently protected as a TBS ether affording lactol 483 (Scheme 3.58).275 Consistent with the 

acetonide analogue, lactol 483 failed to undergo homologation under Corey-Fuchs conditions 

(Table 3.18, entry 1). Treatment of lactol 483 with the Ohira-Bestman reagent (438) with potassium 

carbonate in methanol also resulted in no reaction of the starting material (entry 2) While initial 

attempts to perform the Colvin rearrangement failed to provide alkyne 485 (entry 3), increasing the 
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equivalents of lithiated trimethylsilyldiazomethane (467) provided alkyne 485 in 28% yield (entry 

4). Performing the reaction for shorter reaction times increased the yield to 59% (entry 5), however 

decreasing the equivalents of lithiated 467 decreased the yield of alkyne 485 to 40% (entry 6).  

 

Scheme 3.58: Reagents and conditions: a) amberlyst (acidic), cyclohexanone, 74 h, 67%, 13:2 β/α-

anomer; b) TBSCl, Et3N, DMAP, -78 °C → rt, 24 h, 54%, 5:1 β/α-anomer.  

Table 3.18: Conditions for homologation of lactol 483 to alkyne 485. 

Entry Conditions Alkyne 

485 (%) 

1 PPh3, CBr4, THF, Et3N, 0 °C → rt, 41 h - 

2 Ohira-Bestmann reagent (438), K2CO3, MeOH, 5 d - 

3 TMSCHN2 (2.4 eq.), LDA (2.4 eq.), -78 ° → rt,  41 h - 

4 TMSCHN2 (5.0 eq.), LDA (5.0 eq.),  -78 ° → rt,  41 h 28 

5 TMSCHN2 (5.0 eq.), LDA (5.0 eq.), -78 ° → rt, 1 h 59 

6 TMSCHN2 (3.0 eq.), LDA (3.0 eq.), 78 ° → rt, 3 h 40 

 

It was decided to replace the TBS ether with the acetate prior to Sonogashira cross-coupling in order 

to avoid wasting precious material during late stage functional group manipulations. The TBS group 

of alkyne 485 was successfully deprotected using TBAF giving diol 487, and subsequent 

acetylation using acetic anhydride and 2,6-lutidene afforded acetate 487 (Scheme 3.59). Despite the 

successful synthesis of alkyne 488, it was wondered whether homologation to alkyne 487 could be 

effected in the presence of the free alcohol (486), and thus remove two steps from our synthesis, 

namely TBS protection and deprotection. A French paper published by Demailly et al. reported that 

unprotected sugar derivatives were successfully converted into their alkyne homologues by slow 

syringe-pump addition of the Ohira-Bestmann reagent (438) to a refluxing solution of the substrate 

with base.266 Pleasingly, syringe-pump addition of the Ohira-Bestmann reagent (438) in methanol 

over 6 hours to a refluxing mixture of lactol 486 and potassium carbonate, afforded alkyne 487 in 
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an moderate 50% yield. While the yields for this conversion were modest, this procedure enabled 

the synthesis of acetate 488 in two fewer steps overall. With alkyne 488 in hand, focus turned to 

Sonogashira cross-coupling with iodide 397.  

 

Scheme 3.59: Reagents and conditions: a) TBAF, THF, 0 °C, 1.5 h, 92%; b) Ohira-Bestmann 

reagent (438), K2CO3, MeOH, 8 h, 33%; c) Ac2O, DMAP, 2,6-lutidine, CH2Cl2, 0 °C, 30 min, 50%.  

Gratifyingly, Sonogashira cross-coupling of alkyne 488 with iodide 397 provided alkynol 489 

(Scheme 3.60). With alkynol 489 in hand, gold-catalysed spiroketalisation could now be attempted 

in the hopes that the new protecting group strategy would allow cyclisation to spiroketal 490.  

 

Scheme 3.60: Reagents and conditions: a) Pd(OAc)2, dtbpf, TBAI, K2CO3, NMP, rt, 18 h, 46%. 

Disappointingly, treatment of alkynol 489 with Ph3PAuCl and AgSbF6, resulted in only trace 

amounts of furan 491 and pyran 492, with the bulk of the starting material (489) being recovered 

(Scheme 3.61). Treatment of furan 462 with acid in an attempt to effect spirocyclisation resulted in 

rapid degradation of the starting material.  
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Scheme 3.61: Reagents and conditions: a) JohnPhosAuCl, AgSbF6, THF, rt, 5 h, trace 491/492, 2:1 

; b) TsOH, MeOH, rt, 20 h, decomposition.  

During the model studies, it was found that having the ortho-phenol at the C-7 position of the 

flavone ring unprotected resulted in benzofuran formation upon subjecting the alkyne-diol substrate 

to spiroketalisation conditions. Nevertheless, in light of the different reactivity observed using 

alkynol 489, it was now decided to remove the EOM group and attempt to induce spirocyclisation 

of alkyne-diol 493. Removal of the EOM ether of alkynol 489 using NaHSO4/SiO2 afforded alkyne-

diol 493 in excellent yield, however subjecting alkyne-diol 493 to the spiroketalisation conditions 

exclusively resulted in undesired pyran 494 (Scheme 3.62).  

 

Scheme 3.62: Reagents and conditions: a) NaHSO4/SiO2, CH2Cl2, rt, 1.5 h, 88%; b) JohnPhosAuCl, 

AgSbF6, THF, rt, 2 h, 85%.  

It was postulated that the tosyl groups may reduce the nucleophilicity of the EOM protected phenol 

thus preventing it from participating in spirocyclisation. Removal of the tosyl groups from alkynol 
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489 was thus attempted, however none of the conditions screened to remove the tosyl groups from 

alkynol 489 were found to be successful (Table 3.19). 

 

Table 3.19: Conditions for attempted tosyl deprotection of alkynol 489 to alkynol 495. 

Entry Reagents and conditions 

1 Na, naphthalene, THF, 0 °C, 15 min  

2 SmI2, H2O, THF, 0 °C, 1 h 

3 CeCl3.7H2O, NaI, MeCN, reflux, 4 h 

4 TBAF, THF, reflux, 6 h 

 

Removal the tosyl groups was next attempted before performing the Sonogashira cross-coupling 

with alkyne 488. Hence, iodide 397 was treated with potassium hydroxide in refluxing THF, 

affording iodide 496 in modest yield (Scheme 3.62). Disappointingly, attempts to effect cross-

coupling of iodide 496 with alkyne 488 were unsuccessful, even at elevated temperatures. It was 

proposed that removal of the tosyl groups from iodide 397 resulted in an increase in electron density 

to aryl iodide 496, thus making the key oxidative addition step in the Sonogashira less energetically 

favoured.247  

 

Scheme 3.62: Reagents and conditions: a) KOH, THF, reflux, 2.5 h, 40%; b) Pd(OAc)2, dtbpf, 

K2CO3, TBAI, rt, 2.5 h, no reaction; c) Pd(OAc)2, dtbpf, K2CO3, 60 °C, 22 h, deiodination.  
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The options to reduce the complexity of the aliphatic alkyne fragment were limited due to the highly 

substituted and chiral nature of the final spiroketal. However the flavone ring might be simplified 

to an acetophenone with the flavone ring constructed at a later stage in the synthesis. It was hoped 

that changing the steric and electronic nature of the aromatic system may afford improved reactivity 

and regioselectivity during spirocyclisation.  
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3.7 Attempted Total Synthesis Pinnatifinosides C (18) and D 

(19) from Phloroacetophenone (502) 

3.7.1 Revised Retrosynthetic Strategy 

A revised retrosynthetic analysis was devised emphasising late stage construction of the flavone 

ring. It was envisaged that the flavone ring of pinnatifinosides C (18) and D (19) may be 

disconnected via an intramolecular aldol condensation/elimination, following gold-catalysed 

spiroketalisation of alkyne-diol 498 (Scheme 3.63). Disconnection of the ester of alkynol 498 gives 

known acid 500,277 while disconnection of the internal alkyne via Sonogashira cross-coupling 

provides iodide 501 and alkyne 499. Alkyne 499 may be accessed from D-ribose (306), while 

protection and iodination of phloroacetophenone (502) would provide iodide 501.  

 

Scheme 3.63: Revised retrosynthetic strategy for pinnatifinosides C (18) and D (19).  

 

  



Chapter 3 

 
136 

3.7.2 Proposed Total Synthesis of Pinnatifinosides C (18) and D (19) from 

Phloroacetophenone (502) 

The revised proposed synthesis of pinnatifinoside C (18) and D (19) would begin with the protection 

and iodination of phloroacetophenone (502) to give iodide 501 (Scheme 3.64). Steglich 

esterification of iodide 501 with known acid 500277 would provide iodide 504 which would then be 

subjected to Sonogashira cross-coupling with alkyne 499 to give alkynol 505. Deprotection and 

gold-catalysed spiroketalisation would then afford benzannulated spiroketal 506. It was envisaged 

that flavone 507 would be constructed via base-induced intramolecular aldol 

condensation/elimination.276 Deprotection of flavone 507 would provide pinnatifinoside C (18) and 

D (19).  

 

Scheme 3.64: Proposed synthesis of pinnatifinosides C (18) and D (19) from phloroglucinol (502).  

 

3.7.3 Synthesis of Halogenated Acetophenones 511 and 517  

To begin our alternative synthesis of pinnatifinosides C (18) and D (19) an appropriately protected 

aryl halide would be synthesised from phloroacetophenone (502).  
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Initially, attempts to protect phloroacetophenone (502) as EOM ether 508 were unsuccessful, 

resulting in a complex mixture (Scheme 3.65). Instead, phloroacetophenone (502) was first 

iodinated using sodium periodate, affording iodide 510. Iodide 510 was then subjected to EOM 

protection conditions, however again a complex mixture resulted. Attempts to protect iodide 510 

as a TBS ether (511) were similarly unsuccessful. Finally, protection of phloroacetophenone (502) 

as a TBS ether gave doubly protected phenol 512. While the attempted bromination of phenol 512 

using NBS gave a complex mixture, treatment of phenol 512 using NIS afforded iodide 511 in 

excellent yields. Disappointingly, attempted esterification of iodide 511 using p-hydroxybenzoyl 

chloride or using p-hydroxybenzoic acid under Steglich conditions using dicyclohexylcarbodiimide 

(DCC) and DMAP, did not provide ester 514; instead a complex mixtures of products was afforded 

in which deprotection and dehalogenation had taken place.  

 

Scheme 3.65: Reagents and conditions: a) chloromethyl ethyl ether, DIPEA, THF, 0 °C → rt, 2.5 

h, complex mixture; b) NaIO4, H2SO4, EtOH/DMF, 0 °C, 2 h, 87%; c) TBSCl, imidazole, DMF, rt, 

45 min, 75%; d) chloromethyl ethyl ether, DIPEA, THF, 0 °C → rt, 24 h, complex mixture; e) 

TBSCl, imidazole, DMF, 0 °C → rt, 24 h, 0%; f) NIS, CH2Cl2, 0 °C → rt, 4.5 h, 97%; g) NBS, 

DMF, rt, 4.5 h, complex mixture; h) p-hydroxybenzoic acid, DCC, DMAP, THF, rt, 2 h, complex 

mixture; i) 4-hydroxybenzoic acid, CDI, DMAP, CH2Cl2, rt, 2 h, no reaction; j) 4-hydroxybenzoyl 

chloride, pyridine, 0 °C, 2 h, complex mixture.  

Surprised by the difficulty to effect double protection of phloroacetophenone (502), an orthogonal 

protecting group strategy was next investigated. Attempts to mono-protect phloroacetophenone 

(502) as a EOM ether resulted in a mixture of the single EOM (503) and double EOM (508) 

protected products (Scheme 3.66). Attempts to selectively cleave one of the EOM groups of phenol 

508 with p-toluenesulfonic acid was unsuccessful, resulting in a complex mixture. Thus, each EOM 

phenolic ether, 503 and 508, was separately protected as a benzyl ether, affording phenol 515 and 

phenol 516, respectively. Pleasingly, treatment of phenol 516 with p-toluenesulfonic acid 

selectively removed the undesired EOM group from phenol 516 affording phenol 515 in excellent 

yield. Due to the observed instability of the previous iodide analogues, 510 and 511, the 
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regioselective bromination of phenol 515 was instead attempted in the hope that bromide 517 would 

prove to be more stable. Gratifyingly, treatment of phenol 515 with NBS gave bromide 517 in 

excellent yield.  

 

Scheme 3.66: Reagents and conditions: a) chloromethyl ethyl ether, DIPEA, THF, 0 °C, 503 23%, 

508 38%; b) p-toluenesulfonic acid, MeOH, rt, complex mixture; c) benzyl bromide, K2CO3, DMF, 

rt, 7 h, 82%; d) benzyl bromide, Cs2CO3, DMF, rt, 30 min, 80%; e) p-toluenesulfonic acid, MeOH, 

rt, 15 min, 98%; f) NBS, CH2Cl2, 0 °C, 30 min, 90%. 

The structure of bromide 517 was established by the presence of correlations in the NOESY 

spectrum between H-5 and both of the methylene groups of the EOM and benzyl ethers (Figure 

3.19). None of the C-5 regioisomer, bromide 518, was observed.  

 

Figure 3.19: Establishment of regiochemistry bromide 517 via nOe correlations in the NOESY 

spectra.  

With bromide 517 in hand, attention turned to preparation of the Sonogashira cross-couplings 

partners, bromide 521 and alkyne 520.  
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3.7.4 Attempted Synthesis of Spiroketal 526 

The alkyne Sonogashira cross-coupling partner would be synthesised using methods established 

during the earlier attempted total synthesis of pinnatifinosides C (18) and D (19) (Section 3.6.3.3). 

Previously prepared lactol 462 was subjected to homologation conditions using the Ohira-Bestmann 

reagent (438), affording alkyne 519 (Scheme 3.67).266 Subsequent acetylation of the primary 

alcohol using acetyl chloride and 2,6-lutidine at -78 °C provided alkyne 520. Separately, Steglich 

esterification of bromide 517 with known acid 500277 using diisopropylcarbodiimide (DIC) and 

DMAP afforded bromide 521 in good yield.  

Disappointingly, the initial attempt to effect cross-coupling of bromide 521 with alkyne 520 to give 

alkynol 522 were unsuccessful, and only afforded recovered starting materials. 

 

Scheme 3.67: Reagents and conditions: a) Ohira-Bestmann reagent (438), K2CO3, MeOH, reflux, 

15 h, 55%; b) AcCl, 2,6-lutidine, CH2Cl2, -78 °C 3 h, 64%; c) 4-(benzyloxy)benzoic acid (500), 

DMAP, DIC, CH2Cl2, rt, 23 h, 74%; d) Pd(OAc)2, dtbpf, K2CO3, NMP, rt, no reaction. 

A selection of conditions were screened in an attempt to effect cross-coupling of alkyne 520 with 

bromide 521 (Table 3.20). The cross-coupling failed to proceed at ambient temperature using 

palladium(II) acetate, dtbpf and potassium carbonate, resulting in full recovery of starting materials, 

however at elevated temperatures trace amounts of alkynol 522 were obtained (entry 1). Changing 

the ligand to tricyclohexylphosphine resulted in no reaction (entry 2). Use of triethylamine as the 

co-solvent with NMP provided alkynol 522 in 15% yield along with 15% of protodebrominated 

523 (entry 3). Changing the ligand to [(tBu)3PH]BF4 appeared to decrease the yield of alkynol 522 

while increasing the quantity of debrominated arene (523) (entry 4) however, using Pd(dba)2 with 

[(tBu)3PH]BF4 afforded alkynol 522 in 16% yield (entry 5). 
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Table 3.20: Attempted optimisation of Sonogashira cross-coupling of bromide 521 and alkyne 520 

to give alkynol 522.  

Entry Reagents and conditionsa arene 523 (%) alkynol 522 (%) 

1 
Pd(OAc)2, dtbpf, K2CO3, NMP, rt 

→ 100 °C, 24 h 
- 1 

2 
Pd(OAc)2,PCy3, TEA/THF, rt → 80 

°C, 28 h 
- - 

3b 
Pd(OAc)2, dtbpf, K2CO3, 

TEA/NMP, 80 °C, 6 h 
15 15 

4b 
Pd(OAc)2 (30 mol%), [(tBu)3P]BF4 

(60 mol%), TEA/THF, 80 °C, 6 h 
29 8 

5 
Pd(dba)2,[(tBu)3P]BF4, TEA/THF, 

80 °C, 6.5 h 
- 16 

a. [Pd] catalyst 5 mol%, ligand 10 - 12 mol%, K2CO3 (5 equiv.), TEA (co-solvent, 1:1 ratio), argon atmosphere.  

b. Yields by conversion as analysed by 1H NMR 

 

The cross-coupling of bromide 521 with the sterically less demanding 4-pentynol (355) was also 

tested, used during the previous flavone model studies. Disappointingly, the majority of conditions 

screened resulted in no reaction even at elevated temperatures (Table 3.21, entries 1 – 6). The use 

of copper(I) iodide resulted in the previously isolated Glaser coupled product, dialkyne 411 (entry 

7), while the use of 2-dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl (X-phos) as the ligand 

resulted in a complex mixture (entry 8).  
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Table 3.21: Attempted model Sonogashira cross-coupling of bromide 521 with 4-pentynol (355) to 

alkynol 524.  

Entrya [Pd] Ligand 

1 Pd(OAc)2, [(tBu)3P]BF4  

2 Pd(PPh3)4, - 

3 Pd(OAc)2, S-Phos 

4 Pd(dba)2, [(tBu)3P]BF4 

5 Pd(dppf)2Cl2 - 

6 Pd(OAc)2 NHCb 

7 Pd(PPh3)2Cl2, CuI (3 mol%) - 

8 Pd(OAc)2 X-Phos 

a.  [Pd] 5 mol%, ligand 12 mol% (bidentate ligands) , TEA (1.5 mol%) or TEA (co-solvent, 1:1 ratio), 80 °C, 2 h - 24 h, argon 
atmosphere. 

b. NHC = 1,3-Bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazolium tetrafluoroborate 

 

Disappointingly, the attempted deprotection of the EOM ether of alkynol 522 using NaHSO4/SiO2 

resulted in immediate and extensive degradation of the starting material with none of alkyne-diol 

525 obtained, and thus no way to access spiroketal 526 (Scheme 3.68). Hence, the combination of 

low yields and instability of the substrates prompted investigation of an alternative disconnection 

to access pinnatifinoside C (18) and D (19) that did not rely on a Sonagashira cross-coupling or 

gold-catalysed spiroketalisation.  

 

Scheme 3.68: Reagents and conditions: a) NaHSO4/SiO2, CH2Cl2, rt, 1 min, degraded.  
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3.8 Acid-Catalysed Spiroketalisation of Polyphenols 

3.8.1 Revised Retrosynthetic Strategy 

A revised retrosynthesis of pinnatifinosides C (18) and D (19) was devised based on an epoxide-

opening strategy. Disconnecting the spiroketal moiety of pinnatifinosides C (18) and D (19) via 

acid-catalysed spiroketalisation gives ketone 527 (Scheme 3.69). It was envisaged that the flavone 

ring of ketone 527 could be constructed via acylation of acyl chloride 529 onto ketone 528 followed 

by transition-metal catalysed cyclisation. In turn, ketone 528 disconnects via oxidation to alcohol 

530. It was envisaged that alcohol 530 might be constructed via epoxide-opening of epoxide 531 

with lithiated arene 532. Epoxide 531 might be synthesised from D-ribose (306), while arene 532 

could be accessed from phloroglucinol (533). To the best of our knowledge, this represents a novel 

strategy for the construction of benzannulated spiroketals.  

 

Scheme 3.69: Revised retrosynthetic strategy for pinnatifinosides C (18) and D (19) - epoxide-

opening. 

 

3.8.2 Proposed Model Study 

To investigate the viability of the proposed epoxide-opening strategy, a model spiroketal (538) 

would be constructed. Using a directed-ortho metalation, EOM protected phloroglucinol 534 could 

be treated with n-butyllithium to generate the corresponding aryllithium species in situ, which 

would then be used to open known epoxide 535, giving alcohol 536 (Scheme 3.70).278 Oxidation of 

alcohol 536 would provide ketone 537 which would then be subjected to acidic conditions, 
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undergoing deprotection and spiroketalisation in one-pot, to afford model spiroketal 538. If this was 

successful, it was hoped that this strategy would provide an entry point into the synthesis of 

pinnatifinosides C (18) and D (19).  

 

Scheme 3.70: Proposed synthesis of model spiroketal 538. 

Directed ortho-metalation (DoM) with acetal directing groups, such as methoxymethyl (MOM) 

ethers, has been shown to be effective in generating the corresponding aryllithium species (540). 

Marazano and co-workers performed DoM lithiation of arene 539, generating aryllithium 540 in 

situ, which was then treated with geranyl bromide to give arene 541 (Scheme 3.71).279  

 

Scheme 3.71: Reagents and conditions: a) n-BuLi, THF, rt, 2 h, then geranyl bromide , 0 °C, 30 

min, then rt, 4 h, 78% 

 

3.8.3 Synthesis of Model spiroketal 538. 

Following literature procedures, epoxide 535 was readily prepared in two steps from commerically 

available 4-pentenol (542) via TBS protection and subsequent m-CPBA epoxidation (Scheme 

3.72).278 With epoxide 535 in hand, the epoxide-opening strategy could be tested.  

 

Scheme 3.72: Conditions and Reagents: a) TBSCl, DMAP, imidazole, CH2Cl2, rt, 30 min, 94%; b) 

m-CPBA, CH2Cl2, 0 °C → rt, 2 h, 76%; 



Chapter 3 

 
144 

To begin, phloroglucinol (533) was protected as an EOM ether giving arene 534, which was then 

subjected to DoM conditions (Scheme 3.73). Disappointingly, treatment of arene 534 with n-

butyllithium and subsequent addition of epoxide 535 did not provide alcohol 536. While a colour 

change suggestive of metalation was observed upon addition of n-butyllithium, no reaction resulted 

on addition of the electrophile. When arene 534 was treated with n-butyllithium and quenched with 

deuterium oxide none of the deuterated compound was observed by 1H NMR, suggesting the 

associated aryllithium species was not being generated in the reaction.  

That the EOM protected analogue (534) would demonstrate such a significant difference in 

reactivity compared to the MOM ether protected arene used by Marazano et al. (539) was a 

surprising result.279 Undeterred, it was decided to use lithium-halogen exchange to generate the 

requisite aryllithium nucleophile. Arene 534 was readily brominated with NBS to give bromide 

544. Gratifyingly, subsequent treatment of bromide 544 using n-butyllithium at -78 °C, followed 

by addition of epoxide 535 and boron trifluoride, afforded alcohol 536 in 16% yield.  

 

Scheme 3.73: Conditions and Reagents: a) chloromethyl ethyl ether, NaH, THF/DMF, 0 °C → rt, 

19 h, 41%; b) n-BuLi, THF, 0 °C, 2 h, then epoxide 535, THF, 0 °C, 0.5 h, 45%, N.R.; c) n-BuLi, 

THF, 0 °C, 2 h, then epoxide 535, BF3.OEt2, THF, 0 °C, .5 h, 45%, N.R.; d) NBS, CH2Cl2, rt, 30 

min, quant.; e) n-BuLi, THF, -78 °C, 30 min, then epoxide 535, BF3.OEt2, THF, -78 °C → rt, 1.5 h, 

16%. 

Conditions were screened to optimise the epoxide opening reaction of bromide 544 with epoxide 

535 (Table 3.22). Higher yields of alcohol 536 were obtained using shorter lithiation times and 

when an excess of base and epoxide were used (entries 6-8). Unfortunately, the reaction was 

unsuccessful using tert-butyllithium as the base (entries 4 and 5), while use of excess boron 

trifluoride did not increase further the yield of alcohol 536 (entry 2).  
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Table 3.22: Optimisation of lithium-halogen exchange/epoxide opening. 

Entry 
Base 

(equiv.) 
Epoxide 

equiv. 
Solvent 

Lithiation 

timea 

BF3.OEt 

(equiv.) 
alcohol 536 

(%) 

1 
n-BuLi 

(1.1) 
1.0 THF 30 min 1.2 16 

2 
n-BuLi 

(1.1) 
1.0 THF 30 min 2.0 18 

3 
n-BuLi 

(1.1) 
1.0 THF 1 h 1.2 - 

4 
t-BuLi 

(2.2) 
1.0 THF 10 min 1.2 - 

5 
t-BuLi 

(2.2) 
1.0 Et2O 10 min 1.2 - 

6 
n-BuLi 

(1.1) 
1.5 THF 30 min 1.2 29 

7 
n-BuLi 

(2.5) 
1.5 THF 30 min 1.2 28 

8 
n-BuLi 

(1.5) 
1.5 THF 10 min 1.2 45 

a. Lithiation and reaction temperature = -78 °C 

 

With alcohol 536 in hand, albeit in only modest yield, our attention turned to synthesis of model 

spiroketal 538. Oxidation of alcohol 536 using IBX readily afforded ketone 537 in excellent yield 

(Scheme 3.74). Ketone 537 was subject to a range of acidic conditions in an effort to effect 

deprotection and spiroketalisation to spiroketal 538 (Table 3.23) Disappointingly, the majority of 

the conditions screened resulted in complex mixtures. Treatment of ketone 537 with neat acetic 

acid resulted in no reaction (entry 8), while treatment of ketone 537 with TBAF in acetic acid 

cleaved the TBS ether but failed to provide spiroketal 538 (entry 3).  
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Scheme 3.74: Conditions and Reagents: a) IBX, DMSO, 45 °C → rt, 2.5 h, 86%. 

Table 3.23: Attempted one-pot deprotection/spirocyclisation of ketone 537 to spiroketal 538.  

Entry Reagents and Conditions 

1 TsOH.H2O, MeOH, rt, 20 h 

2 TBAF, THF, rt, 5 min, then TFA, 23 h 

3 TBAF, AcOH, rt → 50 °C, 48 h 

45 NaHSO4/SiO2, CH2Cl2, rt, 22 h 

6 NaHSO4/SiO2, THF, rt, 22 h 

7 NaHSO4/SiO2, TsOH.H2O, MeOH, rt, 72 h 

8 AcOH, rt, 22 h 

9 HCl (2.0 M), NaI, iPrOH, rt, 22 h 

10 TFA, CH2Cl2, rt, 2.5 h 

11 TFA, CH2Cl2, -78 °C, 5 min 

12 TMSBr, CH2Cl2, rt, 2.5 h 

13 HCl (2.0 M), NaI, acetone, rt, 22 h 

14 dowex resin, MeOH, rt, 22 h 

 

A step-wise deprotection sequence was next investigated. Ketone 537 was treated with TBAF 

affording alcohol 545 in excellent yield (Scheme 3.75). Pleasingly, treatment of alcohol 545 with 

CSA in methanol resulted spiroketal 538 accompanied by benzofuran 546. With the successful 

synthesis of model spiroketal 538, it was hoped this strategy may offer a future entry point into the 

synthesis of pinnatifinosides C (18) and D (19).  

 

Scheme 3.75: Conditions and Reagents: a) TBAF, AcOH, THF, rt, 48 h, 85%; b) CSA, MeOH, 40 

°C, 6.5 h, 53% spiroketal 538, 47% benzofuran 546. 
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3.9 Conclusions and Future Work 

The research reported in this thesis has resulted in the synthesis of two model spiroketals, 357 and 

538, possessing the benzannulated spiroketal core of the pinnatifinoside family of natural products 

(Figure 3.20) Furthermore, significant progress has been made towards the total synthesis of 

pinnatifinosides C (18) and D (19).  

 

Figure 3.20: Model Spiroketals 357 and 538, and pinnatifinosides C (18) and D (19).  

Synthetic studies towards pinnatifinosides C (18) and D (19) began with construction of model 

spiroketal 410. Protection and regioselective iodination of commerically available (±)-naringenin 

(353) provided iodide 397 (Scheme 3.76). Following protection of iodide 397 as an EOM ether 396, 

Sonogashira cross-coupling with 4-pentyn-1-ol (355) afforded alkynol 422. Treatment of alkynol 

422 using (tBu3P)AuCl and AgSbF6 in the presence of methanol afforded model spiroketal 410.  

 

Scheme 3.76: Reagents and conditions: a) chloromethyl ethyl ether, DIPEA, THF, 0 °C – rt, 22 h, 

87%, b) DDQ, benzene, reflux, 5 h, 86%; c) TsCl, DMAP, TEA, CH2Cl2, 23 h, 94%; d) 

NaHSO4/SiO2, DCM, rt, 17 h, 96%; e) ICl, DMSO/AcOH/MeOH, rt, 6 h, 76%; f) chloromethyl ethyl 

ether, DIPEA, THF, rt, 3.5 h, 91%; g) Pd(OAc)2, dtbpf, K2CO3, TBAI, NMP, rt, 1 h, 64%; h) 

(tBu3P)AuCl, AgSbF6, TsOH, MeOH/THF, rt, 1 h, 82%; i) Na, MeOH, rt, 1 h, 33% 

Following on from the success of the model study, the total synthesis of pinnatifinosides C (18) and 

D (19) was next attempted. Protection of D-ribose (306) and subsequent homologation gave alkyne 
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465, after which Sonogashira cross-coupling of alkyne 465 and iodide 397 afforded alkynol 474 

(Scheme 3.77).  

 

Scheme 3.77: Conditions and Reagents: a) 2,2-dimethoxypropane, TsOH, acetone, 0 °C → rt, 6 h, 

80%, d.r. 8:2; b) TBSCl, DMAP, NEt3, CH2Cl2, -78°C – 0 °C, 5 h, 87%, d.r. 7:1; c) TMSCHN2, 

LDA, THF, -78 °, 30 min, then lactol 474, -78 °C → rt, 1 h, 50%; d) Pd(OAc)2, dtbpf, K2CO3, TBAI, 

NMP, rt, 22 h, 78%.  

Unfortunately, the attempted gold-catalysed spiroketalisation of alkynol 474 did not afford 

spiroketal 475, instead giving a mixture of furan 476 and pyran 477. Attempts to effect cyclisation 

of furan 476 to spiroketal 475 under acidic conditions, were unsuccessful. Changing the protecting 

groups or reducing the complexity of the flavone fragment did not provide a solution. Thus, 

alternative strategies were investigated. 

 

Scheme 3.92: Reagents and conditions: a) (PPh3)AuCl, AgSbF6, THF, rt, 2 h, 51%, 1:1 477/476; b) 

various acids.  

A second model spiroketal (538) was constructed, containing a simplified core of the 

pinnatifinosides. Commerically available phloroglucinol (533) was protected as an EOM ether 
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(534) and subsequently brominated to give bromide 544 (Scheme 3.93). Lithium-halogen exchange 

provided the corresponding aryllithium species in situ which was then used to effect ring-opening 

of epoxide 535, affording alcohol 536. Oxidation of alcohol 536 to ketone 537 and subsequent 

deprotection of the TBS ether gave alcohol 545. Acid-catalysed deprotection and spiroketalisation 

of alcohol 545 afforded spiroketal 538 and benzofuran 546.  

 

Scheme 3.93: Conditions and Reagents: a) chloromethyl ethyl ether, NaH, THF/DMF, 0 °C → rt, 

19 h, 41%; b) NBS, CH2Cl2, rt, 30 min, quant.; c) n-BuLi, THF, -78 °C, 10 min, then epoxide 535, 

BF3.OEt2, THF, -78 °C, 4 h, 45%; d) TBSCl, DMAP, imidazole, CH2Cl2, rt, 30 min, 94%; e) m-

CPBA, CH2Cl2, 0 °C → rt, 2 h, 76%; f) IBX, DMSO, 45 °C → rt, 2.5 h, 86%; g) TBAF, AcOH, 

THF, rt, 48 h, 85%; h) CSA, MeOH, 40 °C, 6.5 h, 53% spiroketal 538, 47% benzofuran 546. 

The successful synthesis of model spiroketal 538 suggests the epoxide-opening strategy may 

provide an entry point into the total synthesis of pinnatifinosides C (18) and D (19) and other 

oxygen-rich benzannulated spiroketals such as aquilarinoside A (547), acetophenone glycoside 548, 

and upuborneol A (549) (Figure 3.20). 280-282 

 

Figure 3.20: Benzannulated spiroketal natural products containing the model spiroketal 538 core.  

A proposed future synthesis for pinnatifinosides C (18) and D (19) is outlined below. Following 

protection and olefination of D-ribose (306),283 epoxidation of alkene 550 might provide epoxide 

531 (Scheme 3.95). Lithium-halogen exchange of orthogonally protected bromide 551 and 
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subsequent epoxide opening of epoxide 531 would give alcohol 552, which may then be oxidised 

to ketone 553. Subsequent deprotection and acid-catalysed spiroketalisation would afford spiroketal 

554. Following this, Friedel-crafts acylation of acyl chloride 529 would provide alkyne 555, which 

could then be cyclised to flavone 556.284 Global deprotection of the benzyl ethers by hydrogenolysis 

would provide alcohol 557, which, following selective acetylation, would yield pinnatifinosides C 

(18) and D (19).  

 

Scheme 3.95: Proposed synthesis for pinnatifinosides C (18) and D (19). 

  

 

  



Pinnatifinosides 

 
151 

  



Chapter 3 

 
152 

 

 



 

 
153 

 

 

 

 

 

 

 

Chapter Four 

Experimental 

  



Experimental 

 

 
154 

 

  



Experimental 

 
155 

4.1 General Details 

 

Unless otherwise noted, all reactions were performed under an oxygen-free atmosphere of nitrogen 

or argon. Tetrahydrofuran and diethyl ether were freshly distilled over sodium/benzophenone ketyl. 

Dichloromethane, acetonitrile, methanol and dimethylsulfoxide were freshly distilled from calcium 

hydride. Toluene was freshly distilled over sodium. Triethylamine and diisopropylamine were 

freshly distilled from calcium hydride and stored over potassium hydroxide. All other reagents were 

used as received unless otherwise noted.  

Yields refer to chromatographically and spectroscopically (1H NMR) homogeneous materials, 

unless otherwise stated. Reactions performed at low temperature were cooled either with an 

acetone/dry ice bath to reach −78 °C or an ice/water bath to reach 0 °C. Reactions were monitored 

by thin-layer chromatography (TLC) carried out on E. Merck silica gel plates using UV light as 

visualising agent and an ethanolic solution of vanillin or potassium permanganate in aqueous 

sodium hydroxide and heat as developing agents. Kieselgel S 63-100 μm (Riedel-de-Hahn) silica 

gel was used for flash chromatography.  

NMR spectra were recorded at rt in CDCl3, CD3OD, (CD3)3CO, C6D6 or (CD3)SO solutions on 

either a Bruker DRX300 spectrometer operating at 300 MHz for 1H nuclei and 75 MHz for 13C 

nuclei, using a Bruker DRX400 spectrometer operating at 400 MHz for 1H nuclei and 100 MHz for 

13C nuclei, or using a Bruker DRX500 spectrometer operating at 500 MHz for 1H nuclei and 125 

MHz for 13C nuclei. Chemical shifts are reported in parts per million (ppm) from tetramethylsilane 

(δ = 0 ppm) and were measured relative to the solvent in which the sample was analysed. Coupling 

constants, J, are reported in hertz (Hz). Multiplicities are reported as “s” (singlet), “br s” (broad 

singlet), “d” (doublet), “br d” (broad doublet), “dd” (doublet of doublets), “ddd” (doublet of 

doublets of doublets), “t” (triplet), “tt” (triplet of triplets), “td” (triplet of doublets), “tdd” (triplet of 

double of doublets), "ABq" (AB quartet) and “m” (multiplets). Where distinguishable from those 

due to a major rotamer or diastereomer, resonances due to minor rotamers or diastereomers are 

denoted by an asterisk, “*”. Optical rotations were measured with an Autopol® IV automatic 

polarimeter, using the sodium-D line (589 nm), with the concentration measured in grams per 100 

mL. Infrared (IR) spectra were recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer using 

a diamond ATR sampling accessory. Melting points were determined on a Kofler hot-stage 

apparatus and are uncorrected. High-resolution mass spectra (HRMS) were obtained using a 

VG70SE spectrometer or on a micrOTOF-Q II mass spectrometer. 
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4.2 Experimental Procedures 

 

1-Benzyloxy-2-propene (212) 

 

A suspension of sodium hydride (2.77 g, 69.4 mmol) in anhydrous N,N-dimethylformamide (73.1 

mL) was cooled to 0 °C under an atmosphere of nitrogen followed by the slow addition of benzyl 

alcohol (4.81 mL, 46.2 mmol) over 5 min. This suspension was stirred for 20 min at rt before allyl 

chloride (5.66 mL, 69.4 mmol) was added. After 1.5 h the reaction was cooled to 0 °C and quenched 

with saturated aqueous NH4Cl (15 mL). The mixture was diluted with water (50 mL) and extracted 

with ethyl acetate (3 × 100 mL). The organic extracts were combined and washed with water (50 

mL) and brine (50 mL), dried over anhydrous MgSO4, filtered, and the solvent removed under 

reduced pressure. The crude product was purified via flash chromatography (ethyl acetate-hexanes, 

1:100) to give the title compound 212 (6.00 g, 88%) as a colourless liquid;  

Rf 0.26 (ethyl acetate-hexanes, 1:100);  

1H NMR (400 MHz, CDCl3) δ 4.03 (2H, dt, J = 5.6, 1.5 Hz, H-3), 4.52 (2H, s, Bn), 5.20 (1H, dd, 

J  = 10.4, 1.2 Hz, Ha-1), 5.31 (1H, dd, J = 17.8, 1.8 Hz, Hb-1), 5.96 (1H, m, H-2), 7.25-7.35 (5H, 

m, Bn);  

13C NMR (100 MHz, CDCl3) δ 71.2 (CH2, Bn), 72.1 (CH2, C-3), 117.1 (CH2, C-1), 127.6 (CH, 

OBn), 127.7 (2 × CH, Bn), 128.4 (2 × CH, Bn), 134.8 (CH, C-2), 138.4 (C, Bn);  

IR (neat) 3087, 3065, 3030, 2987, 2854, 1645, 1496, 1454, 1425, 1390, 1358, 1311, 1264, 1203, 

1091, 1075, 1028, 990, 924, 737, 698 cm-1;  

Spectral data were in agreement with literature values.145 
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(E)-Ethyl 4-(benzyloxy)but-2-enoate (209) 

 

A solution of alkene 212 (5.76 g, 38.8 mmol) in dichloromethane (96 mL) was cooled to -78 °C 

and a stream of ozone was bubbled through for 1.5 h. The resultant blue solution had a stream of 

argon bubbled through to remove excess ozone before triethylamine (10.77 mL, 77.7 mmol) was 

added and the reaction was allowed to warm to rt. After 4 h the volatiles were removed under 

reduced pressure and the residue was dissolved in diethyl ether (20 mL). Separately, a suspension 

of triethyl phosphonoacetate (11.3 g, 50.5 mmol) in water (20 mL) was prepared, cooled to 0 °C 

and had added to it potassium carbonate (14.0 g, 101 mmol). After 15 min the diethyl ether solution 

was added to the triethyl phosphonoacetate suspension and the mixture was stirred for 18 h. This 

was then extracted with ethyl acetate (2 × 150 mL) and washed with brine (2 × 150 mL). The 

organic extracts were combined, dried over anhydrous MgSO4, filtered, and the solvent removed 

under reduced pressure. The crude product was purified by flash chromatography (ethyl acetate-

hexanes, 1:9) to give the title compound 209 (4.61 g, 50%) as a light yellow liquid;  

Rf 0.29 (ethyl acetate-hexanes, 1:9);  

1H NMR (400 MHz, CDCl3) δ 1.29 (3H, t, J = 7.0 Hz, Et), 4.17 - 4.23 (4H, m, Et and H-4), 4.56 

(2H, s, Bn), 6.13 (1H, dt, J = 15.3, 2.1 Hz, H-2), 6.98 (1H, dt, J = 15.6, 4.4 Hz, H-3), 7.27 – 2.38 

(5H, m, Bn);  

13C NMR (100 MHz, CDCl3) δ 14.3 (CH3, Et), 60.4 (CH2, Et), 68.7 (CH2, C-4), 72.8 (CH2, Bn), 

121.5 (CH, C-2), 127.6 (2 × CH, Bn), 127.8 (CH, Bn), 128.5 (2 × CH, Bn), 137.8 (C, Bn), 144.2 

(CH, C-3), 166.3 (C=O, C-1);  

IR (neat) 3065, 3032, 2981, 2941, 2902, 2852, 1718, 1662, 1497, 1454, 1393, 1366, 1300, 1268, 

1177, 1119, 1096, 1041, 967, 915, 736, cm-1;  

Spectral data were in agreement with literature values.148 
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4-(Benzyloxy)but-2-enoic acid (214) 

 

To a solution of ester 209 (3.90 g, 17.2 mmol) in tetrahydrofuran (31 mL) was added lithium 

hydroxide monohydrate (1.44 g, 3.44 mmol) and the solution allowed to stir at rt for 43 h. The 

volatiles were removed under reduced pressure and HCl solution (50 mL, 1M) added to the residue. 

The mixture was extracted with ethyl acetate (4 × 250 mL) and dichloromethane (4 × 250 mL), and 

the organic layers were combined, dried over anhydrous MgSO4, filtered, and the solvent removed 

under reduced pressure. The crude product was purified by flash chromatography (ethyl acetate-

hexanes, 1:2) to give the title compound 214 (3.20 g, 96%) as a yellow crystalline solid;  

Rf 0.46 (ethyl acetate-hexanes, 1:2); 

1H NMR (400 MHz, CDCl3) δ 4.21 (2H, dd, J = 4.2, 2.2 Hz, H-4), 4.58 (2H, s, Bn), 6.16 (1H, dt, 

J = 15.6, 2.0, H-2), 7.10 (1H, dt, J = 15.7, 4.1 Hz, H-3), 7.28 – 7.39 (5H, m, Bn), 11.29 (1H, br s, 

OH);  

13C NMR (100 MHz, CDCl3) δ 68.5 (CH2, C-4), 72.9 (CH2, Bn), 120.3 (CH, C-2), 127.7 (2 × CH, 

Bn), 127.9 (CH, Bn), 128.5 (2 × CH, Bn), 137.6 (C, Bn), 147.1 (CH, C-3), 170.9 (C=O, C-1);  

IR (neat) 3056, 3035, 2840, 2787, 2666, 2545, 1678, 1656, 1638, 1497, 1464, 1446, 1404, 1429, 

1357, 1307, 1287, 1273, 1243, 1208, 1132, 1080, 1044, 1027, 1000, 971, 923, 906, 840 cm-1;  

Spectral data were in agreement with literature values.148  
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(R,E)-3-(4-(Benzyloxy)but-2-enoyl)-4-phenyloxazolidin-2-one (208) 

 

Trimethylacetyl chloride (1.75 mL, 14.2 mmol) was added to a solution of acid 214 (2.55 g, 13.3 

mmol) and triethylamine (5.36 mL, 38.7 mmol) in tetrahydrofuran (46 mL) at -41 °C under an 

atmosphere of nitrogen. The reaction was allowed to slowly warm to rt over 2 h, after which lithium 

chloride (0.82 g, 19.3 mmol) and (R)-4-phenyloxazolidin-2-one (210) (2.31 g, 14.2 mmol) were 

added. After stirring for 3 h, the reaction mixture was poured onto an ice-cooled, biphasic mixture 

of diethyl ether (100 mL) and saturated aqueous NaHCO3 (150 mL), and the whole mixture 

extracted with ethyl acetate (3 × 100 mL). The organic extracts were each washed with saturated 

aqueous NaHCO3 (50 mL) and brine (50 mL), combined, dried over anhydrous MgSO4, and filtered. 

The solvent was removed under reduced pressure and the crude product purified firstly by flash 

chromatography (ethyl acetate-hexanes, 1:3) and finally by recrystallised from hexanes/ethyl 

acetate (1:1) to give the title compound 208 (3.23 g, 72%) as a white crystalline solid;  

Rf 0.27 (ethyl acetate-hexanes, 1:3);  

m.p. 87 – 88 °C (lit144 115.5 – 116.5 °C); 

[𝜶]𝑫
𝟐𝟐.𝟓 = -60.9 (c 0.19 in CHCl3) (lit.144 [𝛼]𝐷

26 = -67.3 (c 2.07 in CHCl3);  

1H NMR (400 MHz, CDCl3) δ 4.21 (2H, dd, J = 4.5, 2.0 Hz, H-4), 4.30 (1H, dd, J  = 8.9, 4.0 Hz, 

Ha-6), 4.57 (2H, s, Bn), 4.74 (1H, dd, J  = 8.8, 8.8 Hz, Hb-6), 5.50 (1H, dd, J = 8.7, 3.9 Hz, H-5), 

7.08 (1H, dt, J  = 15.5, 4.5 Hz, H-3), 7.27-7.41 (10H, m, Ph and Bn), 7.54 (1H, dt, J  = 15.5, 2.0 

Hz, H-2);  

13C NMR (75 MHz, CDCl3) δ 57.6 (CH, C-5), 69.0 (CH2, C-4), 70.0 (CH2, C-6), 72.8 (CH2, Bn), 

120.4 (CH, C-2), 126.0 (2 × CH), 127.7 (2 × CH), 127.8 (CH), 128.5 (2 × CH), 128.7 (CH), 129.2 

(2 × CH), 137.6 (C), 138.8 (C), 146.7 (CH, C-3), 153.4 (C=O), 164.0 (C=O);  

IR (neat) 3134, 3034, 2857, 2795, 1785, 1774, 1680, 1637, 1438, 1378, 1332, 1194, 1185, 1133, 

1078, 1055, 1038, 1023, 1001, 970, 936 cm-1;  

Spectral data were in agreement with literature values.3 
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(R)-3-((R)-4-(Benzyloxy)-3-methylbutanoyl)-4-phenyloxazolidin-2-one (207) 

 

Methyl magnesium bromide (9.44 mL, 3.0 M in ether, 28.3 mmol) was added to a stirred suspension 

of CuBr.SMe2 (7.73 g, 37.6 mmol) in a mixture of THF/Me2S (95.2 mL, 3:2) at -78 °C under an 

atmosphere of nitrogen. After 20 min the reaction was warmed to 0 °C and stirred for a further 20 

min. The resulting yellow suspension was cooled to -78 °C and a solution of oxazolidone 208 (3.16 

g, 9.38 mmol) in THF/DCM (6 mL, 6:1) was added. After 30 min the suspension was warmed to -

41 °C and stirred for 1 hr. The reaction was quenched with saturated aqueous NH4Cl (30 mL) and 

the crude product extracted with ethyl acetate (3 × 100 mL). The organic extracts were each washed 

with saturated aqueous NH4Cl (2 × 50 mL) and brine (50 mL), and the extracts combined, dried 

over anhydrous MgSO4, and filtered. The solvent was removed under reduced pressure and the 

crude product was purified by flash chromatography (ethyl acetate-hexanes, 1:3) to give a 95:5 

mixture of the desired (R)-methyl diastereomer 207 alongside the minor (S)-methyl diastereomer 

(3.24 g, 98%). Recrystallisation of the diastereomeric mixture from ethyl acetate/hexanes (4:1) 

afforded the title compound 207 (1.36 g, 42%, >99% d.e.) as a white solid;  

Rf 0.30 (ethyl acetate-hexanes, 1:3);  

m.p. 51 – 53 °C (lit144 68.5 – 69.0 °C); 

[𝜶]𝑫
𝟐𝟐.𝟖 = -41.7 (c 0.43 in CHCl3) (lit144 [𝛼]𝐷

22 = -52.8 (c 2.08 in CHCl3));  

1H NMR (400 MHz, CDCl3) δ 0.94 (3H, d, J  = 6.8 Hz, H-5), 2.43 (1H, m, H-3), 2.68 (1H, dd, J  

= 16.0, 6.4 Hz, Ha-2), 3.25 (1H, dd, J  = 16.0, 7.2 Hz, Hb-2), 3.31 (1H, dd, J  = 9.4, 7.8 Hz, Ha-4), 

3.39 (1H, dd, J  = 9.4, 5.4 Hz, Hb-4), 4.14 (1H, dd, J  = 8.8, 4.0 Hz, Ha-6), 4.36 (1H, dd, J  = 8.8, 

8.8 Hz, Hb-6), 4.43 (2H, ABq, J = 12.0 Hz, Bn), 5.23 (1H, dd, J = 8.6, 3.8 Hz, H-7), 7.24-7.34 (10H, 

m, Ph and Bn);  

13C NMR (100 MHz, CDCl3) δ 17.2 (CH3, C-5), 30.7 (CH, C-3), 39.3 (CH2, C-2), 57.6 (CH, C-7), 

69.7 (CH2, C-6), 72.9 (CH2, Bn), 75.1 (CH2, C-4), 125.9 (2 × CH), 127.5 (CH), 127.6 (2 × CH), 

128.3 (2 × CH), 128.6 (CH), 129.1 (2 × CH), 138.7, 139.3 (2 × C, Ph and Bn), 153.9 (C=O), 172.2 

(C=O);  

IR (neat) 3031, 2983, 2915, 2872, 2846, 2790, 1780, 1696, 1605, 1498, 1470, 1451, 1394, 1381, 

1346, 1363, 1312, 1329, 1301, 1261, 1198, 1185, 1157, 1136, 1076, 1036, 1053, 1018, 962, 930, 

918, 896, 861, 834 cm-1;  

HRMS (ESI+) found [M + Na]+ 376.1524. C21H23NNaO4 requires 376.1519;  
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Spectral data were in agreement with literature values.3 

(R)-4-(Benzyloxy)-3-methylbutan-1-ol (215) 

 

To a solution of oxazolidone 207 (1.41 g, 3.98 mmol) in tetrahydrofuran (10 mL) under an 

atmosphere of nitrogen was added water (0.11 mL) and the solution cooled to 0 °C. To this was 

added lithium borohydride (2.98 mL, 2.0 M in THF, 5.97 mmol) and the reaction stirred at 0 °C for 

1 h, and then at rt for 4 h. The reaction mixture was poured onto an ice cold solution of saturated 

aqueous NH4Cl (100 mL) and extracted with ethyl acetate (3 × 100 mL). The organic extracts were 

collected and dried over anhydrous MgSO4, filtered, and the solvent removed under reduced 

pressure. The crude product was purified by flash chromatography (ethyl acetate-hexanes 1:3) to 

give the title compound 215 (651 mg, 84%) as a colourless oil;  

Rf 0.32 (ethyl acetate-hexanes, 1:3);  

(lit.285 [𝜶]𝑫  = +1.8 (c 2.90 in EtOH));  

1H NMR (400 MHz, CDCl3) δ 0.95 (3H, d, J  = 7.0 Hz, H-5), 1.63 (2H, m, H-2), 1.94 (1H, m, H-

3), 2.35 (1H, br s, OH), 3.31 (1H, dd, J = 9.2, 5.5 Hz, Ha-4), 3.38 (1H, dd, J  = 4.7, 9.2 Hz, Hb-4), 

3.67 (2H, m, H-1), 4.52 (2H, s, Bn), 7.26-7.35 (5H, m, Ar-H);  

13C NMR (100 MHz, CDCl3) δ 17.6 (CH3, C-5), 31.4 (CH, C-3), 38.0 (CH2, H-2), 61.1 (CH2, H-

1), 73.2 (CH2, Bn), 76.1 (CH2, H-4), 127.68 (CH, Bn), 127.70 (2 × CH, Bn), 128.4 (2 × CH, Bn), 

138.1 (C, Bn);  

IR (neat) 3359, 3031, 2956, 2925, 2857, 1721, 1496, 1454, 1363, 1314, 1256, 1206, 1094, 1070, 

1029, 1010, 912 cm-1;  

Spectral data were in agreement with literature values.285  
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1,1,1-Triacetoxy-1,1-dihydro-1,2-benziodoxol-3(1H)-one (Dess-Martin Peroidinane, DMP) 

(216) 

 

To a stirred solution of potassium peroxymonosulfate (80.5 g, 0.13 mol, Oxone®) in water (425 

mL) was added 2-iodobenzoic acid (25 g, 0.10 mol) and the reaction heated at 70 °C for 4 h. The 

reaction was then cooled to 0 °C and stirred for 2 h. The resulting suspension was collected by 

filtration, washed with water (6 × 50 mL) and acetone (2 × 50 mL), and the volatiles removed under 

reduced pressure to give 2-iodoxybenzoic acid (24.6 g, 87%) as a white solid, which was used 

without further purification. The previously prepared 2-iodoxybenzoic acid (24.6 g, 87.9 mmol) 

was added to a stirred solution of p-toluenesulfonic acid (836 mg, 4.40 mmol) in acetic anhydride 

(100 mL) and the reaction was heated to 80 °C. After 2 h, the mixture was cooled to 0 °C and the 

resulting precipitate was collected by filtration. The solid was washed with diethyl ether (3 × 100 

mL) and dried under reduced pressure to give the title compound 216 (21.6 g, 58%) as a white solid;  

1H NMR (400 MHz, CDCl3) δ 2.01 (6H, s, 2 × OAc), 2.33 (3H, s, OAc), 7.90 (1H, m, Ar-H), 8.08 

(1H, m, Ar-H), 8.29 (1H, dd, J = 8.4, 0.7 Hz, Ar-H), 8.32 (1H, dd, J = 7.5, 1.4 Hz, Ar-H);  

13C NMR (100 MHz, CDCl3) δ 20.3 (2 × CH3, OAc), 20.4 (CH3, OAc), 126.0 (C, C-2), 126.5 (CH, 

Ar-H), 131.8 (CH, Ar-H), 133.8 (CH, Ar-H), 135.7 (CH, Ar-H), 142.3 (C, C-1), 166.1 (C=O, C-7), 

174.0 (C=O, OAc), 175.7 (2 × C=O, 2 × OAc);  

Spectral data were in agreement with literature values.156  
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(R)-4-(Benzyloxy)-3-methylbutanal (184) 

 

To a solution of alcohol 215 (651 mg, 3.35 mmol) in dichloromethane (4 mL) under an atmosphere 

of nitrogen at 0 °C was added Dess-Martin periodinane (216) (2.36 g, 5.56 mmol) and the solution 

stirred for 5 h. The reaction mixture was poured onto an ice-cold mixture of saturated aqueous 

Na2S2O3 (50 mL) and saturated aqueous NaHCO3 (50 mL), and the mixture extracted with ethyl 

acetate (3 x 100 mL). The organic extracts were combined, filtered, and dried over anhydrous 

MgSO4. The solvent was removed under reduced pressure and the crude product was purified by 

flash chromatography (ethyl acetate-hexanes, 1:9) to give the title compound 184 (469 mg, 63%) 

as a colourless oil;  

Rf 0.35 (ethyl acetate-hexanes, 1:9); 

 [𝜶]𝑫
𝟐𝟏 = +10.4 (c 0.7, CHCl3), (lit.135 [𝛼]𝐷

20 = +10.7 (c = 0.7, CHCl3));  

1H NMR (400 MHz, CDCl3) δ 0.99 (3H, d, J  = 6.9 Hz, H-5), 2.29 (1H, ddd, J  = 15.9, 6.7, 2.1 Hz, 

Ha-2), 2.43 (1H, m, H-3), 2.55 (1H, ddd, J  = 16.1, 6.3, 2.3 Hz, Hb-2), 3.26 (1H, dd, J  = 9.0, 7.4 

Hz, Ha-4), 3.42 (1H, dd, J  = 9.2, 5.2 Hz, Hb-4), 4.53 (2H, s, Bn), 7.25-7.37 (5H, m, Ar-H), 9.77 

(1H, t, J  = 2.0 Hz, H-1);  

13C NMR (100 MHz, CDCl3) δ 17.1 (CH3, C-5), 29.2 (CH, C-3), 48.5(CH2, C-2), 73.1 (CH2, Bn), 

74.9 (CH2, C-4), 127.6 (CH, Bn), 127.6 (2 × CH, Bn), 128.4 (2 × CH, Bn), 138.4 (C, Bn), 202.4 

(C=O, C-1);  

IR (neat) 3089, 3068, 3030, 29862, 2931, 2855, 2719, 1723, 1496, 1454, 1363, 1308, 1244, 1205, 

1096, 1028, 821, 738 cm-1;  

Spectral data were in agreement with literature values.135  
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5-Bromo-1-naphthoic acid (201) 

 

To a stirred suspension of 1-naphthoic acid (200) (2.00 g, 11.6 mmol) in acetic acid (9.7 mL) was 

added bromine (0.32 mL, 12.6 mmol) and the reaction heated at 110 °C for 48 h. The precipitate 

resulting precipitate was collected by filtration and washed with hexanes (4 × 25 mL) affording the 

title compound 201 as a white solid (2.02 g, 46%);  

m.p. 250 – 252 °C (decomp);  

1H NMR (400 MHz, DMSO-d6) δ 7.57 (1H, dd, J  = 8.6, 7.4 Hz, H-7), 7.77 (1H, dd, J  = 8.4, 7.2 

Hz, H-3), 7.99 (1H, dd, J  = 7.2, 0.8 Hz, H-6), 8.22 (1H, dd, J = 7.2, 1.2 Hz, H-2), 8.42 (1H, dd, J  

= 7.6, 0.8 Hz, H-4), 8.87 (1H, d, J = 8.8 Hz, H-8), 13.38 (1H, br s, OH);  

13C NMR (100 MHz, DMSO-d6) δ 122.4 (C, C-5) 125.8 (CH, C-8), 126.8 (CH, C-3), 128.1 (CH, 

C-7), 129.0 (C, C-4a), 130.4 (CH, C-2), 130.6 (CH, C-6), 130.9 (CH, C-4), 131.4 (C C-1), 132.0 

(C, C-8a), 168.3 (C=O, C-9);  

IR (neat) 2955, 2633, 2524, 1667, 1612, 1587, 1565, 1501, 1461, 1419, 1387, 1354, 1336, 1288, 

1219, 1211, 1196, 1149, 1019, 987, 901, 853, 827, 780, 760, 690, 619 cm-1;  

Spectral data were in agreement with literature values.286 
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5-Bromo-N,N-diethyl-1-naphthamide (199) 

 

To a solution of 5-bromo-1-naphthoic acid (201) (1.01 g, 4.03 mmol) in dry tetrahydrofuran (50 

mL) was added oxalyl chloride (0.52 mL, 6.05 mmol) and dry DMF (10 drops). The mixture was 

stirred under nitrogen at reflux for 3 h.  Following this, the reaction mixture was cooled to rt and 

the volatiles removed under reduced pressure. The resultant residue was dissolved in dry THF (25 

mL) and cooled to 0 °C. Diethylamine (1.0 mL, 9.67 mmol) was added and the solution was 

refluxed for 22.5 h. The volatiles were removed under reduced pressure and the crude product was 

purified by flash chromatography (ethyl acetate-hexanes, 1:2), to give the title compound 199 (1.13 

mg, 91%) as a white solid;  

Rf 0.30 (ethyl-acetate-hexanes, 1:2);  

mp 43-45 °C ;  

1H NMR (400 MHz, CDCl3) δ 0.99 (3H, t, J = 7.0 Hz, Et), 1.37 (3H, t, J = 7.2 Hz, Et), 3.07 (2H, 

m, Et), 4.12 (1H, m, Et), 4.34 (1H, m, Et), 7.35 (1H, dd, J = 8.4, 7.5 Hz, H-3), 7.45 (1H, dd, J = 

7.0, 1.1 Hz, H-6), 7.59 (1H, dd, J = 8.6, 7.0 Hz, H-7), 7.79 (1H, d, J = 8.4, 0.8 Hz, H-2), 7.81 (1H, 

d, I = 7.4, 0.8 Hz, H-4), 8.28 (1H, d, J = 8.5, 1.0 Hz, H-8);  

13C NMR (100 MHz, CDCl3) δ 13.1 (CH3, Et), 14.3 (CH3, Et), 39.1 (CH2, Et), 43.1 (CH2, Et), 

123.3 (C, C-5), 124.1 (CH, C-6), 124.8 (CH, C-1), 126.7 (CH, C-7), 127.2 (CH, C-3), 128.0 (CH, 

C-8), 130.5 (CH, C-4), 130.9 (C), 132.1 (C), 135.7 (C), 169.7 (C=O, C-9);  

IR (neat) 3064, 2965, 2932, 2872, 1616, 1592, 1566, 1473, 1464, 1436, 1473, 1464, 1436, 1405, 

1387, 1365, 1346, 1229, 1217, 1199, 1179, 1127, 1099, 1077, 1066, 1033,  987, 940, 899 cm-1;  

HRMS (ESI+) found [M + H]+ 306.0488. C15H17BrNO requires 306.0488.  
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N,N-Diethyl-5-methyl-1-naphthamide (185) 

 

To a mixture of methylboronic acid (331 mg, 5.52 mmol), 2-dicyclohexylphosphino-2’,6’-

dimethoxybiphenyl (75.6 mg, 0.23 mmol), and caesium carbonate (3.60 g, 10.0 mmol) in 1,4-

dioxane (36.8 mL) was added 5-bromo-N,N-diethyl-1-naphthamide (199), and the mixture degased 

with nitrogen. To this was added tris(dibenzylideneacetone)dipalladium(0) (168.6 mg, 0.23 mmol) 

and the resulting brown suspension was refluxed under nitrogen for 22 h. The reaction was filtered 

and the filtrate diluted with ethyl acetate (250 mL), washed with water (2 × 100 mL) and brine (2 

× 100 mL), and dried over anhydrous MgSO4. The solvent was removed under reduced pressure 

and the crude product was purified by flash chromatography (ethyl acetate-hexanes, 1:4) to give an 

orange oil. Recrystallisation from ethyl acetate-hexanes (1:4) afforded the title compound 185 (659 

mg, 96%) as a white solid;  

Rf 0.30 (ethyl acetate-hexanes, 1:4);  

mp 60-62 °C;  

1H NMR (400 MHz, CDCl3) δ 0.99 (3H, m, Et), 1.37 (3H, t, J = 7.2 Hz, Et), 2.71 (3H, s, Me), 3.01 

(2H, m, Et), 3.53 (1H, m, Et), 3.86 (1H, m, Et), 7.34 (1H, d, J = 6.9 Hz, Ar-H), 7.39-7.42 (2H, m, 

Ar-H), 7.51 (1H, dd, J = 8.5, 6.9 Hz, Ar-H), 7.66 (1H, d, J = 8.0 Hz, Ar-H), 8.02 (1H, d, J  = 8.5 

Hz, Ar-H);  

13C NMR (100 MHz, CDCl3) δ 13.1 (CH3, Et), 14.3 (CH3, Et), 19.6 (CH3, Me), 39.0 (CH2, Et), 

43.1 (CH2, Et), 122.9 (CH), 123.1 (CH), 124.9 (CH), 125.0 (CH), 126.5 (CH), 127.1 (CH), 129.7 

(C), 132.7 (C), 134.7 (C), 135.8 (C), 170.5 (C=O, C-9);  

IR (neat) 3053, 2975, 2935, 1718, 1511, 1476, 1456, 1436, 1404, 1383, 1353, 1317, 1286, 1217, 

1251, 1168, 1156, 1096, 1037, 987, 946, 894, 857 cm-1;  

HRMS (ESI+) found [M + H]+ 242.1549. C16H20NO requires 342.1539. 
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3-((R)-3-(Benzyloxy)-2-methylpropyl)-6-methylnaphtho[1,2-c]furan-1(3H)-one (233) 

 

To a solution of naphthamide 185 (97 mg, 0.52 mmol) in dry diethyl ether (3 mL) at -78 °C under 

an atmosphere of nitrogen was added sec-BuLi (0.37 mL, 1.4 M solution in cyclohexane), drop-

wise, and the mixture stirred for 1 h. To the resulting bright yellow suspension was added a solution 

of aldehyde 184 (50 mg, 0.26 mmol) in dry diethyl ether (1 mL). The mixture was stirred for 1 h at 

-78 °C and then at rt for 3 h. Saturated aqueous NH4Cl (2 mL) was then carefully added to quench 

the reaction and the resulting mixture was diluted with saturated aqueous NH4Cl (100 mL) and the 

crude product was extracted with ethyl acetate (3 × 100 mL). The organic extracts were combined, 

dried over anhydrous MgSO4, and the solvent removed under reduced pressure. The residue was 

dissolved in dry THF (6 mL) and had added to it HCl (2 mL, 1.0 M in 1,4-dioxane). The reaction 

mixture was stirred at rt for 3 h. The volatiles were removed under reduced pressure and the crude 

product was purified by flash chromatography (ethyl acetate-hexanes 1:19) to give an inseparable 

mixture of diastereomers (1:1) of the title compound 233 (42.9 mg, 38%), as a yellow oil;   

Rf 0.07 (ethyl acetate-hexanes 1:19);  

1H NMR (400 MHz, CDCl3) δ 1.08 (3H, d, J  = 7.0, H-17), 1.15 (3H, d, J  = 7.0 Hz, CH3, H-17*), 

1.53 – 1.61 (1H, m, Ha-16), 1.88 – 1.98 (2H, m, Ha-16* and Hb-16*), 2.22 – 2.33 (3H, m, H-15, H-

15* and Hb-16), 2.75 (6H, s, H-18, H-18*), 3.36 - 3.42 (2H, m, Ha-14* and Hb-14*), 3.45 (1H, dd, 

J = 9.2, 5.6 Hz, Ha-14), 3.58 (1H, dd, J  = 9.6, 4.8 Hz, Hb-14), 4.49 (2H, s, Bn), 4.56 (2H, s, Bn*), 

5.49-5.65 (2H, m, H-13, H-13*), 7.26-7.38 (10H, m, Bn and Bn*), 7.44-7.51 (4H, m, 2 × ArH and 

2 × ArH*), 7.58-7.62 (2H, m, ArH and ArH*), 8.28-8.31 (2H, m, ArH and ArH*), 8.91-8.93 (2H, 

m, Ar-H and ArH*);  

13C NMR (100 MHz, CDCl3) δ 16.8 (CH3, C-17), 18.2 (CH3, C-17*), 19.4 (2 × CH3, H-18 and H-

18*), 30.5, 31.0 (2 × CH, C-15 and C-15*), 39.0, 39.4 (2 × CH2, C-16 and C-16*), 73.0, 73.1 (2 × 

CH2, H-19 and H-19*), 74.8 (CH2, C-14*), 75.5 (CH2, C-14), 78.6, 79.4 (2 × CH, C-13 and C-13*), 

118.2, 118.3 (2 × CH, C-7 and C-7*), 120.4 (2 × C), 121.7 (2 × CH, C-1 and C-1*), 127.5 (2 × CH), 

127.61 (2 × C), 127.62 (2 × CH), 128.1 (2 × CH), 128.36 (2 × CH), 128.42 (2 × CH), 128.7 (2 × 

CH), 129.7 (2 × C), 131. 42, 131.44 (2 × CH, C-6 and C-6*), 132.55 (2 × C), 132.56 (2 × C), 135.0 

(2 × C), 138.50, 138.54 (2 × C, Bn, Bn*), 151.67, 151.72 (2 × C, C-8, H-8*), 170.97, 171.03 (2 × 

C=O, C-11, C-11*);  
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IR (neat) 2962, 2925, 2856, 1749, 1586, 1525, 1401, 1366, 1323, 1234, 1213, 1188, 1158, 1063, 

1029, 977, 912 cm-1;  

HRMS (ESI+) found [M + Na]+ 383.1624. C24H24O3Na requires 383.1618. 

* denotes other isomer 
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3-((R)-3-Hydroxy-2-methylpropyl)-6-methylnaphtho[1,2-c]furan-1(3H)-one (182) 

 

To a solution of lactone 233 (153 mg, 0.42 mmol) in a mixture of ethyl acetate (5.0 mL) and 

methanol (2.5 mL) was added PdOH2/C (30 mg, 20% w/w) and the suspension hydrogenated under 

an atmosphere of hydrogen at rt for 6.5 h. The reaction was filtered and the solvent of the filtrate 

removed under reduced pressure. The crude product was purified by flash chromatography (ethyl 

acetate-hexanes, 1:3) to give an inseparable mixture of diastereomers of the title compound 182 

(72.4 mg, 63%) in the ratio 1:1, as an orange oil;  

Rf 0.06 (ethyl acetate-hexanes, 1:3);  

1H NMR (400 MHz, CDCl3) δ 1.08 (3H, d, J = 7.2 Hz, H-17), 1.14 (3H, d, J = 6.8 Hz, H-17*), 

1.62 (1H, ddd, J  = 14.5, 9.9, 5.4 Hz, Ha-16), 1.84 (1H, ddd, J  = 14.6, 10.1, 4.6 Hz, Ha-16*), 1.99 

(1H, ddd, J  = 14.5, 8.7, 3.1 Hz, Hb-16*), 2.13 (2H, m, H-15 and H-15*), 2.27 (0.5H, ddd, J  = 14.4, 

7.4, 3.4 Hz, Hb-16), 2.76 (6H, s, H-18 and H-18*), 3.59 (2H, m, H-14a* and H-14b*), 3.65 (1H, dd, 

J = 11.1, 5.9 Hz, Hb-14), 3.75 (1H, dd, J = 11.1, 5.0 Hz, Ha-14), 5.63 (1H, dd, J = 9.9, 3.0 Hz, H-

13*), 5.68 (1H, dd, J = 9.7, 3.2 Hz, H-13), 7.46 (2H, d, J = 7.0 Hz, H-3 and H-3*), 7.51-7.53 (2H, 

m, H-7 and H-7*), 7.61 (2H, dd, J  = 8.4, 6.9 Hz, H-2 and H-2*), 8.33 (2H, d, J  = 8.5, H-6 and H-

6*), 8.92 (2H, d, J  = 8.5 Hz, H-1 and H-1*);  

13C NMR (100 MHz, CDCl3) δ; 16.6 (CH3, H-17*) 17.6 (CH3, H-17) 19.9 (2 × CH3, H-18,  H-18*) 

32.9, 32.2 (2 × CH, C-15, C-15*) 38.8, 38.6 (2 × CH2, C-16, C-16*) 67.3 (CH2, C-14*) 68.1 (CH2, 

C-14) 78.8, 79.1 (2 × CH, C-13, C-13*) 118.1, 118.2 (2 × Ar-H, C-7, C-7*) 121.7 (2 × Ar-H, H-1, 

C-1*) 127.0 (2 × C, C-9, C-9*) 128.1 (2 × Ar-H, C-3, C-3*) 128.9 (2 × Ar-H, C-2, C-2*) 129.7 (2 

× C, C-4, C-4*) 131.58, 131.62 (2 × Ar-H, C-6, C-6*) 132.6 (2 × C, C-5, C-5*) 135.1 (2 × C, C-

10, C-10*) 151.6 (2 × C, C-8, C-8*) 171.0 (2 × C=O, C-11, C-11*);  

IR (neat) 3412, 3070, 2957, 2917, 2899, 1794, 1728, 1632, 1586, 1522, 1455, 1436, 1398, 1368, 

1329, 1279, 1255, 1234, 1217, 1194, 1162, 1151, 1123, 1083, 1075, 1043, 1004, 981, 961, 918, 

884, 863, 846, 831, 810 cm-1;  

HRMS (ESI+) found [M + Na]+ 293.1152. C17H18O3Na requires 293.1148. 

* denotes other isomer. 

  



Experimental 

 

 
170 

Danshenspiroketallactone (14) and epi-danshenspiroketallactone (15) 

 

To a mixture of alcohol 182 (50 mg, 0.19 mmol) and (diacetoxyiodo)benzene (119 mg, 0.37 mmol) 

in anhydrous cyclohexane (15.3 mL) was added iodine (108 mg, 0.43 mmol) and the solution 

degassed with nitrogen. The solution was then cooled to 10 °C and irradiated with a desk lamp (60 

W) for 3.5 h. The reaction was poured onto a mixture of saturated aqueous Na2S2O3 (20 mL), and 

saturated aqueous NaHCO3 (20 mL), and extracted with diethyl ether (3 x 100 mL). The organic 

fractions were combined and dried over anhydrous MgSO4, filtered, and the solvent removed under 

reduced pressure. The crude product was purified by flash chromatography (ethyl acetate-hexanes, 

1:3) to give an inseparable 1:2 mixture of diastereomers of the title compounds 14 and 15 (23.3 mg, 

47%), as an orange solid;  

Rf 0.52 (ethyl acetate-hexanes, 1:3);  

1H NMR (400 MHz, CDCl3): δ 1.26 (3H, d, J = 7.0 Hz, H-17), 1.32 (3H, d, J = 7.0 Hz, H-17*), 

2.11 (1H, dd, J = 13.0, 10.5 Hz, Ha-16), 2.22 (1H, dd, J = 13.2, 4.7 Hz, Hb-16*), 2.53 (1H, dd, J = 

13.0, 7.0 Hz, Hb-16), 2.70 (1H, dd, J = 13.4, 9.5 Hz, Ha-16*), 2.74 (6H, s, H-18 and H-18*), 2.76 

(1H, m, H-15*), 2.95 (1H, m, H-15), 3.82 (1H, t, J = 8.2 Hz, Ha-14), 3.93 (1H, dd, J = 8.2, 7.2 Hz, 

Hb-14*), 4.42 (1H, t, J = 7.8 Hz, Ha-14*), 4.47 (1H, t, J = 8.2 Hz, Hb-14), 7.46 (2H, d, J = 7.0 Hz, 

H-3 and H-3*), 7.53 (1H, d, J = 8.8 Hz, H-7*), 7.57 (1H, d, J = 8.4 Hz, H-7), 7.60 (2H, dd, J = 

8.5, 7.0 Hz, H-2 and H-2*), 8.34 (2H, m, H-6 and H-6*), 8.87 (2H, d, J = 8.4 Hz, H-1 and H-1*);  

13C NMR (100 MHz, CDCl3): δ 17.4 (CH3, C-17), 18.2 (CH3, C-17*), 19.9 (2 × CH3, C-18, C-

18*), 32.6 (CH, C-15), 33.5 (CH, C-15*), 44.6 (CH2, C-16*), 45.4 (CH2, C-16), 77.37, 77.39 (2 × 

CH2, C-14 and C-14*), 113.2 (2 × C, C-13 and C-13*), 118.1 (CH, C-7*), 118.2 (CH, C-7), 121.7 

(C, C-9*), 122.1 (CH, C-1), 122.17 (CH, C-1*), 122.21 (C, C-9), 128.5 (2 × CH, C-3 and C-3*), 

129.0 (2 × CH, C-2 and C-2*), 129.2 (CH, C-10*), 129.3 (CH, C-10), 131.9 (CH, C-6), 132.0 (CH, 

C-6*), 133.4 (C, C-5*), 133.5 (C, C-5), 135.1 (2 × C, C-4 and C-4*), 147.1 (C, C-8), 147.8 (C, C-

8*), 168.4 (2 × C=O, C-11 and C-11*);  

IR (neat) 2957, 2928, , 2876, 1925, 1749, 1601, 1588, 1526, 1470, 1454, 1375, 1342, 1322, 1254, 

1211, 1183, 1159, 1136, 1110, 1083, 1070, 1047, 1003, 981, 950, 928, 915, 882, 847, 811, 777, 

769, 737, 700, cm-1;  

HRMS (ESI+) found [M + Na]+ 291.0991. C17H16O3Na requires 291.0992. 
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* denotes epi-danshenspiroketallactone (15) 

1H and 13C NMR data were in agreement with that reported in the literature.105,106,134 
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1,3,5-trimethoxybenzene (340) 

 

To a solution of 1,3,5-benzenetriol (352) (500 mg, 3.96 mmol) in dry acetone (5.5 mL) was added 

potassium carbonate (1.75 g, 12.7 mmol) followed by the dropwise addition of dimethyl sulfate 

(1.20 mL, 12.7 mmol). The mixture was refluxed for 24 h after which time it was poured onto ice-

cold water (200 mL) and extracted with ethyl acetate (3 × 100 mL). The organic fractions were 

combined and washed with brine (100 mL), dried over anhydrous MgSO4, filtered, and the solvent 

removed under reduced pressure. The crude product was purified by flash chromatography (ethyl 

acetate-hexanes, 1:19) to give the title compound 340 (539 mg, 80%) as a waxy white solid;  

Rf: 0.26 (ethyl acetate-hexanes, 1:19);  

1H NMR (400 MHz, CDCl3) δ 3.77 (9H, s, 3 × Me), 6.09 (3H, s, 3× C-2);  

13C NMR (100 MHz, CDCl3) δ 55.3 (3 × CH3, Me), 92.9 (3 × CH, C-2), 161.6 (3× C, C-1);  

IR (neat)  3077, 3005, 2963, 2940, 2839, 1590, 1459, 1424, 1339, 1323, 1252, 1209, 1195, 1143, 

1064, 1034, 942, 916, 847 cm-1;  

Spectral data were in agreement with literature values.231  
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Methyl propiolate (341a) 

 

To a solution of propiolic acid (1.76 mL, 28.6 mmol) in dry methanol (15.4 mL) was added boron 

trifluoride diethyl etherate (7.02 mL, 57.1 mmol) and the mixture refluxed for 1.5 h. After an 

additional 4 h stirring at rt the mixture was poured onto ice-cold water (200 mL) and the extracted 

with dichloromethane (3 × 100 mL). The organic extracts were combined, dried over anhydrous 

MgSO4, filtered, and the solvent removed under reduced pressure. The crude product was purified 

by distillation at 60 °C under 100 mbar of pressure to give the title compound 341a (1.00 g, 42%) 

as a colourless oil;  

Rf: 0.48 (ethyl acetate-hexanes, 1:3);  

1H NMR (400 MHz, CDCl3) δ 2.88 (1H, s, H-1), 3.81 (3H, s, Me);  

13C NMR (100 MHz, CDCl3) δ 52.9 (CH3, Me), 74.5 (C, C-2), 74.8 (CH, C-1), 153.1 (C=O, C-3);  

IR (neat)  3265, 2958, 2125, 1713, 1435, 1240, 990, 859, 758, 668 cm-1;  

HRMS (ESI+) found [M + H]+  85.0304. C4H5O2 requires 85.0284.  

Spectral data were in agreement with literature values.232  
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Methyl 3-(2,4,6-trimethoxyphenyl)propiolate (342a) 

 

To a solution of 1,3,5-trimethoxybenzene (340) (50 mg, 0.30 mmol), iodobenzene diacetate (72 

mg, 0.22 mmol), and sodium bicarbonate (25 mg, 0.30 mmol) in 1,2-dichloroethane (2.0 mL) was 

added methyl propiolate (341a) (0.01 mL, 0.15 mmol) and the mixture put under an atmosphere of 

argon. Chloro(triphenylphosphine)gold(I) (4 mg, 7.0 µmol) was added and the mixture was 

refluxed for 6 h. The reaction solvent was removed under reduced pressure and the crude product 

was purified by flash chromatography (ethyl acetate-hexanes, 1:3) to give the title compound 342a 

(18 mg, 45%) as a yellow solid;  

mp 129 – 131 °C;  

Rf 0.13 (ethyl acetate-hexanes, 1:3);  

1H NMR (400 MHz, CDCl3) δ 3.81 (3H, s, Me), 3.84 (3H, s, Me), 3.87 (6H, s, Me), 6.07 (2H, s, 

H-4 and H-6);  

13C NMR (100 MHz, CDCl3) δ 52.4 (CH3, Me), 55.5 (CH3, Me), 56.1 (CH3, 2 × Me), 81.7 (C), 

87.8 (C), 90.3 (2 × CH, C-4 and C-6), 91.0 (C), 155.0 (C), 164.0 (C), 164.4 (C);  

IR (neat) 2951, 2926, 2848, 2199, 2167, 1695, 1598, 1569, 1493, 1463, 1438, 1410, 1344, 1290, 

1224, 1209, 1192, 1152, 1120, 1055 cm-1;  

HRMS (ESI+) found [M + K]+ 289.0468. C13H14KO5 requires 289.0473.  

Spectral data were in agreement with literature values.228 
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Ethyl 3-(2,4,6-trimethoxyphenyl)propiolate (342b) 

 

To a solution of 1,3,5-trimethoxybenzene (340) (26 mg, 0.15 mmol), iodobenzene diacetate (37 

mg, 0.12 mmol), and sodium bicarbonate (13 mg, 0.15 mmol) in 1,2-dichloroethane (0.5 mL) was 

added ethyl propiolate (341b) (0.01 mL, 0.08 mmol) and the mixture put under an atmosphere of 

argon. Chloro(triphenylphosphine)gold(I) (2 mg, 3.8 µmol) was added and the mixture was 

refluxed for 20 h. The reaction solvent was removed under reduced pressure and the crude product 

was purified by flash chromatography using (ethyl acetate-hexanes, 3:1) to give the title compound 

342b (7 mg, 36%) as a yellow solid;  

mp 91 – 92 °C;  

Rf 0.21 (ethyl acetate-hexanes, 3:1);  

1H NMR (400 MHz, CDCl3) δ 1.34 (3H, t, J = 7.1 Hz, CH3) 3.84 (3H, s, CH3) 3.87 (6H, s, CH3) 

4.28 (2H, q, J = 7.1 Hz, CH2) 6.07 (2H, s, Ar-H);  

13C NMR (100 MHz, CDCl3) δ 14.2 (CH3, Et), 55.5 (CH3, Me), 56.1 (2 × CH2, 2 × Me), 61.7 (CH2, 

Et), 81.1 (C), 88.2 (C), 90.3 (2 × CH, C-4 and C-5), 91.1 (C), 154.7 (C=O, C-9), 163.9 (C, C-5) 

164.3 (2 × C, C-1 and C-3);  

IR (neat)  2981, 2931, 2848, 2236, 2188, 1729, 1686, 1601, 1581, 1498, 1473, 1455, 1417, 

1365,1340, 1288, 1225, 1205, 1194, 1177, 1156, 1056, 1020 cm-1;  

HRMS (ESI+) found [M + K]+ 303.0635. C14H16KO5 requires 303.0629.  

Spectral data were in agreement with literature values.10 
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5,7-Dimethoxy-2-(4-methoxyphenyl)chroman-4-one (358) 

 

To a solution of (±)-naringenin (353) (100 mg, 0.37 mmol) in acetone (4 mL) was added caesium 

carbonate (539 mg, 1.65 mmol) followed by dropwise addition of dimethyl sulfate (0.63 mL, 6.61 

mmol). After 24 h at reflux the solution was cooled and neutralised with cold aqueous HCl (30 mL, 

1M). The aqueous mixture was extracted with ethyl acetate (3 × 100 mL) and the organic fractions 

combined, dried over anhydrous MgSO4 and the solvent removed under reduced pressure. The 

crude product was purified by flash chromatography (ethyl acetate-hexanes, 1:1) to give the title 

compound 358 (60 mg, 52%) as a yellow oil;  

Rf 0.27 (ethyl acetate-hexanes 1:1);  

1H NMR (400 MHz, CDCl3) δ 2.76 (1H, dd, J = 16.5, 2.9 Hz, Ha-3), 3.03 (1H, dd, J = 16.5, 13.2 

Hz, Hb-3), 3.81 (3H, s, Me), 3.82 (3H, s, Me), 3.89 (3H, s, Me), 5.35 (1H, dd, J = 13.2, 2.9 Hz, H-

2), 6.08 (1H, d, J = 2.3 Hz, C-6), 6.13 (1H, d, J = 2.3 Hz, C-8), 6.94 (2H, d, J = 8.8 Hz, H-3ʹ), 7.38 

(2H, d, J = 8.4 Hz, H-2ʹ);  

13C NMR (100 MHz, CDCl3) δ 45.4 (CH3, H-3), 55.3 (CH3, Me), 55.6 (CH3, Me), 56.1 (CH3, Me), 

79.0 (CH, H-2), 93.1, 93.5 (2 × CH, C-6 and C-8), 105.9 (C. C-4a), 114.1 (2 × CH, C-3ʹ), 127.7 (2 

× CH, C-2ʹ), 130.8 (C, C-1ʹ), 159.9 (C, C-8a), 162.3 (C, C-4ʹ), 165.1 (C, C-5), 166.0 (C, C-7), 189.5 

(C=O, C-4);  

IR (neat)  2921, 2850, 1722, 1635, 1598, 1570, 1512, 1492, 1458, 1423, 1391, 1348, 1252, 1217, 

1202, 1178, 1111, 1057, 1027, 956, 907, 827, 748, 721 cm-1;  

Spectral data were in agreement with literature values.287  
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5,7-Dimethoxy-2-(4-methoxyphenyl)-4H-chromen-4-one (359) 

 

To a solution of to a solution of flavanone 358 (16 mg, 0.05 mmol) in dry DMSO (0.5 mL) was 

added 2-iodoxybenzoic acid (29 mg, 0.10 mmol) and the mixture heated to 90 °C for 24 h. The 

reaction was cooled, diluted with ethyl acetate (100 mL), and washed with a water (2 × 25 mL) and 

brine (50 mL). The organic fraction was dried over anhydrous MgSO4, and the solvent removed 

under reduced pressure. The crude product was purified by flash chromatography (methanol-

dichloromethane, 1:99) to give the title compound 359 (3.5 mg, 22%) as a yellow solid;  

Rf 0.16 (methanol-dichloromethane, 2:98);  

m.p. 48 – 50 °C;  

1H NMR (400 MHz, CDCl3) δ 3.89 (3H, s, Me), 3.92 (3H, s, Me), 3.96 (3H, s, Me), 6.38 (1H, d, J 

= 2.3 Hz, H-6), 6.56 (1H, d, J = 2.3 Hz, H-8), 6.61 (1H, s, H-3), 7.00 (2H, d, J = 9.0 Hz, C-3ʹ), 

7.83 (2H, d, J = 9.0 Hz, C-2ʹ);  

13C NMR (100 MHz, CDCl3) δ 55.5 (CH3, Me), 55.8 (CH3, Me), 56.5 (CH3, Me), 92.9, 96.1 (2 × 

CH, C-6 and C-8), 107.7 (CH, C-3), 109.3 (C, C-4a), 114.4 (2 × CH, C-3ʹ), 123.9 (C, C-1ʹ), 127.6 

(2 × CH, C-2ʹ), 159.1 (C), 160.7 (C), 160.9 (C), 162.1 (C), 163.9 (C), 177.7 (C=O, C-4);  

IR (neat) 2922, 2851, 1727, 1634, 1602, 1570, 1516, 1495, 1427, 1459, 1392, 1302, 1217, 1252, 

1181, 1113, 1031 cm-1;  

HRMS (ESI+) found [M + Na]+ 335.0889. C18H16NaO5 requires 335.0890.  

Spectral data were in agreement with literature values.288  
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5,7-Diisopropoxy-2-(4-isopropoxyphenyl)-4H-chromen-4-one (362)  

 

To a solution of (±)-naringenin (353) (1.00 g, 3.67 mmol), tetrabutylammonium iodide (54 mg, 

0.15 mmol) in a mixture of dry acetone/dimethylformamide (18 mL, 10:1) was added caesium 

carbonate (7.18 g, 22.0 mmol) and the mixture cooled to 0 °C. Isopropyl bromide (2.07 mL, 22.0 

mmol) was added and the reaction was heated to 60 °C. After 29 h the reaction was cooled and 

quenched with water (100 mL) and extracted with ethyl acetate (5 × 100 mL). The combined 

organic fractions were dried over anhydrous MgSO4, filtered, and the solvent removed under 

reduced pressure. The crude product was purified by flash chromatography (hexanes-ethyl acetate, 

3:1) to give the title compound 362 (700 g, 43%) as a yellow solid;  

Rf 0.44 (hexanes-ethyl acetate, 3:1);  

mp °C 67 - 69;  

1H NMR (400 MHz, CD3OD) δ 1.23 (12H, m, 2 × iPr), 1.33 (6H, d, J = 6.0 Hz, iPr), 1.36 (6H, d, 

J = 6.0 Hz, iPr), 4.55 (2H, m, 2 × iPr), 4.66 (2H, m, 2 × iPr), 6.23 (2H, s, H-3), 6.80 (1H, d, J = 16.0 

Hz, H-9), 6.93 (2H, d, J = 8.8, H-3ʹ), 7.25 (1H, d, J = 16.0 Hz, H-7), 7.50  (2H, d, J =  8.8, H-2, 

H-2ʹ);  

13C NMR (100 MHz, CD3OD) δ 22.2, 22.4 (8 × CH3, 
iPr), 71.1 (CH, iPr), 71.2 (CH, iPr), 72.0 (2 

× CH, iPr), 95.9 (2 × CH, C-3), 114.8 (C, C-1), 117.1 (2 × CH, C-3ʹ), 127.7 (CH, C-7), 128.4 (C, 

C-1ʹ), 131.3 (2 × CH, C-2ʹ), 147.2 (CH, C-6), 158.5 (2 × C, C-2), 161.7, 162.0 (2 × C, C-4 and C-

4ʹ), 198.0 (C=O, C-5);  

IR (neat) 2976, 2930, 1324, 1279, 1377, 1427, 1301, 1647, 1508, 1225, 1593, 1248, 979, 905, 761, 

633, 1026, 824, 949, 1135, 1152, 1180, 1081, 1248, 1111 cm-1;  

HRMS (ESI+) found [M + H]+  441.2637. C27H37O5 requires 441.2636.  
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Apigenin (305) 

 

To a solution of (±)-naringenin (353) (50 mg, 0.18 mmol) in dry 1,4-dioxane (4 mL) was added 

2,3-dichloro-5,6-dicyanoquinone (106 mg, 0.47 mmol) and the mixture refluxed for 2.5 h. The 

reaction was cooled, diluted with ethyl acetate (150 mL), and washed with saturated aqueous 

NaHCO3 (2 x 50 mL). The organic fraction was dried over anhydrous MgSO4, and the solvent 

removed under reduced pressure. The crude product was purified by flash chromatography (ethyl 

acetate-hexanes, 1:1) to give the title compound 305 (29 mg, 58%) as a cream solid;  

mp 347 -349 °C;  

Rf 0.21 (ethyl acetate-hexanes, 1:1);  

1H NMR (400 MHz, DMSO-d6) δ 6.20 (1H, d, J = 2.1 Hz, H-6), 6.49 (1H, d, J = 2.1 Hz, H-8), 

6.79 (1H, s, H-3), 6.93 (2H, d, J =8.9 Hz, H-3ʹ), 7.93 (2H, d, J = 8.8 Hz, H-2ʹ), 10.35 (1H, s br, 

OH), 10.81 (1H, s br, OH), 12.97 (1H, s, OH-5);  

13C NMR (100 MHz, DMSO-d6) δ 93.9 (CH, C-8), 98.8 (CH, C-6), 102.8 (CH, C-3), 103.7 (CH, 

C-4a), 115.9 (2 × CH, C-3ʹ), 121.1 (C, C-1ʹ), 128.4 (2 × CH, C-2ʹ), 157.3 (C, C-5), 161.1 (C, C-4ʹ), 

161.4 (C, C-8a), 163.7 (C, C-7), 164.1 (C, C-2), 181.7 (C=O, C-4);  

IR (neat) 3286, 3098, 2909, 2705, 2622, 1651, 1605, 1586, 1558, 1496, 1475, 1444, 1404, 1354, 

1299, 1271, 1246, 1228, 1178, 1156, 1116, 1030 cm-1;  

HRMS (ESI+) found [M + Na]+ 293.0426. C15H10NaO5 requires 293.0420;  

Spectral data were in agreement with literature values.289  
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7-((tert-Butyldimethylsilyl)oxy)-5-hydroxy-2-(4-hydroxyphenyl)chroman-4-one (363) and 7-

((tert-butyldimethylsilyl)oxy)-2-(4-((tert-butyldimethylsilyl)oxy)phenyl)-5-hydroxychroman-

4-one (702) 

 

To a solution of (±)-naringenin (353) (50 mg, 0.18 mmol), imidazole (15 mg, 0.22 mmol), and 4-

dimethylaminopyridine (0.2 mg, 1.34 µmol) in dimethylformamide (1.0 mL) was added tert-

butyldimethylsilyl chloride (33 mg, 0.22 mmol). After 30 min, the reaction was diluted with ethyl 

acetate (50 mL) and washed with brine (50 mL). The organic layer was dried over anhydrous 

MgSO4, filtered, and the solvent removed under reduced pressure. The crude product was purified 

by flash chromatography using (ethyl acetate-hexanes, 1:3) to give the title compound 363 (44 mg, 

61%) as a colourless oil in addition to the undesired doubly protected 702 (8 mg, 9%);  

Mono-TBS 363: 

Rf 0.46 (ethyl acetate, 1:3);  

1H NMR (400 MHz, CDCl3) δ 0.24 (6H, s, TBS), 0.96 (9H, s, TBS), 2.78 (1H, dd, J = 17.1, 3.0 

Hz, Ha-3), 3.09 (1H, dd, J  = 17.2, 13.1 Hz, Hb-3), 5.35 (1H, dd, J = 13.1, 2.9 Hz, H-2), 5.98 (1H, 

d, J = 2.1 Hz, H-8), 6.01 (1H, d, J = 2.1 Hz, H-6), 6.89 (2H, d, J = 8.7 Hz, H-3ʹ), 7.31 (2H, d, J = 

8.4 Hz, H-2ʹ), 11.94 (1H, s, OH-5);  

13C NMR (100 MHz, CDCl3) δ -4.4 (2 × CH3, TBS), 18.2 (C, TBS), 25.7 (3 × CH3, TBS), 43.2 

(CH2, C-3), 79.1 (CH, C-2), 95.6 (CH, C-8), 96.7 (CH, C-6), 103.1 (C, C-4a), 120.4 (2 × CH, C-

3ʹ), 127.7 (2 × CH, C-2ʹ), 130.9 (C, C-1ʹ), 156.3 (C), 163.4 (C), 164.3 (C), 164.92 (C), 196.2 (C=O, 

C-4);  

HRMS (ESI+) found [M + Na]+ 409.1445. C21H26NaO5Si requires 409.1442.  

Spectral data were in agreement with literature values.290 

 

Di-TBS 702:  

Rf 0.76 (ethyl acetate, 1:3);  

mp 120 – 122 °C;  

1H NMR (400 MHz, CDCl3) δ 0.21 (6H, s, TBS), 0.24 (6H, s, TBS), 0.96 (9H, s, TBS), 0.99 (9H, 

s, TBS), 2.77 (1H, dd, J = 17.2, 3.0 Hz, H-2cis), 3.09 (1H, dd, J = 17.2, 13.3 Hz, H-2trans), 5.34 (1H, 
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dd, J =  13.2, 2.9 Hz), 5.98 (1H, d, J = 2.2 Hz, H-8), 6.01 (1H, d, J = 2.2 Hz, H-6), 6.88 (2H, d, J 

= 8.6 Hz, H-12 and H-14), 7.32 (2H, d, J = 8.4 Hz, H-11 and H-15), 11.95 (1H, s, OH);  

13C NMR (75 MHz, CDCl3) δ -4.4 (4× CH3, TBS), 18.2 (2× C, TBS), 25.5 (3× CH3, TBS), 25.6 

(3× CH3, TBS), 43.4 (CH2, C-2), 79.0 (CH, C-1), 99.9 (CH, C-8), 11.2 (CH, C-6), 103.7 (C, C-4), 

120.4 (2× CH, C-12 and C-14), 127.6 (2× CH, C-11 and C-15), 131.0 (C, C-10), 156.3 (C, C-13), 

162.9 164.0 165.0 (3× C, C-5, C-7, and C-9), 169.2 (C=O, C-3);  

HRMS (ESI+) found [M + Na]+ 523.2304. C27H40NaO5Si2 requires 523.2306.  

Spectral data were in agreement with literature values.290 
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5-Hydroxy-2-(4-hydroxyphenyl)-7-((triisopropylsilyl)oxy)chroman-4-one (367) 

 

To a solution of (±)-naringenin (353) (50 mg, 0.18 mmol) and 2,6-lutidine (49 mg, 0.46 mmol) in 

dimethylformamide (1 mL) at 0 °C was added triisopropylsilyl chloride (0.043 mL, 0.20 mmol) and 

the solution was stirred for 50 min. The reaction was quenched with water (1 mL) and the mixture 

was then diluted with dichloromethane (25 mL). The organic layer was washed with brine (25 mL), 

dried over anhydrous MgSO4, filtered, and the solvent removed under reduced pressure. The crude 

product was purified by flash chromatography using (ethyl acetate-hexanes, 1:3) to give the title 

compound 367 (67 mg, 85%) as a white solid;  

Rf 0.27 (ethyl acetate, 1:3);  

mp 41 – 51 °C;  

1H NMR (400 MHz, CDCl3) δ 1.01 (18H, d, J = 7.1 Hz, TIPS), 1.31 (3H, m, TIPS), 2.77 (1H, dd, 

J = 17.2, 3.0 Hz, Ha-3), 3.09 (1H, dd, J  = 17.2, 13.1 Hz, Hb-3), 5.33 (1H, dd, J = 13.1, 3.0 Hz, H-

2), 6.01 (1H, d, J = 2.2 Hz, H-8), 6.04 (1H, d, J = 2.2 Hz, H-6), 6.88 (2H, d, J = 8.5 Hz, H-3ʹ), 7.34 

(2H, d, J = 8.5 Hz, H-2ʹ), 11.95 (1H, s, OH-5);  

13C NMR (100 MHz, CDCl3) δ 12.7 (3 × CH, TIPS), 17.8 (6 × CH3, TIPS), 43.3 (CH2, H-3), 78.9 

(CH, H-2), 99.8, 101.2 (2 × CH, C-6 and C-8), 103.5 (C, 4a), 115.7 (2 × CH, C-3ʹ), 128.0 (2 × CH, 

C-2ʹ), 130.8 (C, C-1ʹ), 156.0 (C), 162.9 (C), 164.0 (C), 165.4 (C), 196.0 (C=O, C-4);  

IR (neat) 3374, 2946, 2892, 2867, 1631, 1566, 1519, 1489, 1462, 1368, 1343, 1307, 1272, 1215, 

1087, 1068, 1015 cm-1;  

HRMS (ESI+) found [M + Na]+ 451.1896. C24H32NaO5Si requires 451.1911.  
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7-((tert-Butyldimethylsilyl)oxy)-5-hydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one (364)  

 

To a solution of flavanone 363 (44 mg, 0.11 mmol) in dry 1,4-dioxane (2.5 mL) was added 2,3-

dichloro-5,6-dicyanoquinone (65 mg, 0.29 mmol) and the mixture heated to reflux for 6 h. The 

reaction was cooled, diluted with ethyl acetate (50 mL), and washed with a solution of saturated 

aqueous NaHCO3 (5 × 50 mL). The organic fraction was dried over anhydrous MgSO4, filtered, 

and the solvent removed under reduced pressure. The crude product was purified by flash 

chromatography (ethyl acetate-hexanes, 1:3) to give the title compound 364 (34 mg, 80%) as a 

yellow oil;  

Rf 0.63 (ethyl acetate-hexanes, 1:3);  

1H NMR (400 MHz, CDCl3) δ 0.28 (6H, s, TBS), 1.00 (9H, s, TBS), 6.32 (1H, d, J = 2.1 Hz, H-

8), 6.45 (1H, d, J = 2.1 Hz, H-6), 6.58 (1H, s, H-3), 7.00 (2H, d, J = 8.2 Hz, H-3ʹ), 7.78 (2H, d, J 

= 8.4 Hz, H-2ʹ), 12.58 (1H, s, OH-5);  

13C NMR (100 MHz, CDCl3) δ -4.3 (2 × CH3, TBS), 18.6 (C, TBS), 25.5 (3 × CH3, TBS), 99.0, 

103.6 (2 × CH, C-6 and C-8), 104.1 (CH, C-3), 105.8 (C, C-4a), 116.3 (2 × CH, C-3ʹ), 122.8 (C, C-

1ʹ), 128.5 (2 × CH, C-2ʹ), 157.6 (C), 160.2 (C), 161.8 (C), 162.6 (C), 164.9 (C), 182.8 (C=O, C-4).  

Spectral data were in agreement with literature values.290  
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5-Hydroxy-2-(4-hydroxyphenyl)-7-((triisopropylsilyl)oxy)-4H-chromen-4-one (368) 

 

To a solution of flavanone 367 (947 mg, 2.21 mmol) in dry 1,4-dioxane (20 mL) was added 2,3-

dichloro-5,6-dicyanobenzoquinone (1.27 g, 5.59 mmol) and the mixture heated to reflux for 21.5 h. 

The reaction was cooled and the solvent removed under reduced pressure. The residue was diluted 

with ethyl acetate (250 mL) and washed with saturated aqueous NaHCO3 (4 × 40 mL), dried over 

anhydrous MgSO4, filtered, and the solvent removed under reduced pressure. The crude product 

was purified by flash chromatography (ethyl acetate-hexanes, 1:3) to give the title compound 368 

(729 mg, 77%) as a yellow solid;  

mp 212 -214 °C;  

Rf 0.2 (ethyl acetate-hexanes, 1:3);  

1H NMR (400 MHz, CDCl3) δ 1.13 (18H, d, J = 7.3 Hz, TIPS), 1.31 (3H, m, TIPS), 6.34 (1H, d, 

J =  2.2 Hz, H-6 ), 6.65 (1H, d, J = 2.2 Hz, H-8), 6.98 (1H, s, H-3), 6.97 (2H, d, J =  8.8 Hz, H-3ʹ), 

7.81 (2H, d, J = 8.8 Hz, H-2ʹ), 12.71 (1H, s, OH-5);  

13C NMR (100 MHz, CDCl3) δ 12.7 (CH, TIPS), 17.9 (3 × CH3, TIPS), 98.6 (CH, C-8), 103.8 

(CH, C-6), 104.3 (CH, C-3), 105.9 (C, C-4a), 116.1 (2 × CH, C-3), 123.8 (C, C-1ʹ), 128.4 (2 × CH, 

C-2ʹ), 157.6 (C), 159.1 (C), 162.0 (C), 162.7 (C), 164.1 (C), 182.5 (C=O, C-4);  

IR (neat) 3102, 3027, 2944, 2891, 2867, 2776, 2694, 2634, 2490, 1654, 1592, 1566, 1496, 1450, 

1392, 1361, 1346, 1305, 1281, 1252, 1175, 1116, 1098, 1069, 1031 cm-1;  

HRMS (ESI+) found [M + Na]+ 449.1753. C24H30NaO5Si requires 449.1755.  
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5,7-Diisopropoxy-2-(4-isopropoxyphenyl)-4H-chromen-4-one (373) 

 

To a solution of flavone 368 (50 mg, 0.12 mmol) and tetrabutylammonium iodide (2 mg, 4.69 µmol) 

in dry acetone/dimethylformamide (0.8 mL, 10:1) was added potassium carbonate (17 mg, 0.52 

mmol) and the mixture cooled to 0 °C. Isopropyl bromide (0.09 mL, 0.95 mmol) was slowly added 

and the mixture was heated to 60 °C for 21 h. Water (20 mL) was then added and the mixture 

extracted with ethyl acetate (2 × 100 mL). The combined organic fractions were washed with brine 

(2 × 50 mL), dried over anhydrous MgSO4, filtered, and. the solvent removed under reduced 

pressure. The crude product was purified by flash chromatography (ethyl acetate-hexanes, 1:1) to 

give the title compound 373 (18 mg, 40%) as a yellow solid;  

Rf 0.31 (ethyl acetate-hexanes, 1:1);  

mp 147 – 149 °C;  

1H NMR (400 MHz, CDCl3) δ 1.37 (6H, d, J = 6.0 Hz, iPr), 1.40 (6H, d, J = 6.1 Hz, iPr), 1.45 (6H, 

d, J = 6.1 Hz, iPr), 4.58 (1H, sept, J = 6.1 Hz, iPr), 4.55-4.67 (2H, m, 2 × iPr), 6.35 (1H, d, J =  2.2 

Hz, H-6), 6.50 (1H, s, H-3), 6.52 (1H, d, J = 2.2 Hz, H-8), 6.96 (2H, d, J = 9.0, H-3ʹ), 7.79 (2H, d, 

J = 9.0, H-2ʹ);  

13C NMR (100 MHz, CDCl3) δ 21.8 (2 × CH3, 
iPr), 21.9 (4 × CH3, 2 × iPr), 70.1 (CH, iPr), 70.5 

(CH, iPr), 72.5 (CH, iPr), 94.5 (CH, C-8), 100.7 (CH, C-6), 107.5 (CH, C-3), 110.1 (C, C-4a), 115.8 

(2 × CH, C-3ʹ), 123.6 (C, C-1ʹ), 127.6 (2 × CH, C-2ʹ), 159.4 (C), 159.9 (C), 160.4 (C), 160.5 (C), 

162.0 (C), 177.4 (C=O, C-4);  

IR (neat) 3054, 2978, 2923, 1637, 1571, 1509, 1483, 1450, 1423, 1372, 1344, 1330, 1295, 1295, 

1245, 1217, 1184, 1162, 1103, 1052, 1014, 1010, 989, 947, 904 cm-1;  

HRMS (ESI+) found [M + H]+  397.2002. C24H29O5 requires 397.2010.  
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5-Hydroxy-2-(4-hydroxyphenyl)-7-isopropoxy-4H-chromen-4-one (371) and 5,7-

diisopropoxy-2-(4-isopropoxyphenyl)-4H-chromen-4-one (372) 

 

To a solution of flavone 368 (50 mg, 0.12 mmol) and tetrabutylammonium iodide (2 mg, 4.69 µmol) 

in dry acetone/dimethylformamide (0.9 mL, 10:1) was added potassium carbonate (97 mg, 22.0 

mmol) and the mixture cooled to 0 °C. Isopropyl bromide (0.12 mL, 0.70 mmol) was slowly added 

and the reaction was heated to 60 °C for 4 h. Water (20 mL) was then added and the mixture was 

extracted with ethyl acetate (2 × 100 mL). The combined organic fractions were washed with brine 

(2 × 50 mL), dried over anhydrous MgSO4, filtered, and the solvent removed under reduced 

pressure. The crude products were purified by flash chromatography (ethyl acetate-hexanes, 1:2) to 

give the title compounds 371 (4.6 mg, 11%) as a white solid, and 372 (5.6 mg, 15%) as a white 

solid; in addition to the previously characterised, apigenin (305) (15 mg, 47%) as a yellow solid;  

 

Monoisopropyl 371: 

Rf 0.26 (ethyl acetate-hexanes, 1:2);  

mp 159 – 161 °C;  

1H NMR (400 MHz, DMSO-d6) δ 1.32 (6H, d, J =  6.0 Hz, iPr), 4.78 (1H, sept, J = 6.1 Hz, iPr), 

6.33 (1H, d, J =  2.1 Hz, H-6), 6.75 (1H, d, J =  2.0 Hz, H-8), 6.83 (1H, s, H-3), 6.94 (2H, d, J = 

8.8 Hz, H-3ʹ), 7.96 (2H, d, J =  8.8 Hz, H-2ʹ), 12.93 (1H, s, OH-5);  

13C NMR (100 MHz, CD3OD) δ 12.0 (2 × CH3, 
iPr), 60.8 (CH, iPr), 84.0 (CH, C-8), 89.2 (CH, C-

6), 93.3 (CH, C-3), 94.7 (C, C-4a), 106.3 (2 × CH, C-3ʹ), 111.4 (C, C-1ʹ), 118.9 (2 × CH, C-2ʹ), 

147.6 (C), 151.5 (C, C-4ʹ), 151.6 (C), 153.8 (C), 154.3 (C), 172.1 (C=O, C-4);  

IR (neat) 3145 2982 1655 1589 1552 1491 1442 1353 1298 1240 1208 1168 1111 1031 988 905 

829 808 762 707 cm-1;  

HRMS (ESI+) found [M + H]+ 313.1071. C18H17O5 requires 313.1071.  

Spectral data were in agreement with literature values.290  
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Diisopropyl 372: 

Rf 0.54 (ethyl acetate-hexanes, 1:2);  

mp 115 – 117 °C;  

1H NMR (400 MHz, DMSO-d6) δ 1.38 (6H, d, J = 6.0 Hz, iPr), 1.39 (6H, d, J = 6.0 Hz, iPr), 4.56-

5.70 (2H, m, 2 × iPr), 6.33 (1H, d, J =  2.2 Hz, H-6), 6.45 (1H, d, J =  2.2 Hz, H-8), 6.56 (1H, s, H-

3), 6.98 (2H, d, J =  9.0 Hz, H-3ʹ), 7.81 (2H, d, J = 9.0 Hz, H-2ʹ), 12.78 (1H, s, OH-5);  

13C NMR (100 MHz, CDCl3) δ 21.9 (4 × CH3,2 × iPr), 70.2 (CH, iPr), 70.7 (CH, iPr), 93.9 (CH, 

C-8), 99.1 (CH, C-6 ), 104.2 (CH, C-3), 110.3 (C, C-4a), 115.9 (2 × CH, C-3ʹ), 123.2 (C, C-1ʹ), 

128.0 (2 × CH, C-2ʹ), 157.8 (C), 161.1 (C), 162.2 (C), 163.9 (C), 164.0 (C), 182.4 (C=O, C-4);  

IR (neat) 3081, 2929, 2856, 1632, 1604, 1511, 1464, 1340, 1252, 1157, 1085, 1065, 1012, 977 cm-

1;  

HRMS (ESI+) found [M + H]+ 355.1538. C21H23O5 requires 355.1540.  
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2-(4-Acetoxyphenyl)-4-oxo-4H-chromene-5,7-diyl diacetate (374) 

 

To a stirred suspension of sodium hydride (21 mg, 0.51 mmol, 60% w/w in mineral oil) in dry 

dimethylformamide (0.6 mL) was added a solution of flavanone 368 (50 mg, 0.12 mmol) in 

dimethylformamide (0.6 mL), and the reaction stirred at 0 °C for 1 h. Acetic anhydride (36 µL, 

0.38mmol) was added and stirred for a further 2.5 h before a solution of saturated aqueous NH4Cl 

(2 mL) was added. The mixture was extracted with ethyl acetate (3 × 25 mL) and the combined 

organic fractions, dried over anhydrous MgSO4, filtered, and the solvent removed under reduced 

pressure. The crude product was purified by flash chromatography (ethyl acetate-hexanes, 1:1) to 

give the title compound 374 (40 mg, 86%) as a white solid;  

Rf 0.28 (ethyl acetate-hexanes, 1:1);  

mp 183 – 185 °C;  

1H NMR (400 MHz, CDCl3) δ 2.34 (3H, s, Ac), 2.35 (3H, s, Ac), 2.44 (3H, s, Ac), 6.62 (1H, s, C-

3), 6.85 (1H, d, J = 2.2 Hz, H-8 ), 7.26 (2H, d, J = 9.0 Hz, H-3ʹ), 7.35 (1H, d, J = 2.2 Hz, H-6), 

7.88 (2H, d, J = 9.0Hz, H-2ʹ);  

13C NMR (100 MHz, CDCl3) δ 21.0 (CH3, Ac), 21.1 (CH3, Ac), 21.2 (CH3, Ac), 108.6 (CH, C-3), 

109.0 (CH, C-8), 113.7 (CH, C-6), 114.9 (C, C-4a), 122.4 (2 × CH, C-3ʹ), 127.6 (2 × CH, C-2ʹ), 

128.6 (C, C-1ʹ), 150.3 (C), 153.4 (C),154.0 (C),157.7 (C), 161.7 (C, C-2), 168.0 (C=O, Ac), 168.9 

(C=O, Ac), 169.4 (C=O, Ac), 176.3 (C=O, C-4);  

IR (neat) 3101, 2933, 1756, 1645, 1613, 1506, 1481, 1421, 1378, 1171, 1135, 1085, 1017, 982, 

918, 893, 868, 835, 778, 732 cm-1;  

HRMS (ESI+) found [M + H]+ 397.0919. C21H17O8 requires 397.0918.  

Spectral data were in agreement with literature values.291  
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7-(ethoxymethoxy)-5-hydroxy-2-(4-hydroxyphenyl)chroman-4-one (375)  

 

To a solution of (±)-naringenin (353) (3.00 g, 11.0 mmol) in dry THF (40 mL) at 0 °C was added 

diisopropylethylamine (2 mL, 11.2 mmol) followed by ethoxymethyl chloride (0.56 mL, 6.0 mmol), 

and the reaction stirred at rt for 1 h.. Additional diisopropylethylamine (0.5 mL, 2.8 mmol) and 

ethoxymethyl chloride (0.57 mL, 6.1 mmol) were added and the solution was stirred for a further 

22 h. Ice-cold methanol (40 mL) was added and the volatiles were removed under reduced pressure. 

The crude residue was purified by flash chromatography using (ethyl acetate-hexanes 1:2) to give 

title compounds 375 (3.17 g, 87%) as a yellow solid;  

Rf 0.27 (ethyl acetate-hexanes 1:2);  

mp 131 - 133 °C;  

1H NMR (400 MHz, DMSO-d6) δ 1.13 (3H, t, J = 7.1 Hz, EOM), 2.73 (1H, dd, J = 17.1, 3.0 Hz, 

Ha-3), 3.36 (1H, m, Hb-3), 3.64 (2H, q, J = 7.1 Hz, EOM), 5.28 (2H, s, EOM), 5.51 (1H, dd, J = 

12.9, 2.9 Hz, H-2), 6.13 (d, J = 2.2 Hz, C-6), 6.15 (2H, d, J = 2.2 Hz, C-8), 6.80 (2H, d, J = 8.6, H-

3ʹ), 7.33 (2H, d, J = 8.5, H-2ʹ), 9.60 (1H, s, OH-4ʹ), 12.06 (1H, s, OH-5);  

13C NMR (100 MHz, DMSO-d6) δ 15.0 (CH3, EOM), 42.0 (CH2, C-3), 64.3 (CH2, EOM), 78.6 

(CH, H-2), 92.5 (CH2, EOM), 95.2 (CH, C-8), 96.1 (CH, H-6), 103.0 (C, C-4a), 115.1 (2 × CH, C-

3ʹ), 128.3 (2 × CH, C-2ʹ), 128.6 (C, C-1ʹ), 157.8 (C, C-4ʹ), 162.7, 163.0 (2 × C, C-5 and C-8a), 

164.9 (C, C-7), 197.1 (C=O, C-4);  

IR (neat) 3313, 2977, 2891, 2464, 2294, 1609, 1517, 1445, 1375, 1348, 1291, 1267, 1213, 1201, 

1180, 1147, 1085, 1084, 1054, 1017, 972, 932, 882, 832 cm-1;  

HRMS (ESI+) found [M + Na]+ 353.0996. C18H18NaO6 requires 353.0996.  
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7-(Ethoxymethoxy)-5-hydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one (376) 

 

To a solution of flavanone 375 (2.98 g, 9.00 mmol) in benzene (10 ml) was added 2,3-dichloro-5,6-

dicyano-1-4-benzoquinone (6.13 g, 27.0 mmol) and the mixture heated to reflux for 5 h. The 

reaction was diluted with ethyl acetate (100 mL) and washed with a solution of saturated aqueous 

NaHCO3 (4 × 50 mL), dried over Na2SO4, filtered, and the volatiles removed under reduced 

pressure. The crude was purified by flash chromatography (ethyl acetate-hexanes-methanol, 

200:100:3) to give the title compound 376 (2.53 g, 86%) as a yellow solid;  

Rf 0.17 (ethyl acetate-hexanes-methanol, 200:100:3);  

mp 185 - 187 °C;  

1H NMR (400 MHz, DMSO-d6) δ 1.16 (3H, t, J = 7.1 Hz, EOM), 3. 70 (2H, q, J = 7.1 Hz, EOM), 

5.36 (2H, s, EOM), 6.44 (1H, d, J = 2.1 Hz, H-6), 6.82 (1H, d, J = 2.1 Hz, H-8), 6.85 (1H, s, H-3), 

6.94 (2H, d, J = 8.8 Hz, H-3ʹ), 7.97 (2H, d, J = 8.8 Hz, H-2ʹ), 10.40 (1H, s, OH-4ʹ), 12.94 (1H, s, 

OH-5);  

13C NMR (100 MHz, DMSO-d6) δ 15.5 (CH3, EOM), 64.8 (CH2, EOM), 93.2 (CH2, EOM), 94.9 

(CH, C-8), 99.8 (CH, C-6), 103.5 (CH, C-3), 105.6 (C, C-4a), 116.4 (2 × CH, C-3ʹ), 121.4 (C, C-

1ʹ), 129.0 (2 × CH, C-2ʹ), 157.4 (C, C-8a), 161.6, 161.8 (2 × C, C-4ʹ and C-5), 163.0 (C, C-7), 164.6 

(C, C-2), 182.4 (C=O, C-4);  

IR (neat) 3226, 2981, 2927, 2897, 2422, 1657, 1582, 1536, 1494, 1449, 1421, 1352, 1287, 1243, 

1204, 1167, 1143, 1116, 1020, 985, 958, 903, 833, 798, 770, 709, 671 cm-1;  

HRMS (ESI+) found [M + Na]+ 351.0846. C18H16NaO6 requires 351.0839.  
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4-(5-Acetoxy-7-(ethoxymethoxy)-4-oxo-4H-chromen-2-yl)phenyl acetate (377) 

 

To a solution of flavone 376 (708 mg, 2.16 mmol) and N,N-dimethylaminopyridine (44 mg, 0.22 

mol) in pyridine (2 mL) was added acetic anhydride (0.45 mL, 4.74 mL) and the mixture heated to 

reflux for 3.5 h. The solvent was removed under reduced pressure and a solution of saturated 

aqueous NH4Cl (100 mL) was added. and the mixture extracted with dichloromethane (3 × 100 

mL). The combined organic fractions were dried over anhydrous MgSO4, filtered, and the solvent 

removed under reduced pressure. The crude product was recrystallised from methanol (5 mL) to 

give the title compound 377 (634 g, 71%) as a white solid;  

Rf 0.37 (ethyl acetate-hexanes, 1:1);  

mp 162 – 164 °C;  

1H NMR (400 MHz, DMSO –d6) δ 1.20 (3H, t, J = 7.1 Hz, EOM), 2.36 (6H, s, 2 × Ac), 3.75 (2H, 

q, J = 7.1 Hz, EOM), 5.47 (2H, s, EOM), 6.87 (1H, s, H-3), 6.88 (1H, d, J = 2.4 Hz, H-8), 7.36 (1H, 

J = 2.4 Hz, H-6), 7.39 (2H, d, J = 8.9 Hz, H-2ʹ), 8.17 (2H, d, J = 8.9 Hz, H-3ʹ);  

13C NMR (100 MHz, DMSO –d6) δ 15.0 (CH3, EOM), 20.87 (CH3, Ac), 20.89 (CH3, Ac), 64.5 

(CH2, EOM), 92.9 (CH2, EOM), 101.6 (CH, C-8), 107.6 (CH, C-6), 109.2 (CH, C-3), 111.0 (C, C-

4a), 122.6 (2 × CH, C-3ʹ), 127.7 (2 × CH, C-3ʹ), 128.2 (C, C-1ʹ), 149.8 (C), 153.1 (C, C-4ʹ), 157.9 

(C), 160.6 (C), 160.7 (C), 168.8 (C=O, Ac), 168.9 (C=O, Ac), 175.3 (C=O, C-4);  

IR (neat) 3073, 2979, 2926, 2856, 1754, 1634, 1610, 1506, 1439, 1417, 1367, 1345, 1288, 1265, 

1198, 1171, 1103, 1074, 1032, 1018, 980, 939, 913, 896, 844, 779 cm-1;  

HRMS (ESI+) found [M + Na]+ 435.1046. C22H20NaO8 requires 435.1050. 
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4-(5-Acetoxy-3-bromo-7-(ethoxymethoxy)-4-oxo-4H-chromen-2-yl)phenyl acetate (382) 

 

To a solution of flavone 377 (50 mg, 0.12 mmol) in dry dimethylformamide (1 mL) was added N-

bromosuccinimide (14 mg, 0.21 mmol), and the mixture stirred at 0 °C for 2 h. Water (10 mL) was 

then added and the mixture extracted with dichloromethane (3 × 25 mL). The combined organic 

fractions were dried over anhydrous MgSO4, filtered, and the solvent removed under reduced 

pressure. The crude product was purified by flash chromatography (ethyl acetate-hexanes, 1:1) to 

give the title compound 382 (45 mg, 74%) as a cream solid;  

Rf 0.42 (ethyl acetate-hexanes, 1:1);  

mp 157 – 159 °C;  

1H NMR (400 MHz, CHCl3) δ 1.23 (3H, t, J = 7.1 Hz, EOM), 2.35 (3H, s, Ac), 2.47 (3H, s, Ac), 

3.74 (2H, q, J =7.1 Hz, EOM), 5.30 (2H, s, EOM), 6.76 (1H, d, J = 2.4 Hz, H-8), 7.02 (1H, d, J = 

2.4 Hz, H-6), 7.26 (2H, d, J = 8.8 Hz, H-3ʹ), 7.87 (2H, d, J = 8.8 Hz, H-2ʹ);  

13C NMR (100 MHz, CHCl3) δ 15.0 (CH3, EOM), 21.2 (2 × CH3, 2 × Ac), 65.1 (CH2, EOM), 93.3 

(CH2, EOM), 101.2 (CH, C-6), 109.9 (C, C-2), 110.1 (C, C-4a), 110.3 (CH, C-8), 121.6 (2 × CH, 

C-3ʹ), 130.0 (C, C-1ʹ), 130.8 (2 × CH, C-2ʹ), 150.6, 152.6 (2 × C, C-5 and C-4ʹ), 158.0, 159.9 (2 × 

C, C-2 and C-8a), 161.7 (C, C-7), 168.9, 169.7 (2 × C=O, Ac), 170.8 (C=O, C-4);  

IR (neat) 2924, 2854, 1773, 1629, 1194, 1047 cm-1;  

HRMS (ESI+) found [M + H]+ 491.0338. C22H20BrO8 requires 491.0336.  
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4-(5-Acetoxy-7-hydroxy-4-oxo-4H-chromen-2-yl)phenyl acetate (379) and 4-(5,7-dihydroxy-

4-oxo-4H-chromen-2-yl)phenyl acetate (380) 

 

To a solution of flavone 377 (30 mg, 0.07 mmol) in dichloromethane (2 mL) was added iodine (10 

mg, 0.08 mmol) and silver triflate (21 mg, 0.08 mmol), and the reaction stirred at 0 °C for 3 h. The 

solvent was then removed under reduced pressure and the crude products were purified by flash 

chromatography (ethyl acetate-hexanes, 1:1) to give the title compounds 379 (15 mg, 58%) as a 

yellow solid and 380 (5mg, 22%) as a yellow solid;  

Diacetate 379: 

Rf 0.15 (ethyl acetate-hexanes, 1:1); 

 mp 187 – 189 °C ;  

1H NMR (400 MHz, acetone-d6) δ 2.33 (3H, s, Ac), 2.34 (3H, s, Ac), 6.44 (1H, d, J = 2.4 Hz, H-

6), 6.65 (1H, s, H-3), 7.04 (1H, d, J = 2.4 Hz, H-8), 7.37 (2H, d, J = 9.0 Hz, H-3ʹ), 8.10 (2H, d, J 

= 9.0 Hz, H-2ʹ);  

13C NMR (100 MHz, acetone-d6) δ 21.0 (CH3, Ac), 21.2 (CH3, Ac), 101.8 (CH, C-8), 108.6 (CH, 

C-6), 109.5 (CH, H-3), 111.3 (C, C-4a), 123.4 (2 × CH, C-3ʹ), 128.4 (2 × CH, C-2ʹ), 129.8 (C, C-

1ʹ), 151.9 (C), 154.4 (C), 159.7 (C), 161.7 (C), 162.8 (C), 169.4 (2 × C=O, 2 × Ac), 176.2 (C=O, 

C-4); 

IR (neat) 3085, 2924, 2852, 1761, 1624, 1594, 1561, 1502, 1444, 1420, 1364, 1294, 1194, 1163, 

1111, 1084, 1032, 1016, 982, 913, 892, 837, 769, 723 cm-1;  

HRMS (ESI+) found [M + Na]+ 377.0641. C19H14NaO7 requires 377.0632.  

 

Monoacetate 380: 

Rf 0.27 (ethyl acetate-hexanes, 1:1);  

mp 206 – 208 °C ; 

1H NMR (400 MHz, DMSO-d6) δ 2.32 (3H, s, Ac), 6.23 (1H, d, J = 2.1 Hz, H-6), 6.68 (1H, d, J 

= 2.1 Hz, H-8), 6.98 (1H, s, H-3), 7.36 (2H, d, J = 8.9 Hz, H-3ʹ), 8.14 (2H, d, J = 8.9 Hz, H-2ʹ), 

10.92 (1H, s br, OH-7), 12.82 (1H, s, OH-5);  
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13C NMR (100 MHz, DMSO-d6) δ 20.9 (CH3, Ac), 94.1 (CH, C-8), 99.0 (CH, C-6), 103.9 (C, C-

4a), 105.2 (CH, H-3), 122.6 (2 × CH, C-3ʹ), 127.9 (2 × CH, C-2ʹ), 128.2 (C, C-1ʹ), 153.2 (C, C-4ʹ), 

157.4 (C), 161.4 (C, C-5), 162.5 (C, C-2), 164.4 (C), 168.9 (C=O, Ac), 181.8 (C=O, C-4);  

IR (neat) 3114, 2922, 2855, 2615, 1749, 1648, 1611, 1583, 1563, 1501, 1426, 1354, 1306, 1220, 

1163, 1103, 1030, 1016, 909, 842 cm-1;  

HRMS (ESI+) found [M + Na]+ 335.0531. C17H12NaO6 requires 335.0526.  
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7-Hydroxy-4-oxo-2-(4-(tosyloxy)phenyl)chroman-5-yl 4-methylbenzenesulfonate (383) 

 

To a solution of flavanone 375 (40 mg, 0.12 mmol) in acetonitrile (0.8 mL) was added p-

toluenesulfonyl chloride (70 mg, 0.37 mmol) and cesium carbonate (79 mg, 0.24 mmol), and the 

reaction stirred at rt for 5 h before being heated to 50 °C for an additional 13 h. The solvent was 

then removed under reduced pressure and the crude product purified by flash chromatography (ethyl 

acetate-hexanes, 1:2) to give the title compound 383 as a cream solid (59 mg, 95%);  

Rf 0.30 (ethyl acetate-hexanes, 1:2);  

mp 125 – 127 °C ;  

IR (neat) 3092, 2924, 2853, 1658, 1590, 1503, 1472, 1453, 1365, 1268, 1177, 1152, 1092, 1043, 

1015, 982, 853, 810, 773, cm-1;  

1H NMR (400 MHz, CDCl3) δ 2.41 (3H, s, OTs), 2.44 (3H, s, OTs), 2.67 (1H, dd, J = 16.7, 3.1 

Hz, Ha-3), 2.83 (1H, dd, J = 16.7, 13.0, Hb-3), 5.31 (1H, dd, J = 13.0, 3.1 Hz, H-2), 6.42 (2H, s, H-

6 and H-8), 7.00 (2H, d, J = 8.7 Hz, H-3ʹ), 7.00-7.34 (6H, m, H-2ʹ and 2 × Ts), 7.70 (2H, d, J = 8.4 

Hz, 2 × Ts), 7.86 (2H, d, J = 8.4 Hz, 2 × OTs);  

13C NMR (100 MHz, CDCl3) δ 21.7 (2 × CH3, 2 × OTs), 45.0 (CH2, C-3), 78.4 (CH, C-2), 103.0, 

106.3  (2 × CH, C-6 and C-8), 108.7 (CH, C-4a), 122.8 (2 × CH, C-3ʹ), 127.4 (2 × CH, C-2ʹ), 128.5 

(2 × CH, Ts), 128.8 (2 × CH, Ts), 129.7 (2 × CH, Ts), 129.9 (2 × CH, Ts), 132.2 (C), 132.6 (C), 

137.2 (C), 145.6 (C), 145.7 (C), 149.2 (C), 149.6 (C), 162.7 (C), 163.9 (C), 188.1 (C=O, C-4);  

IR (neat) 3067, 2978, 1638, 1613, 1496, 1435, 1414, 1367, 1286, 1177, 1152, 1089, 1070, 1017  

cm-1; 

HRMS (ESI+) found [M + Na]+ 603.0760. C29H24NaO9S2 requires 603.0754.  
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7-Hydroxy-8-iodo-4-oxo-2-(4-(tosyloxy)phenyl)chroman-5-yl 4-methylbenzenesulfonate 

(384) 

 

To a solution of flavanone 383 (29 mg, 0.05 mmol) in dimethylsulfoxide/acetic acid (1.0 mL, 1:1) 

was added iodine monochloride (3 µL, 0.05 mmol) and the reaction stirred at rt for 1h. The mixture 

was then quenched with saturated aqueous NaHCO3 (20 mL) and extracted with dichloromethane 

(2 × 20 mL). The combined organic extract was dried over anhydrous MgSO4, filtered, and the 

solvent removed under reduced pressure. The crude product was purified by flash chromatography 

(ethyl acetate-hexanes, 2:1) to give the title compound 384 (14 mg, 40%) as a yellow solid;  

Rf 0.51 (ethyl acetate-hexanes, 2:1);  

mp 93 – 94 °C ;  

1H NMR (500 MHz, CDCl3) δ 2.45 (3H, s, OTs), 2.46 (3H, s, OTs), 2.82-2.93 (2H, m, H-3), 5.51 

(1H, dd, J = 11.7, 4.0 Hz, H-2), 6.63 (1H, s, H-6), 7.07 (2H, d, J = 8.7 Hz, H-3ʹ), 7.34 (2H, d, J = 

8.4 Hz, Ts), 7.37 (2H, d, J = 8.4 Hz, Ts), 7.41 (2H, d, J = 8.5 Hz, H-2ʹ), 7.74 (2H, d, J = 8.4 Hz, 

Ts), 7.92 (2H, d, J = 8.4 Hz, Ts);  

13C NMR (125 MHz, CDCl3) δ 21.8 (2 × CH3, 2 × OTs), 44.3 (CH2, C-3), 65.8 (C-I, C-8), 79.1 

(CH, C-2), 104.9 (CH, C-6), 109.4 (CH, C-4a), 122.9 (2 × CH, C-3ʹ), 127.1 (2 × CH, C-2ʹ), 128.5 

(2 × CH, Ts), 128.8 (2 × CH, C-2ʹ), 129.7 (2 × CH, Ts), 129.9 (2 × CH, Ts), 132.4 (C, Ts), 132.8 

(C, Ts), 136.7 (C, C-1ʹ), 145.7 (2 × C, Ts), 149.8 (2 × C, C-5 and Ts), 160.7 (C, C-7), 161.5 (C, C-

8a), 186.5 (C=O, C-4);  

IR (neat) 3062, 2920, 2863, 1686, 1596, 1554, 1503, 1403, 1354, 1195, 1173, 1152, 1089, 1037, 

1017, 858, 813, 763, cm-1;  

HRMS (ESI+) found [M + Na]+ 728.9704. C29H23INaO9S2 requires 728.9720.  
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4-(7-(Ethoxymethyl)-5-hydroxy-4-oxo-4H-chromen-2-yl)phenyl 4-methylbenzenesulfonate 

(376) 

 

To a solution of flavone 376 (50 mg, 0.15 mmol) in pyridine (0.6 mL) was added 4-

dimethylaminopyridine (3 mg, 0.02 mmol) and p-toluenesulfonyl chloride (64 mg, 0.34 mmol), and 

the reaction stirred at rt for 28 h. An ice-cold aqueous solution of HCl (10 mL, 1M) was then added 

and the mixture extracted with ethyl acetate (3 × 50 mL). The combined organic extracts were dried 

over anhydrous MgSO4, filtered, and the solvent removed under reduced pressure. The crude 

product was purified by flash chromatography (ethyl acetate-hexanes, 1:2) to give the title 

compound 386 (54 mg, 73%) as a yellow solid;  

Rf 0.38 (ethyl acetate-hexanes, 1:2);  

mp 165 - 167 °C ;  

1H NMR (400 MHz, (CDCl3) δ 1.24 (3H, t, J = 7.0 Hz, EOM), 2.47 (3H, s, Ts), 3.67 (2H, q, J = 

7.0 Hz, EOM), 5.28 (2H, s, EOM), 6.46 (1H, d, J = 2.2 Hz, H-6), 6.58 (1H, s, H-3), 6.64 (1H, d, J 

= 2.2 Hz, H-8), 7.15 (2H, d, J = 8.9 Hz, H-3ʹ), 7.35 (2H, d, J = 8.2 Hz, Ts), 7.74 (2H, d, J = 8.2 Hz, 

Ts), 7.82 (2H, d, J = 8.9 Hz, H-2ʹ), 12.56 (1H, s, OH-5);  

13C NMR (100 MHz, CDCl3) δ 15.1 (CH3, EOM), 21.8 (2 × CH3, Ts), 65.0 (CH2, EOM), 93.0 

(CH2, EOM), 94.3 (CH, C-8), 100.3 (CH, C-6), 106.1 (C, C-4a), 106.2 (CH, C-3), 123.1 (2 × CH, 

C-3ʹ), 127.8 (2 × CH, C-2ʹ), 128.5 (2 × CH, Ts), 130.0 (2 × CH, Ts), 130.1 (C, C-1ʹ), 132.1 (C, Ts), 

145.9 (C, Ts), 152.0 (C, C-4ʹ), 157.5 (C, C-5), 162.0, 162.5 (2 × C, C-2 and C-8a), 163.4 (C, C-7), 

182.3 (C=O, C-4);  

IR (neat) 2980, 1656, 1592, 1496, 1420, 1416, 1371, 1338, 1286, 1271, 1200, 1177, 1151, 1146, 

1091, 1075, 1030, 1016, 944, 861, 842, 814, 751, 727, 681, 663 cm-1;  

HRMS (ESI+) found [M + H]+ 483.1111. C25H23O8S requires 483.1108.  
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4-(6-Bromo-7-(ethoxymethyl)-5-hydroxy-4-oxo-4H-chromen-2-yl)phenyl 4-

methylbenzenesulfonate (388) and 4-(8-Bromo-7-(ethoxymethyl)-5-hydroxy-4-oxo-4H-

chromen-2-yl)phenyl 4-methylbenzenesulfonate (387)  

 

To a solution of flavone 386 (25 mg, 0.05 mmol) in dimethylformamide (0.5 mL) was added N-

bromosuccinimide (6 mg, 0.05 mmol), and the reaction stirred at 0 °C for 22 h. Brine (30 mL) was 

then added and the mixture extracted with ethyl acetate (3 × 30 mL). The combined organic 

fractions were dried over anhydrous MgSO4, filtered, and the solvent removed under reduced 

pressure. The crude product was purified by flash chromatography (ethyl acetate-hexanes, 1:2) to 

give the an inseparable mixture of the title compounds 388 and 387 (16 mg, 53%, 7:2 ratio 388/387) 

as a yellow solid;  

Major 6-bromoflavone 388: 

Rf 0.31 (ethyl-acetate-hexanes, 1:2);  

1H NMR (400 MHz, CDCl3) δ 1.26 (3H, t, J = 7.1 Hz, EOM), 2.47 (3H, s, Ts), 3.75 (2H, q, J = 

7.1 Hz, EOM), 5.41 (2H, s, EOM), 6.66 (1H, s, H-3), 6.87 (1H, s, H-8), 7.17 (2H, d, J = 9.0 Hz, H-

3ʹ), 7.35 (2H, d, J = 8.4 Hz, Ts), 7.74 (2H, d, J = 8.4 Hz, Ts), 7.84 (2H, d, J = 9.1 Hz, H-2ʹ), 13.40 

(1H, s, OH);  

13C NMR (125 MHz, CDCl3) δ 15.1 (CH3, EOM), 21.8 (CH3, Ts), 65.4 (CH2, EOM), 93.8 (CH, 

C-8), 93.9 (CH2, EOM), 95.6 (C-Br, C-6), 106.2 (CH, C-3), 106.4 (CH, C-4a), 123.2 (2 × CH, C-

3ʹ), 127.9 (2 × CH, C-2ʹ), 128.5 (2 × CH, Ts), 129.8 (C, C-10), 130.0 (2 × CH, Ts), 132.1 (C, Ts), 

145.8 (C, Ts), 152.2 (C, C-1ʹ), 156.3 (C, C-8a), 158.5 (C, C-5), 159.6 (C, C-7), 163.0 (C, C-2), 

181.8 (C=O, C-4); 

HRMS (ESI+) found [M + Na]+ 583.0016. C25H21BrNaO8S requires 583.0033; 

 

Minor 8-bromoflavone 387: 

Rf 0.31 (ethyl-acetate-hexanes, 1:2);  

1H NMR (400 MHz, CDCl3) δ 1.25 (3H, t, J = 7.1 Hz, EOM), 2.47 (3H, s, Ts), 3.75 (2H, q, J = 

7.1 Hz, EOM), 5.38 (2H, s, EOM), 6.67 (1H, s, H-3), 6.73 (1H, s, H-6), 7.19 (2H, d, J = 9.1 Hz, H-
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3ʹ), 7.35 (2H, d, J = 8.4 Hz, Ts), 7.74 (2H,d, J = 8.4 Hz, Ts), 7.95 (2H, d, J = 9.1 Hz, H-2ʹ), 12.68 

(1H, s, OH);  

13C NMR (125 MHz, CDCl3) δ 15.1 (CH3, EOM), 21.8 (CH3, Ts), 65.4 (CH2, EOM), 89.1 (C-Br, 

C-8), 93.9 (CH2, EOM), 99.3 (CH, C-6), 105.8 (CH, C-3), 106.6 (C, C-4a), 123.2 (2 × CH, C-3ʹ), 

128.1 (2 × CH, C-2ʹ), 128.5 (2 × CH, Ts), 129.6 (C, C-1ʹ), 130.0 (2 × CH, Ts), 132.1 (C, Ts), 145.8 

(C, Ts), 152.3 (C, C-4ʹ), 153.5 (C, C-8a), 160.0 (C, C-7), 161.4 (C, C-5), 163.0 (C, C-2), 182.2 

(C=O, C-4); 

HRMS (ESI+) found [M + Na]+ 583.0016. C25H21BrNaO8S requires 583.0033; 
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4-(7-(Ethoxymethyl)-5-hydroxy-6-iodo-4-oxo-4H-chromen-2-yl)phenyl 4-

methylbenzenesulfonate (390) and 4-(7-(ethoxymethyl)-5-hydroxy-8-iodo-4-oxo-4H-

chromen-2-yl)phenyl 4-methylbenzenesulfonate (389) 

 

To a solution of flavone 386 (25 mg, 0.05 mmol) in dimethylsulfoxide/acetic acid (1.0 mL, 1:1) 

was added iodine monochloride (3 µL, 0.05 mmol) and the reaction stirred at rt for 22 h. The 

mixture was quenched with saturated aqueous NaHCO3 (20 mL) and extracted with 

dichloromethane (3 × 30 mL). The combined organic extracts were dried over anhydrous MgSO4, 

filtered, and the solvent removed under reduced pressure. The crude product was purified by flash 

chromatography (ethyl acetate-hexanes, 1:2) to give an inseparable mixture of the title compounds 

390 and 388 (15, 43%, 5:1 ratio 390/388) as a yellow solid;  

 

Major 6-iodoflavone 390: 

Rf 0.36 (ethyl acetate-hexanes, 1:2);  

1H NMR (400 MHz, CDCl3) δ 1.26 (3H, t, J = 7.1 Hz, EOM) 2.47 (3H, s, Ts) 3.80 (2H, q, J = 7.1 

Hz, EOM) 5.41 (2H, s, EOM) 6.67 (1H, s, H-2) 6.83 (1H, s, H-8) 7.16 (2H, d, J = 8.8 Hz, H-3ʹ) 

7.35 (2H, d, J = 8.4 Hz, Ts) 7.74 (2H, d, J = 8.4 Hz, Ts) 7.84 (2H, d, J = 8.8 Hz, H-2ʹ) 13.64 (1H, 

s, OH-5);  

13C NMR (125 MHz, CDCl3) δ 15.1 (CH3, EOM) 21.8 (CH3, Ts) 65.4 (CH2, EOM) 71.4 (C-I, C-

6) 93.4 (CH2, EOM) 93.7 (CH, C-8) 106.0 (C, C-4a) 106.1 (CH, C-3) 123.2 (2 × CH, C-3ʹ) 127.9 

(2× CH, C-2ʹ) 128.5 (2 × CH, Ts) 129.8 (C, C-1ʹ) 130.0 (2 × CH, Ts) 132.1 (C, Ts) 145.9 (C, Ts) 

152.2 (C, C-4ʹ) 157.8 (C, C-8a) 161.2 (C, C-5) 161.6 (C, C-7) 162.9 (C, C-2) 181.5 (C=O, C-4);  

HRMS (ESI+) found [M + Na]+ 630.9906. C25H21INaO8S requires 630.9894.  
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Minor 8-iodoflavone 389: 

Rf 0.36 (ethyl acetate-hexanes, 1:2);  

1H NMR (400 MHz, CDCl3) δ 1.25 (3H, t, J = 7.0 Hz, EOM), 2.47 (3H, s, Ts), 3.81 (2H, q, J = 

7.1 Hz, EOM), 5.38 (2H, s, EOM), 6.68 (1H, s, H-3), 6.70 (1H, s, H-6), 7.20 (2H, d, J = 9.0 Hz, H-

3ʹ), 7.35 (2H,d, J = 8.4 Hz, Ts), 7.74 (2H,d, J = 8.4 Hz, Ts), 8.00 (2H, d, J = 8.9 Hz, H- 2ʹ), 12.77 

(1H, s, OH-5);  

13C NMR (125 MHz, CDCl3) δ 14.1 (CH3, EOM), 22.7 (CH3, Ts), 62.5 (C-I, C-8), 65.4 (CH2, 

EOM), 93.8 (CH2, EOM), 98.9 (CH, C-6), 105.7 (CH, C-3), 106.9 (C, C-4a), 123.2 (2 × CH, C-3ʹ), 

128.3 (2× CH, C-2ʹ), 128.5 (2 × CH, Ts), 129.6 (C, C-1ʹ), 130.0 (2 × CH, Ts), 132.2 (C, Ts), 145.9 

(C, Ts), 152.3 (C, C-4ʹ), 156.1 (C, C-8a), 162.2 (C, C-7), 162.9 (2 × C, C-2 and C-5), 182.2 (C=O, 

C-4). 

HRMS (ESI+) found [M + Na]+ 630.9906. C25H21INaO8S requires 630.9894.  
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7-(Ethoxymethyl)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-methylbenzenesulfonate 

(385) 

 

To a solution of flavone 376 (1.50 g, 4.57 mmol) and 4-dimethylaminopyridine (93 mg, 0.46 mmol) 

in dichloromethane (31 mL) at 0 °C was added 4-toluenesulfonyl chloride (2.61 g, 13.7 mmol) 

followed by dropwise addition of triethylamine (2.53 mL, 18.3 mmol), and the reaction heated to 

reflux for 23 h. The volatiles were then removed under reduced pressure and ice-cold methanol (30 

mL) was added to the residue forming a suspension The solid was collected by filtration and the 

solid washed with methanol (3 × 2 mL) giving the title compound 385 (2.73 g, 94%) as a white 

solid;  

Rf 0.28 (ethyl acetate-hexanes, 1:1);  

mp 59 – 61 °C ;  

1H NMR (400 MHz, CDCl3) δ 1.25 (3H, t, J = 7.1 Hz, EOM), 2.44 (3H, s, Ts), 2.46 (3H, s, Ts), 

3.75 (2H, q, J = 7.1 Hz, EOM), 5.30 (2H, s, EOM), 6.54 (1H, s, H-3), 6.96 (1H, d, J = 2.4 Hz, H-

6), 7.11 (1H, d, J = 2.4 Hz, H-8), 7.13 (2H, d, J = 8.9 Hz, H-3ʹ), 7.33-7.36 (4H, m, 2 × Ts), 7.73 

(2H, d, J = 8.4 Hz, Ts), 7.78 (2H, d, J = 8.9 Hz, H-2ʹ), 7.99 (2H, d, J = 8.3 Hz, Ts);  

13C NMR (100 MHz, CDCl3) δ 15.0 (CH3, EOM), 21.7 (2 × CH3, 2 × Ts), 65.1 (CH2, EOM), 93.3 

(CH2, EOM), 102.5 (CH, H-3), 108.9 (CH, C-8), 110.7 (CH, H-6), 112.7 (C, C-4a), 123.0 (2 × CH, 

C-3ʹ), 125.9 (2 × CH, C-2ʹ), 128.4 (2 × CH, Ts), 128.9 (2 × CH, Ts), 129.5 (2 × CH, Ts), 129.9 (2 

× CH, Ts), 130.0 (C, C-1ʹ), 132.1 (C, Ts), 132.8 (C, Ts), 145.4 (C, Ts), 145.8 (C, Ts), 147.5 (C), 

151.7 (C, C-4ʹ), 158.4 (C), 160.1 (C, C-2), 160.7 (C, C-7), 175.2 (C=O, C-4);  

IR (neat) 3067, 2978, 1638, 1613, 1496, 1435, 1414, 1367, 1286, 1177, 1152, 1089, 1070, 1017, 

994, 936, 852 811 cm-1;  

HRMS (ESI+) found 659.0996. C32H28NaO10S2 [M + Na]+
 requires 659.1016.  
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3-Bromo-7-(ethoxymethyl)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-

methylbenzenesulfonate (395) 

 

To a solution of flavone 385 (35 mg, 0.05 mmol) in dimethylformamide (1 mL) was added N-

bromosuccinimide (7 mg, 0.06 mmol) and the reaction stirred at rt for 28 h. Dichloromethane (10 

mL) was then added and the mixture washed with saturated aqueous NH4Cl (2 × 2 mL), dried over 

anhydrous MgSO4, filtered, and the solvent removed under reduced pressure. The crude product 

was purified by flash chromatography (ethyl acetate-hexanes, 1:3) to give the title compound 395 

(17 mg, 47%) as a white solid;  

mp 135 -137 °C;  

1H NMR (400 MHz, CDCl3) δ 1.23 (3H, t, J = 7.1 Hz, EOM), 2.46 (3H, s, Ts), 2.47 (3H, s, Ts), 

3.74 (2H, q, J = 7.1 Hz, EOM), 5.28 (2H, s, EOM), 7.03 (2H, ABq, J = 2.4 Hz, H-6 and H-8), 7.15 

(2H, d, J = 8.9 Hz, H-3ʹ), 7.35-7.38 (4H, m, 2 × Ts), 7.75-7.78 (4H, m, H-2ʹ and 2 × Ts), 8.01 (2H, 

d, J = 8.4 Hz, Ts);  

13C NMR (100 MHz, CDCl3) δ 15.0 (CH3, EOM), 21.8 (2 × CH3, 2 × Ts), 65.2 (CH2, EOM), 93.4 

(CH2, EOM), 102.1 (CH, H-8), 110.7, 110.8 (2 × C, C-3 and C-4a), 111.3 (CH, H-6), 122.4 (2 × 

CH, C-3ʹ), 128.5 (2 × CH, C-2ʹ), 129.0 (2 × CH, Ts), 129.7 (2 × CH, Ts), 130.0 (2 × CH, Ts), 131.0 

(2 × CH, Ts), 131.2 (C, C-1ʹ), 132.2 (C, Ts), 132.7 (C, Ts), 145.5 (C, Ts), 145.8 (C, Ts), 147.6 (C), 

151.3 (C, C-4ʹ), 157.8 (C), 158.8 (C, C-2), 161.1 (C, C-7), 169.5 (C=O, C-4);  

IR (neat) 2924, 2854, 1773, 1629, 1194, 1047 cm-1;  

HRMS (ESI+) found 737.0100. C32H27NaO10S2 [M + Na]+
 requires 737.0121. 
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7-Hydroxy-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-methylbenzenesulfonate (389) 

 

 

 

To a solution of flavone 385 (532 mg, 0.84 mmol) in dry dichloromethane (5 mL) was added 

NaHSO4/SiO2 (1.33 g, on silica support245, 250%w/w) at rt and the reaction stirred for 17 h. The 

solvent was then removed under reduced pressure and the residue dissolved in tetrahydrofuran (20 

mL). The suspension was filtered and the solvent removed from the filtrate under reduced pressure 

to give the title compound 398 (462 mg, 96%) as a yellow solid;  

mp 173 - 175 °C;  

1H NMR (400 MHz, DMSO-d6) δ 2.42 (3H, s, Ts), 2.44 (3H, s, Ts), 6.56 (1H, d, J = 2.4 Hz, H-6 

or H-8), 6.77 (1H, s, H-3), 6.98 (1H, d, J = 2.4 Hz, H-6 or H-8), 7.21 (2H, d, J = 8.9 Hz, H-3ʹ), 7.47 

(2H, d, J = 8.3 Hz, Ar-H Ts), 7.50 (2H, d, J = 8.3 Hz, Ar-H Ts), 7.79 (2H, d, J = 8.3 Hz, Ar-H Ts), 

7.84 (2H, d, J = 8.3 Hz, Ar-H Ts), 8.06 (2H, d, J = 8.9 Hz, H-2ʹ);  

13C NMR (100 MHz, DMSO-d6) δ 21.2 (2 × CH3, 2 × Ts), 102.5 (CH, C-6 or C-8), 108.2 (CH, C-

3), 108.9 (CH, C-6 or C-8), 110.2 (C, C-4a), 122.7 (2 × CH, C-3ʹ), 128.1 (2 × CH, C-2ʹ), 128.3 (2 

× CH, Ts), 128.4 (2 × CH, Ts), 129.7 (C, C-1ʹ), 129.9 (2 × CH, Ts), 130.3 (2 × CH, Ts), 131.2 (C, 

Ts), 132.0 (C, Ts), 145.6 (C, Ts), 146.1 (C, Ts), 147.2 (C), 151.1 (C, C-4ʹ), 158.1 (C), 159.2 (C, C-

2), 161.6 (C), 174.2 (C=O, C-4);  

IR (neat) 3077, 2814, 2716, 2618, 1624, 1607, 1555, 1495, 1418, 1372, 1292, 1277, 1204, 1179, 

1155, 1109, 1090, 1075, 1017, 981, 913, 856, 810, 748, 728, 693, 657, cm-1;  

HRMS (ESI+) found 601.0602. C29H22NaO9S2 [M + Na]+ requires 601.0597.  
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7-Hydroxy-8-iodo-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-methylbenzenesulfonate 

(397) 

 

Method A: 

 

 

To a solution of flavone 385 (47 mg, 0.07 mmol) in dichloromethane (1 mL) was added iodine 

monochloride (0.07 mL, 1 M in CH2Cl2) and the reaction stirred at rt for 72 h. Water (10 mL) was 

then added and the mixture extracted with dichloromethane (3 × 25 mL). The combined organic 

fractions were dried over anhydrous MgSO4, filtered, and the solvent removed under reduced 

pressure. The crude product was purified by flash chromatography (ethyl acetate-hexanes, 1:1) to 

give the title compound 397 (46 mg, 82%) as a white solid;  

 

Method B: 

 

 

To a solution of flavone 398 (329 mg, 0.57 mmol) in tetrahydrofuran/dimethylsulfoxide/methanol 

(9 mL, 1:7:1) was added acetic acid (1 mL) followed by iodine monochloride (1.14 mL, 1.00 M in 

dichloromethane) and the reaction stirred at rt for 6 h. A solution of saturated aqueous NaHCO3 

was then added until pH = 6, followed by addition of saturated aqueous Na2S2O3 until the mixture 

turned colourless. The mixture was then diluted with an aqueous solution of LiBr (50 mL, 5% w/v) 

and the resulting white precipitate was collected by filtration and washed with additional aqueous 

LiBr solution (2 × 20 mL, 5%w/v). The solid was then dissolved in tetrahydrofuran (5 mL), dried 

over anhydrous MgSO4, filtered, and triturated with a mixture of methanol/diethyl ether (1:1). The 

precipitate was then collected by filtration to give the title compound 397 (660 mg, 76%) as a white 

solid;  

 

Rf 0.23 (ethyl acetate-hexanes, 1:1);  
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mp 129 - 131 °C;  

1H NMR (400 MHz, DMSO-d6) δ 2.40 (3H, s, Ts), 2.42 (3H, s, Ts), 6.74 (1H, s, H-6), 6.87 (1H, 

s, H-3), 7.25 (2H, d, J = 8.9 Hz, H-3ʹ), 7.45-7.50 (4H, m, 2 × Ts), 7.79 (2H, d, J = 8.4 Hz, Ts), 7.82 

(2H, d, J = 8.4 Hz, Ts), 8.15 (2H, d, J = 8.9 Hz, H-3ʹ);  

13C NMR (75 MHz, DMSO-d6) δ 21.7 (2 × CH3, 2 × Ts), 74.6 (C-I, C-8), 107.8 (CH, H-6), 108.5 

(CH, C-3), 111.2 (C, C-4a),123.3 (2 × CH, C-3ʹ), 128.7, 128.9 (6 × CH, C-2ʹ and 2 × Ts), 130.1 (C, 

C-1ʹ), 130.4 (2 × CH, Ts), 130.8 (2 × CH, Ts), 131.6 (C, Ts), 132.4 (C, Ts), 146.1 (C, Ts), 146.6 

(C, Ts), 147.8 (C), 151.7 (C, C-4ʹ), 157.9 (C, C-8a), 159.9 (C, C-2), 162.2 (C, C-7), 174.6 (C=O, 

C-4);  

IR (neat) 3073, 2923, 1624, 1596, 1363, 1157, 854 cm-1;  

HRMS (ESI+) found 726.9547. C29H21INaO9S2 [M + Na]+
 requires 726.9564. 
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tert-Butyldimethyl(pent-4-yn-1-yloxy)silane (408) 

 

To a stirred solution of 1-pent-4-ynol 355 (1.00 g, 11.9 mmol) and imidazole (1.21 g, 17.8 mmol) 

in dichloromethane (10 mL) at 0 °C was added tert-butyldimethylsilyl chloride (2.69 g, 17.8 mmol) 

and the reaction allowed to warm to rt. After 1 h, a solution of saturated aqueous NH4Cl (40 mL) 

was added and the product was extracted with ethyl acetate (3 × 40 mL). The combined organic 

fractions were dried over anhydrous MgSO4, filtered, and the volatiles removed under reduce 

pressure. The crude product was purified by flash chromatography (ethyl acetate-hexanes, 1:20) to 

give the title compound 408 (2.26 g, 96%) as a colourless oil;  

Rf 0.88 (ethyl acetate-hexanes, 1:20);  

1H NMR (400 MHz, (CDCl3) δ 0.06 (6H, s, CH3, TBS), 0.90 (9H, s, CH3,TBS), 1.72 (2H, tt, J = 

7.0, 6.0 Hz, CH2, H-2), 1.87 (1H, t, J = 2.7 Hz, H-1), 2.22 (2H, td, J = 7.1, 2.7 Hz, H-3), 3.64 (2H, 

t, J = 6.0 Hz, H-1);  

13C NMR (100 MHz, CDCl3) δ -5.4 (2 × CH3, TBS), 14.8 (CH2, C-3), 18.3 (C, TBS), 25.9 (3 × 

CH3, TBS), 31.5 (CH2, C-2), 61.4 (CH2, C-1), 68.2 (C, C-5), 84.3 (C, C-4);  

IR (neat) 3314, 2953, 2929, 2897, 2857, 1472, 1472, 1438, 1388, 1361, 1254, 1104, 1072, 1006, 

979, 939, 833, 775 cm-1;  

HRMS (ESI+) found 199.1522. C11H23OSi [M + Na]+ requires 199.1513.  

Spectral data were in agreement with literature values. 255 

 

  



Experimental 

 

 
208 

8-(3-((tert-Butyldimethylsilyl)oxy)propyl)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-furo[2,3-

h]chromen-5-yl 4-methylbenzenesulfonate (412) and 2,2,3,3,16,16,17,17-octamethyl-4,15-

dioxa-3,16-disilaoctadeca-8,10-diyne (411) 

 

A two-neck round bottom flask was charged with palladium(II) diacetate (2 mg, 7.1 µmmol, 10 

mol%) triphenylphosphine (5 mg, 17.7 µmmol, 25 mol%), and copper(I) iodide (2 mg, 8.5 µmmol, 

12 mol%), and was extensively degassed and put under argon. To this was added a solution of 

iodide 397 (50 mg, 0.07 mmol) in de-gassed tetrahydrofuran (0.5 mL) and after 5 min, triethylamine 

(0.02 mL, 0.11 mmol) was added, followed, 5 min later, by a solution of alkyne 408 (15 mg, 0.78 

mmol) in de-gassed tetrahydrofuran (0.5 mL). After 24 h, a solution of aqueous LiBr (30 mL, 5% 

w/v) was added and the crude product was extracted with ethyl acetate (2 × 50 mL). The combined 

organic phases were washed with water (15 mL), dried over anhydrous MgSO4, filtered, and the 

solvents removed under reduced pressure. The crude product was purified by flash chromatography 

(ethyl acetate-hexanes-methanol, 100:200:1) to give the title compound 412 (27 mg, 49%) as a 

white solid, accompanied by the Glaser coupled dialkyne 411 (trace) as a brown oil; 

 

Benzofuran 412: 

Rf 0.57 (ethyl acetate-hexanes-methanol, 100:200:1);   

mp 190 - 192 °C;  

1H NMR (400 MHz, CDCl3) δ 0.02 (6H, s, TBS), 0.90 (9H, s, TBS), 1.94 (2H, m, H-12), 2.40 (3H, 

s, Ts), 2.42 (3H, s, Ts), 2.88 (2H, t, J = 7.6 Hz, H-11), 3.67 (2H, t, J = 6.0 Hz, H-13), 6.59 (1H, s, 

H-3), 6.72 (1H, d, J = 0.8 Hz, H-9), 7.12 (2H, d, J = 8.8 Hz, H-3ʹ), 7.29 (4H, m, 2 × Ts), 7.30 (1H, 

s, H-6), 7.70 (2H, d, J = 8.2 Hz, Ts), 7.78 (2H, d, J = 8.8 Hz, H-2ʹ), 7.94 (2H, d, J  = 8.2 Hz, Ts);  

13C NMR (100 MHz, CDCl3) δ -5.3 (2 × CH3, TBS) 18.3 (C, TBS) 21.8 (2 × CH3, Ts) 24.9 (CH2, 

C-11) 25.9 (3 × CH3, TBS) 30.6 (CH2, C-12) 61.9 (CH2, C-13) 99.4 (CH, C-9) 105.6 (CH, C-6) 

109.5 (CH, C-3) 113.7 (C, C-4a) 117.7 (C, C-8) 123.2 (2 × CH, C-3ʹ) 127.5 (2 × CH, C-2ʹ) 128.0 

(2 × CH, Ts) 129.0 (2 × CH, Ts) 129.6 (2 × CH, Ts) 130.0 (2 × CH, Ts) 130.1 (C, C-1ʹ) 132.2 (C, 

Ts) 132.8 (C, Ts) 142.7 (C) 145.3 (C, Ts) 145.8 (C, Ts) 150.0 (C) 151.8 (C, C-4ʹ) 155.5 (C) 159.6 

(C, C-2) 162.0 (C-10) 175.8 (C=O, C-4);  
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IR (neat) 3064, 2934, 2894, 2857, 1651, 1614, 1587, 1500, 1461, 1415, 1396, 1373, 1343, 1307, 

1291, 1253, 1201, 1191, 1174, 1155, 1138, 1095, 1067, 1012, 991, 969, 941, 862, 835, 808, 790, 

776, 760 cm-1;  

HRMS (ESI+) found 797.1879. C40H42NaO10S2Si [M + Na]+ requires 797.1881.  

 

Dialkyne 411: 

Rf 0.79 (ethyl acetate-hexanes-methanol, 100:200:1);  

1H NMR (400 MHz, CDCl3) δ 0.01 (12H, s, TBS) 0.84 (18H, s, TBS) 1.62 (4H, m, H-2) 2.28 (4H, 

t, J = 7.0 Hz, H-3) 3.62 (4H, t, J = 6.0 Hz, H-1);  

13C NMR (100 MHz, CDCl3) δ -5.4 (4 ×CH3, TBS) 15.7 (2 × CH2, C-3) 18.3 (2 × TBS) 25.9 (6 × 

CH3, TBS) 31.4 (2 × CH2, C-2) 61.4 (2 × CH2, C-1) 65.4 (2 × C, C-5) 77.2 (2 × C, C-4);  

IR (neat) 2953, 2927, 2913, 2853, 1734, 1470, 1434, 1388, 1360, 1316, 1287, 1253, 1219, 1181, 

1103, 1069, 1006, 976, 939, 835, 776, 717, 663, cm-1;  

HRMS (ESI+) found 417.2612. C22H42NaO2Si2 [M + Na]+ requires 417.2616. 
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8-(3-Hydroxypropyl)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-furo[2,3-h]chromen-5-yl 4-

methylbenzenesulfonate (420) 

 

 

A two-neck round bottom flask was charged with palladium(II) diacetate (2 mg, 7.1 µmmol, 10 

mol%), triphenylphosphine (5 mg, 17.7 µmmol, 25 mol%), and copper(I) iodide (2 mg, 8.52 

µmmol, 12 mol%), and was extensively degassed and put under argon. To this was added a solution 

of iodide 397 (50 mg, 0.07 mmol) in de-gassed tetrahydrofuran (0.5 mL) and after 5 min, 

triethylamine (0.015 mL, 0.11 mmol) was added, followed, 5 min later, by a solution of alkyne 355 

(7 mg, 0.09 mmol) in de-gassed tetrahydrofuran (0.5 mL). After 24 h, a solution of aqueous LiBr 

(30 mL, 5%w/v) was added and the crude product was extracted with ethyl acetate (2 × 50 mL). 

The combined organic fractions were washed with water (15 mL), dried over anhydrous MgSO4, 

filtered, and the solvent removed under reduced pressure. To the residue was added a mixture of 

dichloromethane/methanol (2 mL, 99:1) and the resulting precipitate was collected by filtration, 

washed with diethyl ether (2 × 2 mL), to give the title compound 420 (13 mg, 24%) as a white solid;  

Rf 0.22 (ethyl acetate-hexanes-methanol, 9:10:1);  

mp 209 – 211 °C;  

1H NMR (400 MHz, CDCl3) δ 2.06 (2H, m, H-12), 2.45 (3H, s, Ts), 2.74 (3H, s, Ts), 2.98 (2H, t, 

J  = 7.2 Hz, H-11), 3.78 (2H, t, J  = 6.2 Hz, H-13), 6.64 (1H, s, CH, H-3), 6.80 (1H, d, J = 0.8 Hz, 

H-9), 7.17 (2H, d, J = 8.9 Hz, H-3ʹ), 7.35 (4H, m, Ts), 7.39 (1H, d, J = 0.9 Hz, H-6), 7.75 (2H, d, J 

= 8.4 Hz, Ts), 7.83 (2H, d, J = 8.9 Hz, H-2ʹ), 8.00 (2H, d, J = 8.4 Hz, Ts);  

13C NMR (100 MHz, CDCl3) 21.8 (2 × CH3, Ts), 24.8 (CH2, C-11), 30.3 (CH2, C-12), 61.6 (CH2, 

C-13), 99.8 (CH, C-9), 105.7 (CH, C-6), 109.5 (CH, C-3), 113.8 (C, C-4a), 117.7 (C, C-8), 123.2 

(2 × CH, C-3ʹ), 127.6 (2 × CH, C-2ʹ), 128.5 (2 × CH, Ts), 129.1 (2 × CH, Ts), 129.6 (2 × CH, Ts), 

130.0 (2 × CH, Ts), 130.1 (C, C-1ʹ), 132.1 (C, Ts), 132.8 (C, Ts), 142.8 (C, C-5), 145.4 (C, Ts), 

145.9 (C, Ts), 150.1 (C, C-8a), 151.9 (C, C-4ʹ), 155.6 (C, C-7), 159.7 (C, C-2), 161.5 (C, C-10), 

175.9 (C=O, C-4);  
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IR (neat) 3575, 3485, 3108, 3073, 2874, 2931, 1435, 1462, 1499, 1596, 1586, 1631, 1400, 1345, 

1414, 1381, 1365, 1092, 1191, 1067, 987, 1148, 1176, 863, 848, 667, 753, 753, 810, 1263, 1308, 

938, 1291, 966, 785, 1012, 1119, cm-1;  

HRMS (ESI+) found 661.1180. C34H29O10S2 [M + H]+ requires 661.1197.  
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7-(Ethoxymethoxy)-8-iodo-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-

methylbenzenesulfonate (396) 

 

To a solution of flavone 397 (222mg, 0.32 mmol) in tetrahydrofuran (4 mL) was added 

diisopropylethylamine (0.11 mL, 0.63 mmol) followed by dropwise addition of chloromethyl ethyl 

ether (0.032 mL, 0.35 mmol). After 3.5 h, saturated aqueous NH4Cl (2 mL) was added and the 

tetrahydrofuran was removed under reduced pressure. The remaining aqueous mixture was 

extracted with ethyl acetate (100 mL) and the organic phased washed with additional saturated 

aqueous NH4Cl (50 mL). The extract was dried over anhydrous MgSO4, filtered, and the volatiles 

removed under reduced pressure to give the title compound 396 (218 mg, 91%)as a white solid;  

Rf 0.49 (ethyl acetate-hexanes-methanol, 25:24:1);  

mp 176 - 178 °C;  

1H NMR (400 MHz, CDCl3) δ δ 1.24 (3H, t, J = 7.1 Hz, EOM) 2.45 (3H, s, Ts) 2.47 (3H, s, Ts) 

3.78 (2H, q, J = 7.1 Hz, EOM) 5.37 (2H, s, EOM) 6.61 (1H, s, H-6) 7.11 (1H, s, H-3) 7.17 (2H, d, 

J = 9.0 Hz, H-3ʹ) 7.34 (4H, m, Ts) 7.75 (2H, d, J = 8.4 Hz, Ts) 7.96 (4H, m, H-2ʹ and Ts);  

13C NMR (75 MHz, CDCl3) δ 15.0 (CH3, EOM) 21.8 (2 × CH3, Ts) 65.5 (CH2, EOM) 75.7 (C, C-

8) 94.1 (CH2, EOM) 107.7 (CH, C-6) 108.4 (CH, C-3) 113.4 (C, C-4a) 123.2 (CH, C-3ʹ) 128.1, 

128.5, 129.0 (6 × CH, C-2ʹ and Ts) 129.3 (C, C-1ʹ) 129.7 (2 × CH, Ts) 130.0 (2 × CH, Ts) 132.2 

(C, Ts) 132.7 (C, Ts) 145.6 (C, Ts) 145.8 (C, Ts) 148.4 (C, C-5) 152.0 (C, C-4ʹ) 156.9 (C, C-8) 

160.2 (C, C-7) 160.6 (C, C-2) 175.1 (C=O, C-4);  

IR (neat) 2923, 2852, 1749, 1706, 1650, 1587, 1499, 1465, 1411, 1372, 1323, 1171, 1155, 1108, 

1085, 1039, 988, 930, 908, 808, 749, 698, 663 cm-1;  

HRMS (ESI+) found 784.9955. C32H27INaO10S2 [M + Na]+ requires 784.9983.  
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7-(Ethoxymethyl)-8-(5-hydroxypent-1-yn-1-yl)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-

yl 4-methylbenzenesulfonate (422) 

 

To a two necked flask was charged with palladium(II) acetate (1 mg, 3.28 µmol), 1,1′-Bis(di-tert-

butylphosphino)ferrocene (3 mg, 3.93 µmol), potassium carbonate (23 mg, 0.16 mmol) and 

tetrabutylammonium iodide (12 mg, 0.03 mmol) and the flask put under an argon atmosphere. A 

separately prepared solution of iodide 396 (25 mg, 0.03 mmol) and alkyne 355 (3 mg, 0.04 mmol) 

in degassed N-methylpyrrolidinone (2 mL) was added to the two necked flask. After 1 h, the mixture 

was filtered through Celite®and diluted with ethyl acetate (50 mL). This solution was washed with 

water (10 mL) followed by brine (10 mL), dried over anhydrous MgSO4, filtered, and the volatiles 

removed under reduced pressure. The crude product was purified by flash chromatography (ethyl 

acetate-hexanes-methanol, 18:20:1) to give the title compound 422 (18 mg, 67%) as a white solid;  

Rf 0.35 (ethyl acetate-hexanes-methanol, 18:20:1);  

mp 147 - 149 °C;  

1H NMR (400 MHz, CDCl3) δ 1.24 (3H, t, J = 7.1 Hz, EOM), 1.95 (2H, m, H-12), 2.44 (3H, s, 

Ts), 2.47 (3H, s, Ts), 2.74 (2H, t, J = 6.9, H-11), 3.77 (2H, q, J = 7.1 Hz, EOM), 3.86 (2H, m, H-

13), 5.34 (2H, s, EOM), 6.55 (1H, s, H-6), 7.11 (1H, s, H-3), 7.16 (2H, d, J = 9.0 Hz, H-3ʹ), 7.34 

(4H, m, Ar-H, 2 × Ts), 7.74 (2H, d, J = 8.4 Hz, Ts), 7.86 (2H, d, J = 9.0 Hz, H-2ʹ), 7.96 (2H, d, J = 

8.4 Hz, Ts);  

13C NMR (75 MHz, CDCl3) δ 15.0 (CH3, EOM), 16.8 (CH2, C-11), 21.7 (2 × CH3, 2 × Ts), 31.4 

(CH2, C-12), 61.5 (CH2, C-13), 65.2 (CH2, EOM), 70.4 (C, C-9), 93.8 (CH2, EOM), 101.6 (C, C-

10), 102.9 (C, C-8), 107.8 (CH, C-6), 108.5 (CH, C-3), 112.8 (C, C-4a), 123.0 (2 × CH, C-3ʹ), 127.7 

(2 × CH, C-2ʹ), 128.5 (2 × CH, Ts), 128.9 (2 × CH, Ts), 129.6 (2 × CH, Ts), 129.9 (2 × CH, Ts), 

130.0 (C, C-1ʹ), 132.1 (C, Ts), 132.7 (C, Ts), 145.5 (C, Ts), 145.8 (C, Ts), 146.4 (C, C-5), 151.8 

(C, C-4ʹ), 158.0 (C, C-8a), 160.1 (C, C-2), 161.3 (C, C-7), 175.1 (C=O, C-4);  

IR (neat) 3389, 3070, 2952, 2924, 1642, 1596, 1503, 1389, 1373, 1326, 1291, 1210, 1175, 1157, 

1124, 1104, 1087, 1064, 1016, 1002, 989, 931, 913, 867, 851, 804, 755, 755, 714 cm-1;  

HRMS (ESI+) found 741.1412. C37H34NaO11S2 [M + Na]+ requires 741.1435. 
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4'-Oxo-2'-(4-(tosyloxy)phenyl)-4,4',5,9'-tetrahydro-3H-spiro[furan-2,8'-furo[2,3-

h]chromen]-5'-yl 4-methylbenzenesulfonate (410) 

 

To a stirred solution of alkynol 422 (20 mg, 0.03 mmol) in a mixture of dry 

dichloromethane/methanol (1 mL, 1:1) under an atmosphere of argon, was added 

chloro(triphenylphosphine)gold(I) (1.4 mg, 10 mol%), silver hexafluoroantimonate (1.0 mg, 10 

mol%), and para-toluenesulfonic acid (0.5 mg, 10 mol%). After 2 h, the volatiles were removed 

under reduced pressure and the crude product was purified by flash chromatography (ethyl acetate-

hexanes, 1:1) to give a racemic mixture of the title compound 410 (17 mg, 81%) as an off-white 

solid;  

Rf 0.49 (ethyl acetate-hexanes, 1:1);  

mp 102 - 104 °C;  

1H NMR (400 MHz, CDCl3) δ 2.14 (2H, m, Ha-11 and Ha-12), 2.29 (1H, m, Hb-12), 2.44 (3H, s, 

Ts), 2.47 (3H, s, Ts), 2.52 (1H, m, Hb-11), 3.52 (2H, ABq, J = 16.6 Hz, H-9), 4.20 (1H, m, Ha-13), 

4.28 (1H, m, Hb-13), 6.61 (1H, s, H-6), 6.79 (1H, s, H-3), 7.13 (2H, d, J = 9.0 Hz, H-3), 7.34 (4H, 

m, Ts), 7.73 (4H, m, 2 × H-2ʹ and Ts), 7.99 (2H, d, J = 8.3 Hz, Ts);  

13C NMR (100 MHz, CDCl3) δ 21.7 (2 × CH3, 2 × Ts), 23.9 (CH2, C-12), 35.2 (CH2, C-9), 37.0 

(CH2, C-11), 69.4 (CH2, C-13), 104.4 (CH, C-6), 108.9 (CH, C-3), 111.7 (C, C-8), 112.0 (C, C-4a), 

121.4 (C, C-10), 123.1 (2 × CH, C-3ʹ), 127.3 (2 × CH, C-2ʹ), 128.5 (2 × CH, Ts), 128.9 (2 × CH, 

Ts), 129.5 (2 × CH, Ts), 129.9 (2 × CH, Ts), 130.1 (C, C-1ʹ), 132.1 (C, Ts), 132.9 (C, Ts), 145.3 

(C, Ts), 145.8 (C, Ts), 147.7 (C), 151.7 (C, C-4ʹ), 153.2 (C), 159.3 (C), 161.5 (C, C-8a), 175.4 

(C=O, C-4);  

IR (neat) 3072, 2983, 2896, 1645, 1612, 1500, 1414, 1377, 1290, 1178, 1157, 1093, 1079, 1060, 

1016, 988, 915, 858, 816, 775, 726 cm-1;  

HRMS (ESI+) found 683.1017. C34H28NaO10S2 [M + Na]+ requires 683.1016.  
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5'-Hydroxy-2'-(4-hydroxyphenyl)-4,5-dihydro-3H-spiro[furan-2,8'-furo[2,3-h]chromen]-

4'(9'H)-one (357) 

 

Sodium metal (3.5 mg, 0.2 mmol) was added carefully to methanol (0.5 mL) and to this was added 

a solution of spiroketal 410 (17 mg, 0.03 mmol). After 1 h, saturated aqueous NH4Cl (10 mL) was 

added and the mixture extracted with ethyl acetate (3 × 15 mL). The combined organic fractions 

were dried over anhydrous Na2SO4, filtered, and the solvent removed under reduced pressure. The 

crude product was purified by flash chromatography (ethyl acetate-hexanes, 1:1) to give a racemic 

mixture of the title compound 357 (3 mg, 33%) as an white solid;  

Rf 0.48 (ethyl acetate-hexanes, 1:1);  

mp °C; 285 – 287 °C (decomp.);  

1H NMR (400 MHz, DMSO-d6) δ 2.10-2.17 (2H, m, Ha-11 and Ha-12), 2.24-2.30 (1H, m, Hb-12), 

2.46-2.51 (1H, m, Hb-11), 3.45 (2H, ABq, J = 16.1 Hz, H-9), 4.06-4.22 (2H, m, H-13), 6.29 (1H, s, 

H-6), 6.54 (1H, s, H-3), 6.95 (2H, d, J = 8.8 Hz, H-3ʹ), 7.77 (2H, d, J = 8.7 Hz, H-2ʹ);  

13C NMR (100 MHz, DMSO-d6) δ 29.0 (CH2), 33.8 (CH2), 36.3 (CH2), 68.5 (CH2), 93.7 (CH), 

97.3 (CH), 102.7 (C), 102.9 (C), 108.9 (C), 116.0 (2 × CH), 121.1 (C), 128.5 (2 × CH), 161. (2 × 

C), 161.9 (2 × C), 163.5 (C), 175.3 (C=O);  

IR (neat) 2920, 2851, 1660, 1605, 1542, 1480, 1447, 1421, 1343, 1295, 1170, 829 cm-1;  

HRMS (ESI-) found 351.0877. C20H15O6 [M - H]+ requires 351.0874.  
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(3R,4R,5R)-3,4-Bis((tert-butyldimethylsilyl)oxy)-5-(((tert-butyldimethylsilyl)oxy)methyl) 

dihydrofuran-2(3H)-one (430) 

 

To a solution of D-ribonic acid γ-lactone (429) (500 mg, 3.38 mmol) in dry dimethylformamide (25 

mL) and dichloromethane (5 mL) was added imidazole (1.84 g, 27.0 mmol) followed by tert-

butyldimethylsilyl chloride (4.07 g, 27.0 mmol). After 24 h, the volatiles were removed under 

reduced pressure and the remaining solution was poured onto a mixture of aqueous LiBr (50 mL, 

5%w/v), aqueous NH4Cl (50 mL, saturated) and ice and extracted with dichloromethane (3 × 50 

mL). The combined organic extracts were dried over anhydrous Na2SO4, filtered, and the volatiles 

removed under reduced pressure to give the title compound 430 (1.60 g, 97%) as a white solid;  

mp 104 - 106 °C;  

[𝜶]𝑫
𝟐𝟎.𝟖 = +25.7 (c 0.99, CHCl3), (lit.,264 [𝛼]𝐷

22 = +28.7 (c = 0.99, CHCl3));  

1H NMR (400 MHz, CDCl3) δ 0.06 (3H, s, TBS), 0.08 (3H, s, TBS), 0.09 (3H, s, TBS), 0.10 (3H, 

s, TBS), 0.14 (3H, s, TBS), 0.18 (3H, s, TBS), 0.88 (9H, s, TBS), 0.89 (9H, s, TBS), 0.94 (9H, s, 

TBS), 3.78 (1H, dd, J = 11.7, 3.1 Hz, Ha-), 3.86 (1H, dd, J = 11.7, 2.1 Hz, Hb-5), 4.27 (2H, m, H-

3 and H-4), 4.57 (1H, d, J = 5.0 Hz, H-2);  

13C NMR (100 MHz, CDCl3) δ -5.7 (CH3, TBS), -5.5 (CH3, TBS), -5.0 (CH3, TBS), -4.8 (CH3, 

TBS), -4.62 (CH3, TBS), -4.56 (CH3, TBS), 18.2 (C, TBS), 18.3 (C, TBS), 18.4 (C, TBS), 25.7 (3 

× TBS), 25.83 (3 × CH3, TBS), 25.85 (3 × CH3, TBS), 62.4 (CH2, C-5), 70.6 (CH2, C-2), 71.9, 85.6 

(2 × CH2, C-3 and C-4), 175.1 (C=O, C-1);  

IR (neat) 2953, 2929, 2889, 2857, 1789, 1463, 1406, 1390, 1362, 1344, 1250, 1166, 1106, 1106, 

984, 953, 881, 833, 777, 697, 664, 612, cm-1;  

HRMS (ESI+) found 513.2860. C23H50NaO5Si3 [M + Na]+ requires 513.2858.  

Spectral data were in agreement with literature values.264  
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(3R,4R,5R)-3,4-Bis((tert-butyldimethylsilyl)oxy)-5-(((tert-butyldimethylsilyl)oxy)methyl) 

tetrahydrofuran-2-ol (431) and (2S,3R,4R)-2,3,5-tris((tert-butyldimethylsilyl)oxy)pentane-

1,4-diol (435) 

 

A solution of lactone 430 (100 mg, 0.20 mmol) in dichloromethane (4 mL) was put under an 

atmosphere of nitrogen and cooled to -78 °C and to this was added DIBAL (0.20 mL, 10 M in 

toluene, 0.20 mmol). After 15 min, methanol (2 mL) was added dropwise and the reaction was 

allowed to warm to rt. A saturated aqueous solution of potassium sodium tartrate (2 mL) was added 

and the mixture was stirred for 1 h. The crude product was extracted with dichloromethane (3 × 50 

mL) and combined extracts dried over anhydrous Na2SO4, filtered, and the volatiles removed under 

reduced pressure. The crude product was purified by flash chromatography (ethyl acetate-hexanes, 

1:9) to give an inseparable mixture of anomeric epimers of the title compound 431 (81 mg, 81%, 

d.r.8:1) as an white solid, and trace amounts of the over undesired diol 435 (trace) as a white solid;  

 

Lactol 431: 

Rf 0.35 (ethyl acetate-hexanes, 1:9);  

1H NMR (400 MHz, CDCl3) δ 0.05 (3H, s, TBS), 0.06 (3H, s, TBS), 0.10 (3H, s, TBS), 0.11 (6H, 

s, TBS), 0.12 (3H, s, TBS), 0.90 (18H, s, TBS), 0.93 (9H, s, TBS), 3.55 (1H, dd, J = 11.1, 4.9 Hz, 

Ha-5), 3.67 (1H, dd, J = 11.1, 3.0 Hz, Hb-5), 4.07 (2H, m, H-2 and H-3), 4.12 (1H, m, H-4), 4.22 

(1H, d, J = 11.4 Hz, OH), 5.04 (1H, dd, J = 11.4, 4.1 Hz, H-1);  

13C NMR (100 MHz, CDCl3) δ -5.5 (CH3, TBS), -5.4 (CH3, TBS), -5.0 (CH3, TBS), -4.8 (CH3, 

TBS), -4.7 (CH3, TBS), -4.5 (CH3, TBS), 18.0 (C, TBS), 18.3 (C, TBS), 18.4 (C, TBS), 25.8 (3 × 

CH3, TBS), 25.9 (6x CH3, 2 × TBS), 72.5, 74.2 (2 × CH, C-2 and C-3), 85.5 (CH, C-4), 95.1 (CH2, 

C-5), 97.8 (CH, C-1);  

IR (neat) 3499 2955 2931 2858 1769 1475 1460 1365 1253 1159 1135 1109 1091 1075 1022 1005 

977 939 921 897 873 832 774 671 cm-1;  

HRMS (ESI+) found 515.3005. C23H52NaO5Si3 [M + Na]+ requires 515.3015.  

Spectral data for minor epimer not observed under major. 

 

Diol 435: 

Rf 0.12 (ethyl acetate-hexanes, 1:9);  
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mp 40 -42 °C; [𝜶]𝑫
𝟐𝟏.𝟔 = +6.16 (c 0.99, CHCl3);  

1H NMR (400 MHz, CDCl3) δ 0.08 (6H, s, TBS), 0.09 (3H, s, TBS), 0.11 (6H, s, TBS), 0.14 (3H, 

s, TBS), 0.89 (9H, s, TBS), 0.91 (9H, s, TBS), 0.92 (9H, s, TBS), 2.38 (1H, s br, OH), 2.71 (1H, s 

br, OH), 3.54 (1H, dd, J = 9.5, 6.5 Hz, Ha-6), 3.57-3.62 (3H, m, H-1 and H-4), 3.69 (1H, dd, J = 

9.5, 2.60 Hz, Hb-6), 3.73 (1H, dd, J = 6.3, 2.6 Hz, H-3), 3.90(1H, td, J = 7.8, 2.6 Hz, CH, H-2);  

13C NMR (100 MHz, CDCl3) δ -5.4 (CH3, TBS), -5.3 (CH3, TBS), -4.9 (CH3, TBS), -4.6 (CH3, 

TBS), -4.5 (CH3, TBS), -4.1 (CH3, TBS), 18.21 (C, TBS), 18.22 (C, TBS), 18.3 (C, TBS), 25.9 (3 

× CH3, TBS), 26.0 (6 × CH3, TBS), 63.5 (CH2, C-5), 63.9 (CH2, C-1), 72.4 (CH, C-4), 74.0 (CH, 

C-2), 76.1 (CH, C-3);  

IR (neat) 3362, 2959, 2927, 2855, 1468, 1257, 1017, 796, 778 cm-1;  

HRMS (ESI+) found 517.3175. C23H54NaO5Si3 [M + Na]+ requires 517.3171.  
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Dimethyl (2-oxopropyl)phosphonate (450) 

 

To a stirred solution of potassium iodide (35.9 g, 216 mmol) in a mixture of acetone (44 mL) and 

acetonitrile (55 mL) was added chloroacetone (449) (17.8 mL, 216 mmol). After 1 h, 

trimethylphosphite (25.5 mL, 220 mmol) was added and the reaction was stirred at rt for 18 h, and 

then at 50 °C for 1 h. The reaction was filtered through a pad a Celite®, and the solvent was removed 

from the filtrate under reduced pressure. The crude product was purified by distillation (80 °C, 0.5 

mbar) to give the title compound 450 (21.0 g, 59%) as a yellow oil;  

1H NMR (300 MHz, CDCl3) δ 2.33 (3H, s, H-3) 3.10 (2H, d, 2JHP = 22.8 Hz, H-1) 3.80 (6H, d, 

3JHP = 11.2 Hz, Me);  

13C NMR (100 MHz, CDCl3) δ 31.4 (CH3, C-3) 42.3 (CH2, d, 2JCP = 127.8 Hz, C-1) 53.1 (2 × CH3, 

d, 3JCP = 6.5 Hz, Me) 199.7 (C=O, d, 2JCP = 6.1 Hz, C-2);  

Spectral data were in agreement with literature values.269  
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Dimethyl (1-diazo-2-oxopropyl)phosphonate (a.k.a the Ohira-Bestmann reagent) (438) 

 

To a stirred solution of phosphonate 450 (16.5 g, 99 mmol) in toluene (92 mL) at 0 °C was added 

NaH (3.96 g, 99 mmol, 60% dispersion in mineral oil). After gas evolution had ceased, a solution 

of azide 451 (23.8 g, 100 mmol) was added and the reaction stirred for 18 h. Th reaction was then 

filtered through a pad of Celite® washing the pad with diethyl ether and the filtrate had the solvent 

removed under reduced pressure. The crude product was purified by distillation (70 °C, 0.47 mbar) 

to give the title compound 438 (11.2 g, 68%) as a yellow oil;  

1H NMR (300 MHz, CDCl3) δ 2.27 (3H, s, H-3) 3.85 (6H, d, 3JHP = 11.9 Hz, Me);  

13C NMR (100 MHz, CDCl3) δ 26.8 (CH3, C-3), 53.3 (2 × CH3, d, 3JCP = 5.7 Hz, Me), 60.1 (C, C-

1), 189.5 (C=O, d, 2JCP = 13.4 Hz, C-2);  

Spectral data were in agreement with literature values.269  
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(3R,4S,5R)-2,4-Bis((tert-butyldimethylsilyl)oxy)-5-(((tert-

butyldimethylsilyl)oxy)methyl)tetrahydrofuran-3-ol (452) 

 

To a solution dimethyl (1-diazo-2-oxopropyl)phosphonate (438) (23 mg, 0.12 mmol) in THF (0.5 

mL) was added sodium methoxide (6.3 mg, 0.12 mmol) at 0 °C and the mixture stirred under 

nitrogen for 15 min. A solution of lactol 431 (55 mg, 0.08 mmol) in THF (0.5 mL) was added and 

after 30 min the reaction was warmed to rt. After 19 h, the reaction was quenched with NH4Cl (50 

mL) and crude product was extracted with ethyl acetate (2× 50 mL). The combined organic fractions 

were dried over anhydrous Na2SO4, filtered, and the solvent removed under reduced pressure. The 

crude product was purified by flash chromatography (ethyl acetate-hexanes, 1:19) to give a the title 

compound 452 (21 mg, 38%, d.r. 7:2) as a colourless oil;  

Rf 0.45 (ethyl acetate-hexanes, 1:19;  

1H NMR (400 MHz, CDCl3) δ 0.04 (3H, s, TBS), 0.05 (3H, s, TBS), 0.06 (0.86H, s, TBS*), 0.07 

(0.86H, s, TBS*), 0.08 (3H, s, TBS), 0.09 (1.71H, s, 2 × TBS*), 0.10 (3H, s, TBS), 0.11 (3H, s, 

TBS), 0.12 (3H, s, TBS), 0.14 (0.86H, s, TBS*), 0.18 (0.86H, s, TBS*), 0.88-0.89 (14.16H, s, TBS 

and 2 × TBS*), 0.91 (18H, s, 2 × TBS), 0.94 (2.58H, s, TBS*), 2.61H, 2.73 (1H, d, J = 11.7 Hz, 

OH), 3.60 (1H, dd, J = 4.1, 11.1 Hz, H-5a), 3.67 (1H, dd, J = 3.4, 11.1 Hz, H-5b), 3.78 (0.29H, dd, 

J = 11.7, 2.1 Hz, Ha-6*), 3.86 (0.29H, dd, J = 11.7, 3.1 Hz, Hb-6*), 3.89 (1H, ddd, J =  4.3, 6.3, 

11.7 Hz, H-2), 4.02-4.07 (2.29H, m, H-3, H-3*, and H-4), 4.26-4.29 (0.57H, m, H-2* and H-4*), 

4.57 (0.29H, d, J = 5.0 Hz, H-1*), 5.26 (1H, d, J = 4.3 Hz, H-1);  

13C NMR (100 MHz, CDCl3) δ -5.7 (0.29 × CH3, TBS*), -5.6 (1.29 × CH3, TBS and TBS*), -5.3 

(CH3, TBS), -5.2 (CH3, TBS), -5.0 (0.29 × CH3, TBS*), -4.9 (1.29 × CH3, TBS and TBS*), -4.8 

(CH3, TBS), -4.62 (0.29 × CH3, TBS*), -4.57 (0.29 × CH3, TBS*), -4.3  (CH3, TBS), 17.9 (C, TBS), 

18.1 (C, TBS), 18.2 (0.29 × C, TBS*), 18.3 (0.29 × CH, TBS*),18.4 (C, TBS), 18.5 (0.29 × CH, 

TBS*), 25.7 (0.86 × CH3, TBS*), 25.8 (6 × CH3, 2 × TBS), 25.8 (0.86 × CH3, TBS*), 25.9 (0.86 × 

CH3, TBS*), 25.9 (3 × CH3, TBS), 62.4 (0.29 × CH2, H-5*), 63.6 (CH2, H-5), 70.6 (0.29 × CH, C-

1*), 71.4 (CH, C-3), 71.9 (0.29 × CH, C-2*), 72.6 (CH, C-2), 77.2 (0.29 × CH, C-3*), 85.6 (0.29 × 

CH, H-4*), 86.0 (CH, C-4), 96.9 (1.29 × CH, C-1);  

HRMS (ESI+) found 515.3015. C23H52NaO5Si3 [M + Na]+ requires 515.3015.  

* denotes minor anomer 
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(3R,4S,5R)-5-(((tert-Butyldimethylsilyl)oxy)methyl)-3,4-dihydroxydihydrofuran-2(3H)-one 

(457) 

 

To a stirred solution of D-ribonic acid γ-lactone (429) (500 mg, 3.38 mmol) and 4-

diemthylaminopyridine (16 mg, 0.14mmol) in dimethylformamide (2 mL) and dichloromethane (5 

mL) at -78 °C, was added 2,6-lutidine (0.93 mL, 3.71 mmol) followed by a solution of tert-

butyldimethylsilyl chloride (509 mg, 3.38 mmol) in dichloromethane (5 mL). After 3 h the reaction 

was warmed to rt and allowed to stir for a further 15 h. The volatiles were then removed under 

reduced pressure and the resulting slurry suspended in ethyl acetate (200 mL). The suspension was 

filtered and the filtrate washed with an aqueous solution of lithium bromide (3 × 50 mL, 5% w/v) 

and brine (50 mL). The organic fraction was dried over anhydrous Na2SO4, filtered, and the volatiles 

removed under reduced pressure. The crude product was purified by flash chromatography (ethyl 

acetate-hexanes, 1:3) to give the title compound 457 (439 mg, 50% as a white solid;  

Rf 0.51 chromatography (ethyl acetate-hexanes, 1:3);  

mp 91 – 93 °C; (lit.,292 [𝜶]𝑫
𝟐𝟑 = +35.9 (c 0.54, CHCl3));  

1H NMR (400 MHz, (CDCl3) δ 0.06 (3H, s, TBS), 0.07 (3H, s, TBS), 0.88 (9H, s, TBs), 2.89 – 

2.93 (2H, br m, 2 × OH), 3.84 (1H, dd, J = 11.7, 1.8 Hz, Ha-5), 3.92 (1H, dd, J = 11.7, 2.5 Hz, Hb-

5), 4.43 (1H, d, J = 5.5 Hz, H-3), 4.51 (1H, dd, J = 2.5, 1.8 Hz, H-4) 4.65 (1H, dd, J = 5.4, 1.9 Hz, 

H-2);  

13C NMR (100 MHz, CDCl3) δ -5.6 (CH3, TBS), -5.5 (CH3, TBS), 18.4 (C, TBS), 25.9 (3 × CH3, 

TBS), 62.9 (CH2, C-5), 69.3 (CH, C-2), 70.4 (CH, C-3), 85.6 (CH, C-4), 176.5 (C=O, C-1);   

IR (neat) 3395, 3300, 2958, 2930, 2858, 1749, 1345, 1254, 1136, 1082 cm-1;  

Spectral data were in agreement with literature values.292 
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(3R,4R,5R)-3,4-Bis((benzyloxy)methoxy)-5-(((tert-

butyldimethylsilyl)oxy)methyl)dihydrofuran-2(3H)-one (458) 

 

To a stirred solution of lactone 457 (50 mg, 0.19 mmol) in dichloromethane (1 mL) at 0 °C was 

added 4-diemthylaminopyridine (2 mg, 0.02mmol), followed by benzyl chloromethyl ether(0.07 

mL, 0.48 mmol) and diisopropylethylamine (0.07 mL, 0.42 mmol). After 48 h, a solution of 

saturated aqueous NH4Cl (5 mL) was added and the mixture was extracted with dichloromethane 

(3 × 50 mL). The combined organic extracts were dried over anhydrous Na2SO4, filtered, and the 

solvent removed under reduced pressure. The crude product was purified by flash chromatography 

(ethyl acetate-hexanes, 1:9) to give the title compound 458 (14 mg, 15%) as a colourless oil; 

 [𝜶]𝑫
𝟐𝟒.𝟔 = +55.6 (c 0.99, CHCl3);  

1H NMR (400 MHz, (CDCl3) δ 0.03 (3H, s, TBS), 0.04 (3H, s, TBS), 0.85 (9H, s, TBs), 3.71 (1H, 

dd, J = 11.7, 2.0 Hz, Ha-5), 3.92 (1H, dd, J = 11.7, 2.8 Hz, Hb-5), 4.38 (1H, dd, J = 5.8, 0.6 Hz, H-

3), 4.44 (1H, dd, J = 2.8, 2.0 Hz, H-4), 4.64-4.75 (4H, m, BOM), 4.85-4.91 (4H, m, BOM and H-

2), 5.09 (1H, d, J = 6.8, BOM), 7.27-7.37 (10H, m, BOM);  

13C NMR (100 MHz, CDCl3) δ -5.7 (2 × CH3, TBS), 18.1 (C, TBS), 25.7 (3 × CH3, TBS), 62.6 

(CH2, C-5), 70.1 (CH2, BOM), 70.3 (CH2, BOM), 71.4 (CH, C-2), 74.8 (CH, C-3), 83.6 (CH, C-4), 

94.3 (CH2, BOM), 95.0 (CH2, BOM), 127.77 (CH, BOM), 127.80 (2 × CH, BOM), 127.86 (2 × 

CH, BOM), 127.9 (CH, BOM), 128.4 (2 × CH, BOM), 128.5 (2 × CH, BOM), 137.4 (2 × C, BOM), 

173.9 (C=O, C-1);  

IR (neat) 2953, 2929, 2857, 1790, 1167, 1047, 1027, 835 cm-1;  

HRMS (ESI+) found 503.2462. C27H39O7Si [M + H]+ requires 503.2460. 
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(3aR,6R,6aR)-6-(Hydroxymethyl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-ol (462) 

 

To a suspension of D-ribose (306) (500 mg, 3.33 mmol) in dry acetone (20 mL) at 0 °C was added 

2,2-dimethoxypropane (0.42, 3.66 mmol) followed by 4-toluenesulfonic acid (19 mg, 0.10 mmol), 

and the reaction was allowed to warm to rt. After 6 h, NaHCO3 was added (10 mg) and the mixture 

was filtered and the volatiles removed under reduced pressure. The crude product was purified by 

flash chromatography (dichloromethane-acetone, 8:2) to give the title compound 462 as a colourless 

oil (507 mg, 80%, d.r. 9:1) with traces of the minor anomer;  

Rf 0.24 (dichloromethane-acetone, 8:2);  

1H NMR (400 MHz, CDCl3) δ 1.33 (3H, s, H-7), 1.49 (3H, s, H-8), 3.02 (1H, d br, J =  4.1 Hz, 

OH-5), 3.75 (2H, m, H-5), 3.96 (1H, m, OH-1), 4.18-4.20 (0.1H, m, CH*), 4.42 (1H, m, H-4), 4.60 

(1H, d, J =  5.9 Hz, H-2), 4.65 (0.1H, dd, J = 6.6, 4.2 Hz, CH*), 4.75 (0.1H, dd, J = 6.7, 2.5 Hz, 

CH*), 4.86 (1H, d, J = 5.9 Hz, H-3), 5.41 (0.1H, d, J = 4.2 Hz, H-1*), 5.43 (1H, d, J = 5.9 Hz, H-

1);  

13C NMR (100 MHz, CDCl3) δ 24.8 (CH3, H-7), 26.4 (CH3, H-8), 63.3 (CH2, C-5), 81.7 (CH, C-

3), 87.0 (CH, C-2), 87.9 (CH, C-4), 103.2 (CH, C-1), 112.1 (C, H-6);  

IR (neat) 3355, 2986, 2942, 1459, 1377, 1241, 1210, 1159, 1063, 1036, 993, 923, 863, 780, cm-1;  

HRMS (ESI+) found 213.0739. C8H14NaO5 [M + Na]+ requires 213.0733.  

* denotes minor isomer; Some spectral data for minor epimer were unobservable under major;  

Spectral data were in agreement with literature values.270  
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(3aR,6R,6aR)-6-(((tert-Butyldimethylsilyl)oxy)methyl)-2,2-dimethyltetrahydrofuro[3,4-

d][1,3]dioxol-4-ol (463) 

 

To a stirred solution of 462 (505 mg, 2.66 mmol) in dichloromethane (5 mL) at -78 °C was added 

triethylamine (0.41 mL, 2.92 mmol) and N,N-dimethylaminopyridine (13 mg, 0.04 mmol), followed 

by slow addition to tert-butyldimethylsilyl chloride (440 mg, 2.92 mmol). The mixture was warmed 

to 0 °C and after 3 h additional tert-butyldimethylsilyl chloride (440mg, 2.92 mmol) and 

triethylamine (0.20 mL, 1.46 mmol) were added. After 5 h, the volatiles were removed under 

vacuum was the crude product was purified by flash chromatography (ethyl acetate-hexanes, 1:9) 

to give the title compound 463 (703 mg, 87%, d.r. 7:1) as a white solid;  

Rf 0.20 (ethyl acetate-hexanes, 1:9);  

1H NMR (400 MHz, CDCl3) δ 0.14 (3H, s, TBS), 0.17 (0.42H, s, TBS*), 0.18 (0.42H, s, TBS*), 

0.15 (3H, s, TBS), 0.91 (1.29H, s, TBS*), 0.93 (9H, s, TBS), 1.33 (3H, s, CH3 H-7), 1.49 (3H, s, 

CH3 H-8), 3.45 (0.14H, dd, J = 11.1, 2.4 Hz, Ha-6*), 3.74 (1H, dd, J = 11.1, 2.1 Hz, Ha-5), 3.78 

(1H, dd, J = 11.1, 2.1 Hz, Hb-5), 3.89 (0.14, d, J = 11.5 Hz, OH), 4.35 (1H, m, H-4), 4.50 (1H, d, J 

= 5.9 Hz, H-2), 4.53-4.56 (0.28H, m, H-2* and H-4*), 4.70 (1H, d, J = 6.0 Hz, H-3), 4.73 (1H, d, 

J = 11.8 Hz, OH), 4.88 (0.14H, d, J = 6.0 Hz, H-3*), 5.28 (1H, d, J = 11.8 Hz, H-1), 5.45 (0.14H, 

dd, J = 1135, 4.0 Hz, H-1*);  

13C NMR (100 MHz, CDCl3) δ -5.7 (CH3, TBS), -5.6 (CH3, TBS), 18.3 (C, TBS), 25.0 (CH3, C-

7), 25.8 (3 × CH3, TBS), 26.5 (CH3, C-8), 64.8 (CH2, C-5), 81.8 (CH, C-3), 87.0 (CH, C-4), 87.7 

(CH, C-2), 103.5 (CH, C-1), 112.1 (C, C-6);  

IR (neat) 3347, 2957, 2937, 2861, 1468, 1369, 1382, 1258, 1239, 1161, 1042, 1062, 986, 934, 831, 

777 cm-1;  

HRMS (ESI+) found 327.1597. C14H28NaO5Si [M + Na]+ requires 327.1598.  

* denote the minor, α-isomer; Some spectral data for minor epimer were unobservable under major;  

Spectral data were in agreement with literature values.271 
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(R)-2-((tert-Butyldimethylsilyl)oxy)-1-((4R,5S)-5-ethynyl-2,2-dimethyl-1,3-dioxolan-4-

yl)ethanol (465) 

 

To a solution of diisopropylamine (0.06 mL, 0.45 mmol) in dry tetrahydrofuran (0.5 mL) at -78 °C, 

under an atmosphere of nitrogen, was added n-BuLi (0.26 mL, 1.57 M in hexanes, 0.41 mmol) and 

the reaction warmed up to 0 °C. After 30 min the reaction was re-cooled to 78 °C and 

trimethylsilyldiazomethane (0.19 mL, 2.0 M in ether, 0.37 mmol) was added dropwise. After 30 

min a solution of lactol 463 (47 mg, 0.15 mmol, in 0.5 mL THF) was added and the reaction mixture 

warmed to rt. After 5 h, the reaction was quenched with saturated aqueous NH4Cl (20 mL) and the 

product extracted with ethyl acetate (3 × 50 mL). The organic fractions were combined, dried over 

anhydrous Na2SO4, filtered, and the volatiles removed under reduced pressure. The crude product 

was purified by flash chromatography (ethyl acetate-hexanes, 1:9) to give the title compound 465 

(23 mg, 50%) as a white solid;  

Rf 0.19 (ethyl acetate-hexanes, 1:9);  

mp 40 -42 °C; [𝜶]𝑫
𝟐𝟎.𝟔 = -23.7 ° (c 1.17, CHCl3);  

1H NMR (400 MHz, CDCl3) δ 0.10 (6H, s, TBS), 0.92 (9H, s, TBS), 1.34 (3H, s, C-8), 1.53 (3H, 

s, C-9), 2.58 (1H, d, J = 2.2 Hz, H-1), 2.61 (1H, d, J = 6.1 Hz, OH), 3.78 (1H, dd, J = 10.2, 4.2 Hz, 

Ha-6), 3.87 (1H, dd, J = 10.2, 2.7 Hz, Hb-6), 3.97 (1H, m, H-5), 4.02 (1H, dd, J = 8.9, 5.1 Hz, H-

4), 4.91 (1H, dd, J = 5.1, 2.1 Hz, H-3);  

13C NMR (100 MHz, CDCl3) δ -5.4 (CH3, TBS), -5.3 (CH3, TBS), 18.4 (C, TBS), 25.9 (3 × CH3, 

TBS), 26.2 (CH3, C-8), 27.6 (CH3, C-9), 64.1 (CH2, C-6), 68.7 (CH, C-3), 71.0 (CH, C-4), 75.7 

(CH, C-1), 77.1 (C-5), 80.4 (C, C-2), 110.9 (C, C-10); 

IR (neat) 3445, 3229, 2994, 2940, 2859, 2113, 1464, 1374, 1248, 1228, 1128, 1094, 1070, 1025, 

994, 854, 838, 771 cm-1;  

HRMS (ESI+) found 323.1659. C15H28NaO4Si [M + Na]+ requires 323.1649.  
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8-(((4S,5R)-5-((R)-2-((tert-Butyldimethylsilyl)oxy)-1-hydroxyethyl)-2,2-dimethyl-1,3-

dioxolan-4-yl)ethynyl)-7-(ethoxymethoxy)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-

methylbenzenesulfonate (474) 

 

A two-neck flask under an atmosphere of argon was charged with iodide 397 (39 mg, 51.0 µmol), 

1,1′-bis(di-tert-butylphosphino)ferrocene (4 mg, 6.12 µmol), potassium carbonate (35 mg, 255 

µmol), tetrabutylammonium iodide (19 mg, 51.0 µmol), and alkyne 465 (23 mg, 76.5 µmol), 

followed by palladium(II) diacetate (1.1 mg, 5.10 µmol). To this was added degassed N-methyl-2-

pyrrolidinone (1 mL) and the reaction stirred for 2 h. Ethyl acetate (80 mL) was added and the 

mixture washed with saturated aqueous NH4Cl solution (10 mL), water (2 × 10 mL), and brine (10 

mL). The organic fraction was dried over anhydrous Na2SO4, filtered, and the solvent removed 

under reduced pressure. The crude product was purified by flash chromatography (ethyl acetate-

toluene, 1:10) to give the title compound 474 (37 mg, 78%) as a yellow solid;  

Rf 0.10 (ethyl acetate-toluene, 1:10);  

mp 58 – 60 °C; [𝜶]𝑫
𝟐𝟎.𝟏 = -18.9 (c 1.17, CHCl3);  

1H NMR (300 MHz, (CDCl3) δ 0.07 (3H, s, TBS), 0.10 (3H, s, TBS), 0.91 (9H, s, TBS), 1.23 (3H, 

t, J =  7.1 Hz, EOM), 1.42 (3H, s, H-16), 1.54 (3H, s, H-17), 2.44 (3H, s, Ts), 2.46 (3H, s, Ts), 2.72 

(1H, d, J = 6.6 Hz, OH), 3.77 (4H, m, H-14 and EOM), 4.13 (2H, m, H-12 and H-13), 5.25 (1H, d, 

J = 5.2 Hz, H-11), 5.33 (2H, s, EOM), 6.57 (1H, s, H-3), 7.13 (3H, m, H-6 and H-3ʹ), 7.34 (4H, m, 

2 × Ts), 7.74 (2H, d, J = 8.3 Hz, Ts), 7.95 (4H, m, H-2ʹ and Ts);  

13C NMR (75 MHz, CDCl3) δ -5.5 (CH3, TBS), -5.4 (CH3, TBS), 15.0 (CH3, EOM), 18.4 (C, TBS), 

21.7 (CH3, Ts), 21.8 (CH3, Ts), 25.9 (3 × CH3, TBS), 26.3 (CH3, C-16), 27.8 (CH3, C-17), 64.1 

(CH2, C-14), 65.3 (CH2, EOM), 69.6 (CH, C-11), 71.1 (CH, C-13), 76.8 (C, C-10), 77.5 (CH, C-

12), 93.8 (CH2, EOM), 97.3 (C, C-9), 101.7 (C, C-8) ,107.7 (CH, C-6), 108.4 (CH, C-3), 111.0 (C, 

C-15), 112.8 (C, C-4a), 123.1 (2 × CH, C-3ʹ), 128.0 (2 × CH, C-2ʹ), 128.5 (2 × CH, Ts), 129.0 (2 × 

CH, Ts), 129.6 (2 × CH and C, Ts and C-1ʹ), 129.9 (2 × CH, Ts), 132.2 (C, Ts), 132.7 (C, Ts), 145.5 

(C, Ts), 145.7 (C,Ts), 147.3 (C, C-5), 152.0 (C, C-4ʹ), 158.0 (C, C-8a), 160.1 (C, C-2), 161.8 (C, 

C-7), 175.1 (C=O, C-4);  
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IR (neat) 2930, 2856, 1648, 1597, 1502, 1463, 1370, 1292, 1252, 1178, 1155, 1088, 1062, 1037, 

957 cm-1;  

HRMS (ESI+) found 935.2790. C47H55O14S2Si [M + H]+ requires 935.2797. 
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8-((Z)-((3aR,6R,6aR)-6-(((tert-butyldimethylsilyl)oxy)methyl)-2,2-dimethyldihydrofuro[3,4-

d][1,3]dioxol-4(3aH)-ylidene)methyl)-7-(ethoxymethoxy)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-

chromen-5-yl 4-methylbenzenesulfonate (176) and 8-((3aS,4S,7aR)-4-(((tert-

butyldimethylsilyl)oxy)methyl)-2,2-dimethyl-4,7a-dihydro-3aH-[1,3]dioxolo[4,5-c]pyran-6-

yl)-7-(ethoxymethoxy)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-

methylbenzenesulfonate (477) 

 

To a stirred solution of alkyne 474 (19 mg, 0.02 mmol) in dichloromethane (1 mL) under at 

atmosphere of nitrogen, was added chloro(triphenylphosphine) gold(I) (1 mg, 2.0 µmol) and silver 

hexafluoroantimonate (0.7 mg, 2.0 µmol). After 1 h the solvent was removed under reduced 

pressure and the crude product purifies by flash chromatography (ethyl acetate-toluene, 1:9) to give 

an inseparable mixture of the title compounds 476 and 477 (9 mg, 51%, . 1:1 476/477) as a white 

solid and trace amounts of the TBS-deprotected analogues (trace, 1:3 704/705);  

furan 476/ pyran 477: 

Rf 0.27 (ethyl acetate-toluene, 1:9); 

 1H NMR (400 MHz, (CDCl3) δ -0.12 (3H, s, TBS pyran), -0.11 (3H, s, TBS pyran), -0.04 (3H, s, 

TBS furan), -0.03 (3H, s, TBS furan), 0.79 (9H, s, TBS), 0.80 (9H, s, TBS), 1.21 (6H, m, EOM 

furan and EOM pyran), 1.44 (3H, s, H-16), 1.46 (3H, s, H-16), 1.49 (6H, m, 2× H-17), 2.43 (3H, 

Ts), 2.45 (3H, s, Ts), 2.455 (3H, s, Ts), 2.46 (3H, s, Ts), 3.65 (1H, dd, J = 11.4, 3.0 Hz, Ha-14 

furan), 3.66-3.73 (6H, m, EOM furan, EOM pyran, H-13 pyran, Hb-14 furan), 3.88 (1H, dd, J = 

11.8, 5.1 Hz, Ha-14 pyran), 4.00 (1H, dd, J = 11.7, 2.2 Hz, Hb-14 pyran), 4.22 (1H, dd, J = 9.7, 5.8 

Hz, H-12 pyran), 4.42 (1H, dd, J = 2.5, 2.5 Hz, H-13 furan), 4.69 (1H, dd, J = 5.7, 4.5 Hz, H-11 

pyran), 4.75 (1H, d, J = 6.0 Hz, H-12 furan), 5.20-5.27 (5H, m, EOM pyran, EOM furan, and H-11 

furan), 5.33 (1H, d, J = 4.5 Hz, H-10 pyran), 5.49 (1H, d, J = 1.1 Hz, H-9 furan), 6.54 (1H, s, H-3 

pyran), 6.57 (1H, s, H-3 furan), 7.09-7.14 (6H, m, H-6 pyran, H-6 furan, H-3ʹ pyran, and H-3ʹ 

furan), 7.31-7.36 (8H, m, Ts furan and Ts pyran), 7.71-7.74 (4H, m, Ts pyran and Ts furan), 7.79 

(2H, d, J = 8.9 Hz, H-2ʹ), 7.87 (2H, d, J = 9.0, H-2ʹ), 7.97-8.01 (4H, m, Ts pyran and Ts furan);  

13C NMR (100 MHz, CDCl3) δ -5.9, -5.7, -5.4, -5.3 (4 × CH3, TBS), 15.0 (2 × CH3, EOM), 18.1, 

18.4 (2 × C, TBS), 21.8 (2 × CH3, Ts), 25.5 (CH3, C-16), 25.7 (3 × CH3, TBS), 25.8 (4 x × CH3, 

TBS and C-16), 27.2 (CH3, C-17), 28.8 (CH3, C-17), 62.2 (CH2, C-14 pyran), 63.8 (CH2, C-14 
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furan), 64.8 (CH2, EOM), 65.1 (CH2, EOM), 68.6 (CH, C-12 pyran), 70.0 (CH, C-11 pyran), 77.8 

(CH, C-12 pyran), 80.3 (CH, C-12 furan), 81.1 (CH, C-11 furan), 86.4 (CH, C-13 furan), 88.4 (CH, 

C-9 furan), 93.4, 93.6 (2 × CH2, EOM furan and EOM pyran), 102.5 (CH, C-10 pyran), 107.5, 

108.2, 108.5 (4 × CH, C-3 furan, C-3 pyran, C-6 furan, and C-6 pyran), 108.7 (C, C-15), 112.7, 

112.8, 112.9 (3 × C, C-15, C-4a furan, C-4a pyran), 113.9, 114.1 (2 × C, C-8 furan and C-8 pyran), 

123.0 (4 × CH, C-3ʹ furan and C-3ʹ pyran), 127.8 (2 × CH, C-3ʹ), 127.9 (2 × CH, C-3ʹ), 128.5 (4 × 

CH, Ts), 129.0 (4 × CH, Ts), 129.5 (2 × CH, Ts), 129.6 (2 × CH, Ts), 129.9 (4 × CH, Ts), 130.2, 

130.4 (2 × C, C-1ʹ), 132.3 (2 × C, Ts), 132.9, 133.1 (2 × C, Ts), 145.2, 145.5, 145.7 (5 × C, C-5 and 

4 × Ts), 147.9 (C, C-5), 148.4 (C, C-9 pyran), 151.7, 151.8 (2 × C, C-4ʹ furan and C-4ʹ pyran), 

154.6, 155.6 (2 × C, C-8a furan and C-8a pyran), 157.6 (C, C-7 pyran), 159.1 (C, C-7, furan), 160.2 

(2 × C, C-2 furan and C-2 pyran), 175.4 (C=O, C-4), 176.2 (C=O, C-4);  

IR (neat) 2933, 2858, 1651, 1376, 1179, 1156, 1089, 854 cm-1; 

HRMS (ESI+) found 935.2770. C47H55O14S2Si [M + H]+ requires 935.2797. 

 

de-TBS furan 704/ de-TBS pyran 705: 

Rf 0.0.5 (ethyl acetate-toluene, 1:9);  

1H NMR (400 MHz, (CDCl3) δ 1.20-1.24 (4H, m, EOM furan and EOM pyran), 1.44 (1H, s, H-16 

furan), 1.47 (3H, s, H-16 pyran), 1.48 (1H, s, H-17 furan), 1.52 (3H, s, H-17 pyran), 2.45 (1H, s, Ts 

furan), 2.45 (3H, Ts pyran), 3.69-3.77 (5.3H, m, EOM furan, EOM pyran, H-13 pyran, Ha-14 furan, 

Hb-14 furan), 3.87 (1H, dd, J = 12.2, 5.4 Hz, Ha-14 pyran), 4.00 (1H, dd, J = 12.1, 2.8 Hz, Hb-14 

pyran), 4.23 (1H, dd, J = 9.7, 5.8 Hz, H-12 pyran), 4.46 (0.3H, dd, J = 2.3, 2.3 Hz, H-13 furan), 

4.71 (1H, dd, J = 5.6, 4.6 Hz, H-11 pyran), 4.79 (0.3H, d, J = 6.2 Hz, H-12 furan), 5.25-5.32 (4H, 

m, EOM pyran, EOM furan, and H-11 furan), 5.41 (1H, d, J = 4.4 Hz, H-10 pyran), 5.54 (0.3H, d, 

J = 0.8 Hz, H-9 furan), 6.56 (1H, s, H-3 pyran), 6.57 (0.3H, s, H-3 furan), 7.10-7.13 (4H, m, H-6 

pyran, H-6 furan, H-3ʹ pyran, and H-3ʹ furan), 7.32-7.37 (5.3H, m, Ts furan and Ts pyran), 7.72-

7.74 (2.7H, m, Ts pyran and Ts furan), 7.78 (2H, d, J = 8.8 Hz, H-2ʹ pyran), 7.85 (0.7H, d, J = 8.8, 

H-2ʹ furan), 8.00-8.02 (2.7H, m, Ts pyran and Ts furan);  

Trace material insufficient to obtain 13C data.  
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(R)-2-((4R,5S)-5-((7-(Ethoxymethoxy)-4-oxo-5-(tosyloxy)-2-(4-(tosyloxy)phenyl)-4H-

chromen-8-yl)ethynyl)-2,2-dimethyl-1,3-dioxolan-4-yl)-2-hydroxyethyl acetate (479) 

 

To a stirred solution of  474 (131 mg, 0.14 mmol) in tetrahydrofuran (1 mL) was added acetic acid 

(0.01 mL and the reaction cooled to -20 °C. A solution of tetrabutylammonium fluoride (0.14 mL, 

1.0 M in THF) was added and the reaction was allowed to warm to rt. After 23 h, the reaction was 

diluted with ethyl acetate (100 mL) and washed with saturated aqueous NH4Cl solution (2 × 10 

mL), and brine (10 mL), and then dried over anhydrous Na2SO4, filtered, and the solvent removed 

under reduced pressure. The crude was purified by flash chromatography (ethyl acetate- hexanes, 

1:1) to give the deprotected analogue which was then dissolved in dichloromethane (2 mL).To this 

was added N,N-dimethylaminopyridine (0.9 mg, 7.02 µmmol) and the mixture cooled to -78 °C. 

Acetic anhydride (0.14 mmol, 0.31 mL, 0.53 M solution in dichloromethane) was then added 

followed by 2,6-lutidine (0.015 mL, 0.15 mmol) and the mixture was allowed to warm to rt. After 

1 h, the volatile components were removed under reduced pressure and rhe crude product was 

purified by flash chromatography (ethyl acetate-hexanes, 1:1) to give the title compound 479 (109 

mg, 90% over two steps) as a white solid;  

Rf 0.20 (ethyl acetate-hexanes, 1:1);  

mp 57 – 59 °C;  

[𝜶]𝑫
𝟐𝟒.𝟏 = -26.96 (c 1.04, CHCl3);  

1H NMR (400 MHz, (CDCl3) δ 1.23 (3H, t, J = 7.1 Hz, EOM), 1.43 (3H, s, H-16), 1.53 (3H, s, H-

17), 2.09 (3H, s, CH3 Ac), 2.46 (3H, s, Ts), 2.44 (3H, s, Ts), 3.76 (2H, q, J = 7.1 Hz, EOM), 4.22 

(2H, m, Ha-14 and H-12), 4.31 (1H, ddd, J = 2.4, 6.1, 8.7 Hz, H-13), 4.43 (1H, dd, J = 2.2, 11.5 

Hz, Hb-14), 5.28 (1H, d, J = 5.7 Hz, H-11), 5.34 (2H, s, EOM), 6.56 (1H, s, H-3), 7.11 (1H, s, H-

6), 7.14 (2H, d, J = 9.0 Hz, H-3ʹ), 7.36 (4H, m, Ts), 7.74 (2H, d, J =  8.4 Hz, Ts), 7.89 (2H, d, J =  

9.0 Hz, H-2ʹ), 7.96 (2H, d, J = 8.4 Hz, Ts);  

13C NMR (100 MHz, CDCl3) δ 15.0 (CH3, EOM), 20.8 (CH3, Ac), 21.7 (2 × CH3, Ts), 26.0 (CH3, 

C-16), 27.6 (CH3, C-17), 65.5 (CH2, EOM), 66.3 (CH2, C-14), 68.9 (CH, C-13), 69.9 (CH, C-11), 

77.2 (C, C-9), 77.7 (CH, C-12), 93.9 (CH2, EOM), 96.5 (C, C-10), 101.0 (C, C-8), 107.5 (CH, C-

6), 108.4 (CH, C-3), 111.3 (C, C-15), 112.8 (CH, C-4a), 123.1 (2 × CH, C-3ʹ), 127.8 (2 × CH, C-
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2ʹ), 128.5 (2 × CH, Ts), 128.9 (2 × CH, Ts), 129.5 (C, C-1), 129.6 (2 × CH, Ts), 129.9 (2 × CH, 

Ts), 132.2 (C, Ts), 132.6 (C, Ts), 145.6 (C, Ts), 145.8 (C, Ts), 147.5 (C, C-8a), 152.0 (C, C-4ʹ), 

160.1 (C, C-2), 161.5 (C, C-7), 171.2 (C=O, Ac), 174.9 (C=O, C-4);  

IR (neat) 3409, 2981, 2930, 1455, 1740, 1597, 1645, 1417, 1503, 1290, 1329, 1372, 1227, 1156, 

1063, 993, 1191, 1178, 959, 1016, 1915, 1042, 1087, 859, 716, 816, 663, 759 cm-1;  

HRMS (ESI+) found 863.2032. C43H43O15S2 [M + H]+ requires 863.2038. 
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(3a'R,4'R,6'R,6a'R)-6'-(Hydroxymethyl)tetrahydrospiro[cyclohexane-1,2'-furo[3,4-

d][1,3]dioxol]-4'-ol (486) 

 

To a stirred suspension of D-ribose (306) (1.0 g, 6.66 mmol) in cyclohexanone (10 mL) was added 

amberlyst (acidic). After 74 hr, the reaction was diluted with ethyl acetate and the mixture washed 

with saturated aqueous NaHCO3 (40 mL), LiBr solution (40 mL, 5%w/v), and water (40 mL), 

before being dried over anhydrous Na2SO4, filtered, and the solvent removed under reduced 

pressure. The crude product was purified by flash chromatography (ethyl acetate-hexanes, 1:1) to 

give an inseparable mixture of the title compound 486 (1.03 g, 67%, d.r. 13:2 β/α anomer) and the 

minor α anomer, as a colourless oil;  

Rf 0.30 (ethyl acetate-hexanes, 1:1);  

1H NMR (400 MHz, CDCl3) δ 1.40-1.81 (11.54H, m, cyclohexylidene and cyclohexylidene*), 

2.94 (1H, br s, OH), 3.75-3.82 (2.3H, m, H-5 and H-5*), 4.00 (0.15, d, J = 9.5 Hz, OH*), 4.19 (0.15, 

dd, J = 6.5, 3.0 Hz, H-4*), 4.43 (1H, dd, J = 2.5, 2.5 Hz, H-4), 4.60 (1H, d, J = 5.9 Hz, H-2), 4.65 

(0.15H, dd, J = 6.6, 4.4 Hz, H-2*), 4.74 (0.15H, dd, J = 6.7, 2.6 Hz, H-3*), 4.85 (1H, dd, J = 5.9, 

0.4 Hz, H-3), 5.41 (0.15, dd, J = 9.6, 4.2 Hz, H-1*), 5.44 (1H, d, J = 3.8 Hz, H-1);  

13C NMR (100 MHz, CDCl3) δ 23.8, 24.0, 25.1, 34.3, 36.2 (5 × CH2, cyclohexylidene), 63.8 (CH2, 

C-5), 81.3 (CH, C-4), 86.6 (CH, C-3), 88.1 (CH, C-2), 103.3 (C-1), 112.9 (C, cyclohexylidene);  

HRMS (ESI+) found 253.1054. C11H18NaO5 [M + Na]+ requires 253.1046. 

* denotes minor, α, anomer.  

Spectral data were in agreement with literature values. 275 
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(3a'R,4'R,6'R,6a'R)-4'-(((tert-butyldimethylsilyl)oxy)methyl)tetrahydrospiro-[cyclohexane-

1,2'-furo[3,4-d][1,3]dioxol]-6'-ol (483) 

 

To a stirred solution of lactol 486 (500 mg, 2.17 mmol) in dichloromethane (5 mL) at -78 °C was 

added triethylamine (0.34 mL, 2.39 mmol), N,N-dimethylaminopyridine (11 mg, 0.09 mmol), and 

followed by tert-butyldimethylsilyl chloride (327 mg, 2.17 mmol). The reaction was allowed to 

warm to rt and after 24 h the volatiles were removed under reduced pressure. The crude product 

was purified by flash chromatography (ethyl acetate-hexanes, 1:1) to give an inseparable mixture 

of the title compound 483 (1.03 g, 54%, d.r. 5:1 β/α anomer) and the minor α anomer, as a colourless 

oil;  

Rf 0.70 (ethyl acetate-hexanes, 1:1);  

1H NMR (400 MHz, CDCl3) δ 0.13 (3H, s, OTBS), 0.14 (3H, s, OTBS), 0.17 (0.58H, s, OTBS*), 

0.18 (0.58H, s, OTBS*), 0.92 (1.73H, s, OTBS*), 0.93 (9H, s, OTBS), 1.38-1.77 (11.92H, m, 

cyclohexylidene and cyclohexylidene*), 3.65 (0.19H, dd, J = 10.9, 2.2 Hz, Ha-5*), 3.74 (0.19H, dd, 

J = 10.9, 2.5 Hz, Hb-5*), 3.76-3.77 (2H, m, H-5), 3.95 (0.19H, d, J = 11.4 Hz, OH*), 4.16 (0.19, 

dd, J = 2.4, 2.4 Hz, H-4*), 4.46 (1H, m, H-4), 4.50 (1H, d, J = 5.9 Hz, H-3), 4.55 (0.19H, dd, J = 

6.1, 3.9 Hz, H-2*), 4.69-4.73 (2.19H, m, H-2, H-OH, and H-3*), 5.29 (1H, d, J = 11.9 Hz, H-1), 

5.45 (0.19H, dd, J = 11.4, 4.0 Hz, H-1*);  

13C NMR (100 MHz, CDCl3) δ -5.7, -5.6 (2 × CH3, OTBS), 18.3 (C, OTBS), 23.8, 24.0, 25.1 (3 × 

CH2, cyclohexylidene), 25.8 (3 × CH3, OTBS), 34.5, 36.2 (2 × CH2, cyclohexylidene), 64.8 (CH2, 

C-5), 81.3 (CH, C-2), 87.2, 87.3 (2 × CH, C-3 and C-4), 103.6 (CH, C-1), 112.8 (C, 

cyclohexylidene);  

IR (neat) 3385, 2935, 2858, 1450, 1367, 1106, 838 cm-1;   

HRMS (ESI+) found 367.1907. C17H32NaO5Si [M + Na]+ requires 367.1911.  

* denotes minor, α, anomer. 
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(R)-2-((tert-Butyldimethylsilyl)oxy)-1-((2R,3S)-3-ethynyl-1,4-dioxaspiro[4.5]decan-2-

yl)ethanol (485) 

 

To a solution of diisopropylamine (0.10 mL, 0.73 mmol) in dry tetrahydrofuran (0.5 mL) at -78 °C, 

under an atmosphere of nitrogen, was added n-BuLi (0.45 mL, 1.6 M in hexanes, 0.73 mmol) and 

the reaction warmed up to 0 °C. After 30 min the reaction was re-cooled to 78 °C and 

trimethylsilyldiazomethane (0.36 mL, 2.0 M in ether, 0.73 mmol) was added dropwise. After 30 

min a solution of lactol 483 (50 mg, 0.15 mmol, in 0.5 mL THF) was added and the reaction mixture 

warmed to rt. After 1 h, the reaction was quenched with saturated aqueous NH4Cl (1 mL) and the 

mixture diluted with ethyl acetate (100 mL). The solution was washed with saturated aqueous 

NH4Cl (2 × 10 mL) and brine (10 mL), dried over anhydrous Na2SO4, filtered, and the volatiles 

removed under reduced pressure. The crude product was purified by flash chromatography (ethyl 

acetate-hexanes, 1:9) to give the title compound 485 (29 mg, 59%) as a colourless oil;  

Rf 0.17 (ethyl acetate-hexanes, 1:9);  

[𝜶]𝑫
𝟏𝟗.𝟗 = -4.65 (c 1.01, CHCl3);  

1H NMR (400 MHz, CDCl3) δ 0.10 (6H, s, OTBS), 0.91 (9H, s, OTBS), 1.37-1.79 (10H, m, 

cyclohexylidene),2.56 (1H, d, J = 2.2 Hz, H-1), 2.59 (1H, d br, J = 6.1 Hz, OH), 3.80 (1H, dd, J = 

10.2, 4.1 Hz, Ha-6), 3.87 (1H, dd, J = 10.2, 2.8 Hz, Hb-6), 3.94-4.00 (1H, m, H-5), 4.02 (1H, dd, J 

= 9.0, 5.2 Hz, H-4), 4.90 (1H, dd, J = 5.2, 2.2 Hz, H-3);  

13C NMR (100 MHz, CDCl3) δ -5.3, -5.2 (2 × CH3, OTBS), 18.5 (C, OTBS), 24.0, 24.1, 25.2 (3 × 

CH2, cyclohexylidene), 26.0 (3 × CH3, OTBS), 37.4, 35.7 (2 × CH2, cyclohexylidene), 64.2 (CH2, 

C-6), 68.4 (CH, C-3), 71.2 (CH, C-5), 75.6 (CH, C-1), 76.6 (CH, C-4), 80.8 (CH, C-2), 111.6 (C, 

cyclohexylidene);  

IR (neat) 3312, 2933, 2857, 1463, 1366, 1276, 1253, 1105, 836 cm-1;  

HRMS (ESI+) found 363.1966. C18H32O4Si [M + H]+ requires 363.1962. 
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(R)-2-((tert-Butyldimethylsilyl)oxy)-1-((2R,3S)-3-ethynyl-1,4-dioxaspiro[4.5]decan-2-

yl)ethanol (487) 

 

Method A:  

 

To a stirred solution of alkyne 485 (58 mg, 0.17 mmol) in tetrahydrofuran (0.5 mL) at 0 °C was 

added a solution of tetrabutylammonium fluoride (0.19 mL, 1.0 M in THF) and the reaction was 

allowed to warm to rt. After 1.5 h, the reaction was diluted with ethyl acetate (100 mL) and washed 

with saturated aqueous NaHCO3 (20 mL) and brine (20 mL), dried over anhydrous Na2SO4, filtered, 

and the solvent removed under reduced pressure. The crude product was purified by flash 

chromatography (ethyl acetate-petroleum ether, 1:1) to give the title compound 487 (35 mg, 92%) 

as a colourless oil;  

 

Method B:  

 

 

To a stirred solution of lactol 486 (265 mg, 1.15 mmol) in methanol (3 mL) was added potassium 

carbonate (477 mg, 3.45 mmol) and the mixture heated to reflux. A solution of the Ohira-Bestmann 

reagent (438)  (663 mg, 3.45 mmol, in 2 mL MeOH) was added via syringe pump over 6 h. After a 

further 2 h, HCl (20 mL, 1.0 M) was added and the mixture was extracted with dichloromethane (3 

× 50 mL). The combined organic extracts were washed with brine (20 mL), dried over anhydrous 

Na2SO4, filtered, and the solvent removed under reduced pressure. The crude product was purified 

by flash chromatography (ethyl acetate-petroleum ether, 1:1) to give the title compound 487 (86 

mg, 33%) as a colourless oil;  

Rf 0.30 (ethyl acetate-petroleum ether, 1:1);  
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[𝜶]𝑫
𝟐𝟏.𝟓 = +2.8 (c 0.998, CHCl3);  

1H NMR (500 MHz, CDCl3) δ 1.38-1.43 (2H, m, H-10), 1.55-1.65 (4H, m, H-9 and H-11), 1.69-

1.84 (2H, m, H-8 and H-20), 2.56 (1H, d, J = 2.1 Hz, H-1), 3.69 (1H, dd, J = 11.6, 6.5 Hz, Ha-6), 

3.79 (1H, d, J = 11.6, 3.5 Hz, Hb-6), 3.86 (1H, ddd, J = 6.5, 5.5, 3.5 Hz, H-5), 4.12 (1H, dd, J = 

6.5, 5.5 Hz, H-4), 4.69 (1H, dd, J = 6.5, 2.1 Hz, H-3);  

13C NMR (125 MHz, CDCl3) δ 23.6 23.9 (2 × CH2, C-9 and C-11), 25.0 (CH2, C-10), 35.3 36.4 (2 

× CH2, C-8 and C-12), 63.3 (CH2, C-6),  66.3 (CH, C-3), 71.8 (CH, C-5), 74.5 (CH, C-1), 81.5 (CH, 

C-4), 81.8 (C, C-2), 111.6 (C, C-7);  

IR (neat) 3369, 3288, 2935, 2862, 1449, 1368, 1333, 1283, 1231, 1162, 1096, 1042, 926, 848 cm-

1;  

HRMS (ESI+) found [M + Na]+ 249.1103. C12H18NaO4 requires 249.1097. 
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(R)-2-((2R,3S)-3-Ethynyl-1,4-dioxaspiro[4.5]decan-2-yl)-2-hydroxyethyl acetate (488) 

 

To a stirred solution of alkyne 487 (59 mg, 0.26 mmol) in dry dichloromethane (2.4 mL) at 0 °C 

was added 4-dimethylaminopyridine (1.6 mg, 0.01 mmol), 2.6-lutidine (0.03 mL, 0.26 mmol), 

followed by acetic anhydride (0.025 mL, in 0.25 mL DCM, 0.26 mmol). After 30 min, saturated 

aqueous NH4Cl (20 mL) was added and the mixture was extracted with dichloromethane (2 × 50 

mL). The combined organic extracts were dried over anhydrous Na2SO4, filtered, and the solvent 

removed under reduced pressure. The crude product was purified by flash chromatography (ethyl 

acetate-petroleum ether, 2:3) to give the title compound 488 (35 mg, 50%) as a colourless oil;  

Rf 0.39 (ethyl acetate-petroleum ether, 2:3);  

[𝜶]𝑫
𝟐𝟐.𝟓 = +13.1 (c 1.02, CHCl3);  

1H NMR (500 MHz, CDCl3) δ 1.38-1.43 (2H, m, H-10), 1.55-1.67 (4H, m, H-9 and H-11), 1.67-

1.84 (2H, m, H-8 and H-20), 2.12 (3H, s, Ac), 2.54 (1H, d, J = 2.2 Hz, H-1), 2.56 (1H, br s, OH), 

4.01 (1H, m , H-5), 4.14 (1H, dd, J = 6.3, 5.5 Hz, H-4), 4.15 (1H, dd, J = 11.9, 6.3 Hz, Ha-6), 4.32 

(1H, dd, J = 11.9, 3.4 Hz, Hb-6), 4.74 (1H, dd, J = 6.3, 2.1 Hz, H-3);  

13C NMR (125 MHz, CDCl3) δ  20.9 (CH3, Ac), 23.6, 23.8  (2 × CH2, C-9 and C-11), 25.0 (CH2, 

C-10), 35.4, 36.5 (2 × CH2, C-8 and C-12), 65.2 (CH2, C-6), 66.2 (CH, C-3), 69.9 (CH, C-5), 74.4 

(CH, C-1), 81.4 (CH, C-4), 81.8 (C, C-2), 111.7 (C, C-7), 171.2 (C=O, Ac);  

IR (neat) 3448, 3274, 2938, 2863, 1741, 1450, 1369, 1237, 1102, 1046, 927, 762 cm-1;  

HRMS (ESI+) found [M + Na]+ 291.1205. C14H20NaO5 requires 291.1203. 
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8-(((2S,3R)-3-((R)-2-((tert-Butyldimethylsilyl)oxy)-1-hydroxyethyl)-1,4-dioxaspiro[4.5]decan-

2-yl)ethynyl)-7-(ethoxymethoxy)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-

methylbenzenesulfonate (489) 

 

A two-neck flask under an atmosphere of argon was charged with iodide 397 (193 mg, 0.25 mmol), 

1,1′-bis(di-tert-butylphosphino)ferrocene (5 mg, 0.02 mmol), potassium carbonate (175 mg, 1.27 

mmol), tetrabutylammonium iodide (94 mg, 0.25 mmol, 6 mol%), and alkyne 488 (34 mg, 0.13 

mmol), followed by palladium(II) diacetate (1.4 mg, 0.01 mmol, 5 mol%). To this was added 

degassed N-methyl-2-pyrrolidinone (0.8 mL) and the reaction stirred for 18 h. Ethyl acetate (100 

mL) was added and the mixture filtered through a pad of Celite®. The filtrate was washed then with 

saturated aqueous NH4Cl solution (20 mL), water (20 mL), and brine (20 mL), dried over anhydrous 

Na2SO4, filtered, and the solvent removed under reduced pressure. The crude product was purified 

by flash chromatography (ethyl acetate-petroleum ether, 1:1) to give the title compound 489 (53 

mg, 46%) as a white solid;  

Rf 0.29 (ethyl acetate-petroleum ether, 1:1);  

mp 72 – 74 °C; 

[𝜶]𝑫
𝟏𝟖.𝟖 = +12.2 (c 2.00, CHCl3);  

1H NMR (500 MHz, CDCl3) δ 1.23 (3H, t, J = 7.1 Hz, EOM), 2.08 (3H, s, Ac), 2.44 (3H, s, Ts), 

2.46 (3H, s, Ts), 3.75 (2H, q, J = 7.1 Hz, EOM), 4.05 (1H, m, H-13), 4.19 (1H, dd, J = 11.8, 6.8 

Hz, Ha-14), 4.27 (1H, dd, J = 5.9, 5.9 Hz, H-12), 4.41 (1H, dd, J =11.8, 2.9 Hz, Hb-12), 5.13 (1H, 

d, J = 5.7 Hz, H-11), 5.31 (2H, s, EOM), 6.55 (1H, s, H-2), 7.08 (1H, s, H-6), 7.15 (2H, d, J =8.9 

Hz, H-3ʹ), 7.33-7.35 (4H, m, 2× Ts), 7.74 (2H, d, J =8.4 Hz, Ts), 7.88 (2H, d, J = 9.0 Hz, H-2ʹ), 

7.95 (2H, d, J =8.4 Hz, Ts);  

13C NMR (125 MHz, CDCl3) δ 15.0 (CH3, EOM), 20.1 (CH3, Ac), 21.8 (2× CH3, 2× Ts), 23.8 24.0 

(2 × CH2, C-17 and C-19), 25.0 (CH2, C-18), 35.7 36.7 (2× CH2, C-16 and C-20), 65.3 (CH2, C-

14), 65.6 (CH2, EOM), 67.5 (CH, C-11), 70.3 (CH, C-13), 75.5 (C, C-9), 81.7 (CH, C-12), 93.8 
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(CH2, EOM), 98.6 (C, C-10), 101.5 (C, C-8), 107.8 (CH, C-6), 108.4 (CH, C-2), 112.1 (C, C-15), 

112.7 (C, C-4a), 123.0 (2 × CH, C-3ʹ), 127.8 (2 × CH, C-2ʹ), 128.5 (2 × CH, Ts), 129.0 (2 × CH, 

Ts), 129.6 (2 × CH and 1 × C, Ts and C-1ʹ), 130.0 (2 × CH, Ts), 132.2 (C, Ts), 132.7 (C, Ts), 145.6 

145.8 (2 × C, Ts), 147.4 (C, C-5), 152.0 (C, C-4ʹ), 158.1 (C, C-8a), 160.1 (C, C-2), 161.6 (C, C-7), 

171.3 (C=O, Ac), 175.1 (C=O, C-4);  

IR (neat) 2932, 2866, 2161, 1737, 1649, 1641, 1596, 1500, 1369, 1177, 1155, 1087, 1037, 991, 

848, 814, 750, 714 cm-1;  

HRMS (ESI+) found [M + H]+ 903.2338. C46H47O15S2 requires 903.2351. 
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((3a'R,6'R,6a'R,Z)-4'-((7-(Ethoxymethoxy)-4-oxo-5-(tosyloxy)-2-(4-(tosyloxy)phenyl)-4H-

chromen-8-yl)methylene)tetrahydrospiro[cyclohexane-1,2'-furo[3,4-d][1,3]dioxol]-6'-

yl)methyl acetate (492) and ((3aS,4R,7aS)-6-(7-(ethoxymethoxy)-4-oxo-5-(tosyloxy)-2-(4-

(tosyloxy)phenyl)-4H-chromen-8-yl)-4,7a-dihydro-3aH-spiro[[1,3]dioxolo[4,5-c]pyran-2,1'-

cyclohexan]-4-yl)methyl acetate (491) 

 

To a stirred solution of alkynol 489 (8 mg, 8.86 µmol) in tetrahydrofuran (1 mL) under a atmosphere 

of nitrogen, was added chloro[(1,1ʹ-diphenyl-2-yl)di-tert-butylphosphine]gold(I) (0.5 mg, 0.89 

µmol) and silver hexafluoroantimonate (0.3 mg, 0.89 µmol). After 5 h, the reaction was filtered 

through Celite® and the filtrate solvent removed under reduced pressure. The crude product purifies 

by flash chromatography (ethyl acetate-hexanes, 1:1) to give the title compounds 492 and 491 

(trace, 1:2 492/491);  

 

Furan 492: 

Rf 0.18 (ethyl acetate-toluene, 1:9);  

1H NMR (400 MHz, (CDCl3) δ 1.22 (3H, t, J = 7.0 Hz, EOM), 1.41-1.78 (10H, m, 

cyclohexylidene), 2.00 (3H, s, Ac), 2.44 (3H, s, Ts), 2.46 (3H, s, Ts), 3.71 (2H, q, J = 7.0 Hz, EOM), 

4.05 (1H, dd, J = 12.0, 4.0 Hz, Ha-14), 4.11 (1H, dd, J = 11.9, 4.2 Hz, Hb-14), 4.54 (1H, ddd, J = 

4.1, 4.1, 1.1 Hz, H-13), 4.68 (1H, dd, J = 5.8, 1.2 Hz, H-12), 5.22-5.28 (3H, m, H-11 and EOM), 

5.60 (1H, d, J = 1.1 Hz, H-9), 6.57 (1H, s, H-3), 7.11-7.14 (3H, m, H-6 and H-3ʹ), 7.32-7.36 (4H, 

m, Ts), 7.73 (2H, d, J = 8.4 Hz, Ts), 7.84 (2H, d, J = 9.0 Hz, H-2ʹ), 8.01 (2H, d, J = 8.4 Hz, Ts);  

HRMS (ESI+) found 903.2366. C46H47O15S2 [M + H]+ requires 903.2351. 

Insufficient material to obtain full characterisation.  
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Pyran 491: 

Rf 0.27 (ethyl acetate-toluene, 1:9);   

1H NMR (400 MHz, (CDCl3) δ 1.22 (3H, t, J = 7.1 Hz, EOM), 1.43-1.69 (10H, m, 

cyclohexylidene), 1.95 (3H, s, Ac), 2.46 (3H, s, Ts), 2.47 (3H, s, Ts), 3.72 (2H, q, J = 7.1 Hz, EOM), 

3.85 (1H, ddd, J = 10.0, 6.1, 2.2 Hz, H-13), 4.17 (1H, dd, J = 10.0, 5.6 Hz, H-12), 4.27 (1H, dd, J 

= 12.3, 6.1 Hz, Ha-14), 4.51 (1H, dd, J = 12.3, 2.2 Hz, Hb-14), 4.69 (1H, dd, J = 5.5, 4.6 Hz, H-11), 

5.27 (2H, s, EOM), 5.42 (1H, d, J = 4.6 Hz, H-10), 6.56 (1H, s, H-3), 7.11-7.14 (3H, m, H-6 and 

H-2ʹ), 7.33-7.38 (4H, m, Ts), 7.74 (2H, d, J = 8.4 Hz, Ts), 7.77 (2H, d, J = 8.9 Hz, H-3ʹ), 8.02 (2H, 

d, J = 8.4 Hz, Ts);  

13C NMR (100 MHz, CDCl3) δ 15.0 (CH3, EOM), 20.8 (CH3, Ac), 21.8 (2 × CH3, 2× Ts), 23.7, 

24.1, 25.1 (3 × CH2, C-17, C-18, and C-19), 35.2, 38.7 (2 × CH2, C-16 and C-20), 63.1 (CH2, C-

14), 65.2 (CH2, EOM), 68.2 (CH, C-11), 70.0 (CH, C-12), 75.1 (CH, C-13), 93.6 (CH2, EOM), 

103.4 (CH, C-10), 108.1 (CH, C-6), 108.6 (C, C-8), 109.9 (CH, C-3), 113.5 (C, C-4a), 123.0 (2 × 

CH, C-3ʹ), 127.7 (2 × CH, C-2ʹ), 127.8 (C, C-15), 128.5 (2 × CH, Ts), 129.0 (2 × CH, Ts), 129.7 (2 

× CH, Ts), 130.0 (2 × CH, Ts), 130.1 (C, C-1ʹ), 132.2, 132.9 (2 × C, Ts), 145.5, 145.8 (2 × C, Ts), 

148.0, 148.2 (2 × C, C8a, C-9), 151.9 (C, C-5), 152.9 (C, C-4ʹ), 158.7 (C, C-7), 160.1 (C, C-1), 

170.6 (C=O, Ac), 175.3 (C=O, C-4);  

HRMS (ESI+) found 903.2321. C46H47O15S2 [M + H]+ requires 903.2351. 

Insufficient material to obtain full characterisation. 
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(R)-2-Hydroxy-2-((2R,3S)-3-((7-hydroxy-4-oxo-5-(tosyloxy)-2-(4-(tosyloxy)phenyl)-4H-

chromen-8-yl)ethynyl)-1,4-dioxaspiro[4.5]decan-2-yl)ethyl acetate (493) 

 

To a stirred solution of flavone 489 (200 mg, 0.22 mmol) in dichloromethane (5 mL) was added 

NaHSO4/SiO2 (500 g, on silica support245, 250%w/w). After 1.5 h, the solvent were removed under 

reduced pressure and the crude product purified by flash chromatography (methanol-

dichloromethane, 1:24) to give the title compound 493 (165 mg, 88%) as a yellow oil;  

Rf 0.23 (methanol-dichloromethane, 1:24);  

[𝜶]𝑫
𝟏𝟖.𝟖 = +0.80 (c 0.50, CHCl3);  

m.p. 96 - 98 °C;  

1H NMR (400 MHz, MeOH-d4) δ 1.39-1.82 (10H, m, cyclohexylidene), 2.00 (3H, s, Ac), 2.42 

(3H, s, Ts), 2.45 (3H, s, Ts), 4.14-4.19 (2H, m, H-12 and Ha-14), 4.26-4.31 (2H, m, H-13 and Hb-

14), 5.27 (1H, d, J = 5.4 Hz, H-11), 6.64 (1H, s, H-3), 6.76 (1H, s, H-6), 7.18 (2H, d, J = 9.0 Hz, 

H-3ʹ), 7.38 (4H, m, Ts), 7.73-7.81 (4H, m, Ts), 8.06 (2H, d, J = 9.0 Hz, H-2ʹ);  

13C NMR (100 MHz, MeOH-d4) δ 20.7 (CH3, Ac), 21.7 (2 × CH3, Ts), 25.0, 25.1, 26.1 (3 × CH2, 

C-17, C-18, and C-19), 36.6, 38.6 (2 × CH2, C-16 and C-20), 67.8 (CH2, C-14), 70.4 (CH, C-11), 

70.6 (CH, C-13), 77.7 (C, C-9), 78.9 (CH, C-12), 98.1 (C, C-10), 100.2 (C, C-8), 108.9 (C, C-3), 

109.9 (C, C-6), 112.0 (C, C-4a), 112.9 (C, C-15), 124.2 (2 × CH2, C-3ʹ), 129.4 (2 × CH2, C-2ʹ), 

129.6 (2 × CH2, Ts),130.0 (2 × CH2, Ts), 130.8 (2 × CH2 and C, Ts and C-1ʹ), 131.2 (2 × CH2, Ts), 

133.6, 133.8 (2 × C, Ts), 147.4, 147.5 (2 × C, Ts), 153.6 (C, C-5), 160.0 (C, C-4ʹ), 162.0 (C, C-8a), 

164.9 (C, C-7), 172.8 (C=O, Ac), 177.3 (C=O, C-4);  

IR (neat) 2928, 2866, 1740, 1644, 1599, 1502, 1413, 1373, 864 cm-1;  

HRMS (ESI+) found 845.1936. C43H41O14S2 [M + H]+ requires 845.1932.  
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((3aS,4R,7aS)-6-(7-hydroxy-4-oxo-5-(tosyloxy)-2-(4-(tosyloxy)phenyl)-4H-chromen-8-yl)-

4,7a-dihydro-3aH-spiro[[1,3]dioxolo[4,5-c]pyran-2,1'-cyclohexan]-4-yl)methyl acetate (494) 

 

To a stirred solution of alkyne-diol 493 (10 mg, 14.5 µmol) in tetrahydrofuran (1 mL) under at 

atmosphere of nitrogen, was added chloro[(1,1ʹ-diphenyl-2-yl)di-tert-butylphosphine]gold(I) (0.8 

mg, 1.45 µmol) and silver hexafluoroantimonate (0.5 mg, 1.45 µmol). After 2 h, the reaction was 

filtered through Celite® and the filtrate solvent removed under reduced pressure. The crude product 

was purified by flash chromatography (ethyl acetate-hexanes, 1:1) to give the title compound 494 

(8.5 mg, 85%) as a white solid;  

Rf 0.16 (ethyl acetate-hexanes, 1:1);  

mp 77-79 °C;  

[𝜶]𝑫
𝟏𝟖.𝟖 = +21.0 (c 0.39, MeOH);  

1H NMR (400 MHz, MeOH-d4) δ 1.45-1.76 (10H, m, cyclohexylidene), 1.85 (3H, s, Ac), 243 

(3H, s, Ts), 2.46 (3H, s, Ts),3.86 (1H, ddd, J = 10.0, 6.7, 2.2 Hz, H-13), 4.16 (1H, dd, J = 10.0, 5.6 

Hz, H-12), 4.23 (1H, dd, J = 12.3, 6.7 Hz, Ha-14), 4.50 (1H, dd, J = 12.2, 2.2 Hz, Hb-14), 5.48 (1H, 

dd, J = 5.5, 4.7 Hz, H-11), 5.50 (1H, d, J = 4.6 Hz, H-10), 6.61 (1H, s, H-3), 6.74 (1H, s, H-6), 7.14 

(2H, d, J = 9.0 Hz, H-3ʹ), 7.39-7.45 (4H, m, Ts), 7.23 (2H, d, J = 8.4 Hz, Ts), 7.83 (2H, d, J = 8.4 

Hz, Ts), 7.91 (2H, d, J = 9.0 Hz, H-2ʹ);  

13C NMR (100 MHz, MeOH-d4) δ 20.6 (CH3, Ac), 21.7 (2 × CH3, Ts), 24.9, 25.3, 26.3 (3 × CH2, 

C-17, C-18, and C-19), 36.2, 40.0 (2 × CH2, C-16 and C-20), 64.3 (CH2, C-14), 69.6 (CH, C-11), 

71.3 (Ch, C-12), 76.6 (CH, C-13), 104.7 (CH, C-10), 105.2 (C, C-8), 108.8 (CH, C-3), 110.4 (CH, 

C-6), 110.9 (C, C-4a), 112.4 (C, C-15), 124.2 (2 × CH, C-3ʹ), 129.2 (2 × CH, C-2ʹ), 129.7 (2 × CH, 

Ts), 130.0 (2 × CH, Ts), 130.9 (2 × CH, Ts), 131.2 (2 × CH, Ts), 131.3 (C, C-1ʹ), 133.5, 134.0 (2 × 

C, Ts), 147.4, 147.6 (2 × C, Ts), 149.3, 149.5 (2 × C, C-5 and C-9), 153.5 (C, C-8a), 157.7 (C, C-

4ʹ), 161.6 (C, C-2), 162.1 (C, C-7), 172.5 (C=O, Ac), 177.6 (C=O, C-4);  

IR (neat) 2926, 143, 1647, 1372, 1090 cm-1;   

HRMS (ESI+) found 845.1891. C43H41O14S2 [M + H]+ requires 845.1932. 
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7-(Ethoxymethoxy)-5-hydroxy-2-(4-hydroxyphenyl)-8-iodo-4H-chromen-4-one (496) 

 

To a stirred solution of flavone 397 (300 mg, 0.39 mmol) in methanol (8 mL) and tetrahydrofuran 

(4 mL) was added potassium hydroxide (170 mg, 3.03 mmol) and the reaction heated to reflux. 

After 2.5 h, the reaction was poured onto a mixture of ice (50 mL) and HCl (7 mL, 1.0 M). The 

mixture was extracted with ethyl acetate (3 × 100 mL), dried over anhydrous Na2SO4, filtered, and 

the solvents removed under reduced pressure. The crude product was purified by flash 

chromatography (ethyl acetate-hexanes, 2:3) to give the title compound 496 (71 mg, 40%) as a 

yellow solid;  

Rf 0.45 (ethyl acetate-hexanes, 2:3);  

mp 222 - 224 °C;  

1H NMR (400 MHz, DMSO) δ 1.16 (3H, t, J = 7.1 Hz, EOM) 3.72 (2H, q, J = 7.1 Hz, EOM) 5.45 

(2H, s, EOM) 6.67 (1H, s, H-6) 6.96 (3H, m, H-3ʹ and H-3) 8.08 (2H, d, J = 8.9 Hz, H-2ʹ) 10.46 

(1H, s, HO-4ʹ) 13.15 (1H, s, HO-5);  

13C NMR (75 MHz, DMSO) δ 15.4 (CH3, EOM) 64.3 (C, C-8) 65.2 (CH2, EOM) 94.1 (CH2, EOM) 

98.6 (CH, C-6) 103.2 (CH, C-3) 106.2 (C, C-4a) 116.5 (2 × CH, C-3ʹ) 121.3 (C, C-1ʹ) 129.3 (2 × 

CH, C-2ʹ) 156.0 161.7 162.2 164.7 (5 × C, C-2, C-5, C-7, C-4ʹ, C-8a) 182.4 (C=O, C-4);  

IR (neat) 3622, 3096, 2924, 2852, 16148, 1581, 1562, 1548, 1507, 1465, 1449, 1423, 1396, 1366, 

1328, 1296, 1276, 1246, 1198, 1180, 1169, 1105, 1053, 995, 929, 915, 831, 764 cm-1;  

HRMS (ESI+) found 476.988. C18H15INaO6 [M + Na]+ requires 476.9806. 
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1-(2,4,6-Trihydroxy-3-iodophenyl)ethanone (510) 

 

Iodine (129 mg, 0.51 mmol) was added to a stirred suspension of sodium periodate (36.3 mg, 0.17 

mmol) in ethanol (1.25 mL) and the mixture was cooled to 0 °C. A solution of sulphuric acid in 

ethanol (0.25 mL, 0.17 M) was added dropwise, followed by phloroacetophenone (502) (200 mg, 

1.19 mmol) and dimethylformamide (0.1 mL), then the reaction was allowed to warm to rt. After 2 

h, a mixture of ice (2 mL) and saturated aqueous Na2S2O3 (1 mL) was added and the resulting brown 

precipitate was collected by filtration and washed with water (2 × 1 mL). The precipitate was 

dissolved in ethyl acetate (50 mL), dried with anhydrous Na2SO4, the solvent removed under 

reduced pressure. The crude product was purified by dissolving in hot methanol (50 mL) and 

filtering the suspension. The solvent was removed from the filtrate under reduced pressure to give 

the title compound 510 (305 mg, 87%) as a brick coloured solid;  

Rf 0.27 (ethyl acetate-hexanes, 1:1);  

m.p. 210 – 212 °C;  

1H NMR (300 MHz, MeOH-d4) δ 2.63 (3H, s, H-8), 6.02 (1H, s, H-5);  

13C NMR (75 MHz, MeOH-d4) δ 31.4 (CH3, C-8), 94.2 (CH, H-5), 98.9 (C-I, C-3), 104.6 (C, C-

1), 160.0, 160.5, 161.3 (3 × C, C-2, C-4, and C-6), 203.4 (C=O, C-7);  

IR (neat): 3264, 1615, 1572, 1487, 1440, 14061366, 1343, 1301, 1258, 1217, 1156, 1107, 1064, 

1027, 963, 780 cm-1;  

HRMS (ESI+) found [M + H]+ 294.9464. C8H8IO4 requires 294.9462. 
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1-(2,4-Bis((tert-butyldimethylsilyl)oxy)-6-hydroxyphenyl)ethanone (512) 

 

Imidazole (84.3 mg, 1.24 mmol) was added to a stirred solution of phloroacetophenone (502) (50 

mg, 0.30 mmol) in dry dimethylformamide (0.7 mL) followed by tert-butyldimethylsilyl chloride 

(179 mg, 1.19 mmol). After 45 min the reaction was poured onto ice-cold aqueous LiBr solution 

(10 mL, 5%w/v) and extracted with ethyl acetate (50 mL). The organic extract was washed with 

aqueous LiBr solution (10 mL, 5%w/v) followed by brine (10 mL), dried over anhydrous Na2SO4, 

filtered, and the solvent removed under reduced pressure. The crude product was purified via flash 

chromatography (ethyl acetate-hexanes, 1:19) to give the title compound 512 (88 mg, 75%) as a 

colourless oil;  

Rf 0.37 (ethyl acetate-hexanes, 1:19);  

1H NMR (400 MHz, CDCl3) δ 0.24 (6H, s, TBS), 0.35 (6H, s, TBS), 0.98 (9H, s, TBS), 1.02 (9H, 

s, TBS), 2.64 (3H, s, H-8), 5.85 (1H, d, J = 2.3 Hz, H-3), 6.03 (1H, d, J = 2.3 Hz, H-5), 13.51 (1H, 

s, OH);  

13C NMR (100 MHz, CDCl3) δ -4.3 (2 × CH3, TBS), -3.5 (2 × CH3, TBS), 18.3 (C, TBS), 18.9 (C, 

TBS), 25.6 (3 × CH3, TBS), 26.1 (3 × CH3, TBS), 32.9 (CH3, C-8), 101.8 102.7 (2 × CH, H-3 and 

H-5), 109.0 (C, C-1), 159.6, 162.4 (2 × C, C-4 and C-6), 166.4 (C, C-2), 203.4 (C=O, C-7);  

IR (neat): 2952, 2932, 2901, 2860, 1617, 1592, 1574, 1560, 1464, 1426, 1362, 1271, 1255, 1201, 

1169, 1104, 1092, 1069, 1027, 1005, 833, 779 cm-1; 

Spectral data were in agreement with literature values.293  
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1-(4,6-Bis((tert-butyldimethylsilyl)oxy)-2-hydroxy-3-iodophenyl)ethanone (511) 

 

N-iodosuccinimide (709 mg, 3.15 mmol) was added to a stirred solution of phenol 512 (1.0 g, 2.52 

mmol) in dichloromethane (10 mL) at 0 °C, and allowed to warm to rt. After 4.5 h, saturated 

aqueous Na2S2O3 was added until the reaction discoloured. The mixture was extracted with 

dichloromethane (50 mL) and the organic fraction washed with water (2 × 20 mL), dried over 

anhydrous Na2SO4, filtered, and the solvent removed under reduced pressure. The crude product 

was purified via flash chromatography (ethyl acetate-hexanes, 1:39) to give the title compound 511 

(1.28 g, 97%) as a white solid;  

Rf 0.17 (ethyl acetate-hexanes, 1:39);  

m.p. 102 – 104 °C;  

1H NMR (300 MHz, CDCl3) δ 0.32 (6H, s, TBS), 0.36 (6H, s, TBS), 1.01 (9H, s, TBS), 1.07 (9H, 

s, TBS), 2.65 (3H, s, H-8), 5.98 (1H, s, H-5);  

13C NMR (75 MHz, CDCl3) δ -3.9 (2 × CH3, TBS), -3.5 (2 × CH3, TBS), 18.5 (C, TBS), 18.9 (C, 

TBS), 25.7 (3x CH3, TBS), 26.1 (3x CH3, TBS), 32.5 (CH3, C-8), 72.8 (C-I, C-3), 101.1 (CH, H-

5), 109.0 (C, C-1), 159.9, 161.6 (2 × C, C-4 and C-6), 165.3 (C, C-2), 203.1 (C=O, C-7); 

IR (neat): 2929, 2856, 1611, 1581, 1542, 1468, 1421, 1389, 1359, 1267, 1216, 1107, 1094, 836, 

804, 781, 659 cm-1;  

HRMS (ESI+) found [M + Na]+ 545.1029. C20H35INaO4Si2 requires 545.1011. 
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1-(4-(Ethoxymethoxy)-2,6-dihydroxyphenyl)ethanone (503) 

 

Method A:  

 

Diisopropylethylamine (0.43 mL, 2.49 mmol) was added to a stirred solution of 

phloroacetophenone (502) (381 mg, 2.27 mmol) in dry THF (2 mL) at -41 °C. Chloromethyl ethyl 

ether (0.21 mL, 2.27 mmol) was added dropwise and the reaction was warmed to 0 °C. After 7 h, 

dichloromethane (100 mL) was added and the solution was washed with saturated aqueous NH4Cl 

(10 mL), dried over Na2SO4, filtered, and the solvent removed under reduced pressure. The crude 

product was purified via flash chromatography (ethyl acetate-hexanes, 1:1) to give the title 

compound 503 (141 mg, 28%) as a white solid, in addition to the undesired doubly protected 

analogue 508 (147 mg, 23%) as a waxy white solid;  

 

 Method B 

 

p-Toluenesulfonic acid (32 mg, 0.17 mmol) was added to a stirred solution of phenol 508 (954 mg, 

3.36 mmol) in methanol (10 mL) at -10 °C. Ethyl acetate (3 mL) was added and the reaction warmed 

to rt. After 5.5 h, the reaction was diluted with ethyl acetate (100 mL) and washed with saturated 

aqueous NaHCO3 (2 × 5 mL), dried over anhydrous Na2SO4, filtered, and the solvent removed 

under reduced pressure. The crude product was purified via flash chromatography (ethyl acetate-

hexanes, 1:4) to give the title compound 503 (418 mg, 55%) as a white solid;  

 

Rf 0.51 (ethyl acetate-hexanes, 1:1);  

m.p. 86 – 88 °C;  

1H NMR (300 MHz, MeOH-d4) δ 1.20 (3H, t, J = 7.1 Hz, EOM), 2.62 (3H, s, H-8), 3.69 (2H, q, 

J = 7.1 Hz, EOM), 5.20 (2H, s, EOM), 6.02 (2H, s, H-3 and H-5);  
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13C NMR (75 MHz, MeOH-d4) δ 14.0 (CH3, EOM), 31.5 (CH3, C-8), 64.3 (CH2, EOM), 92.3 

(CH2, EOM), 94.5 (2 × CH, C-3 and C-5), 105.4 (C, C-1), 163.9 (C, C-4), 164.1 (2 × C, C-2 and 

C-6), 203.7 (C=O, C-7);  

IR (neat): 3217, 2980, 2907, 1617, 1583, 1437, 1358, 1271, 1220, 1180, 1153, 1107, 1081, 1060, 

1010, 971, 940, 888, 835 cm-1;  

HRMS (ESI+) found [M + Na]+ 249.0740. C11H14NaO5 requires 249.0733. 
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1-(2,4-Bis(ethoxymethoxy)-6-hydroxyphenyl)ethanone (508) 

 

Diisopropylethylamine (3.25 mL, 18.6 mmol) was added to a stirred solution of 

phloroacetophenone (502) (1.12 g, 6.65 mmol) in dry THF (6 mL) at 0 °C. Chloromethyl ethyl ether 

(1.61 mL, 17.3 mmol) was added dropwise and the reaction was allowed to warm to rt. After 4 h, 

dichloromethane (100 mL) was added, dissolving the white precipitate which had formed. The 

reaction mixture was washed with saturated aqueous NH4Cl (10 mL), dried over Na2SO4, filtered, 

and the solvent removed under reduced pressure. The crude product was purified via flash 

chromatography (ethyl acetate-hexanes, 1:9) to give the title compound 508 (723 mg, 38%) as a 

waxy white solid;  

Rf 0.22 (ethyl acetate-hexanes, 1:9);  

m.p. 42 – 44 °C;  

1H NMR (400 MHz, CDCl3) δ 1.22 (3H, t, J = 7.0 Hz, EOM), 1.25 (3H, t, J = 7.0 Hz, EOM), 2.64 

(3H, s, H-8), 3.73 (4H, m, 2 × EOM), 5.22 (2H, s, EOM), 5.29 (2H, s, EOM), 6.27 (2H, ABq, J = 

2.4 Hz, H-3 and H-5), 13.7 (1H, s, OH);  

13C NMR (100 MHz, CDCl3) δ 15.1 (2 × CH3, EOM) 33.0 (CH3, C-8) 64.8 (CH2, EOM) 65.1 (CH2, 

EOM) 92.8 (CH2, EOM) 93.2 (CH2, EOM) 94.1, 97.1 (2 × CH, C-3 and C-5) 106.9 (C, C-1) 160.6, 

163.7 (2 × C, C-4 and C-6) 166.8 (C, C-2) 203.2 (C=O, C-7);  

IR (neat): 2978, 2919, 1619, 1596, 1439, 1421, 1364, 1265, 1215, 1186, 1154, 1109, 1057, 1019, 

978, 921, 831 cm-1;  

HRMS (ESI+) found [M + Na]+ 307.1159. C14H20NaO6 requires 307.1152. 
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1-(2-(Benzyloxy)-4,6-bis(ethoxymethoxy)phenyl)ethanone (516) 

 

Benzyl bromide (0.22 mL, 1.88 mmol) was added to a stirred solution of phenol 508 (446 mg, 1.57 

mmol) and caesium carbonate (613 mg, 1.88 mmol) in dry dimethylformamide (2.5 mL). After 30 

min, the reaction was diluted with ethyl acetate and washed with saturated aqueous NH4Cl (15 mL), 

saturated aqueous LiBr (2 × 10 mL), and brine (20 mL), dried over anhydrous Na2SO4, filtered, and 

the solvent removed under reduced pressure. The crude product was purified via flash 

chromatography (ethyl acetate-hexanes, 1:4) to give the title compound 516 (471 mg, 80%) as a 

colourless oil;  

Rf 0.20 (ethyl acetate-hexanes, 1:4);  

1H NMR (400 MHz, CDCl3) δ 1.21 (6H, m, 2 × EOM), 2.48 (3H, s, H-8), 3.70 (4H, m, 2 × EOM), 

5.05 (2H, s, Bn), 5.18 (2H, s, EOM), 5.19 (2H, s, EOM), 6.38 (1H, d, J = 2.0 Hz, H-3), 6.51 (1H, 

d, J = 2.0 Hz, H-5), 7.28-7.40 (5H, m, Bn);  

13C NMR (100 MHz, CDCl3) δ 15.0 (CH3, EOM), 15.1 (CH3, EOM), 32.6 (CH3, C-8), 64.4 (CH2, 

EOM), 64.5 (CH2, EOM), 93.2 (CH2, EOM), 93.5 (CH2, EOM), 95.2 (CH, C-3), 96.5 (CH, C-5), 

116.2 (C, C-1), 127.2 (2 × CH, Bn), 127.9 (CH, Bn), 128.6 (2 × CH, Bn), 136.4 (C, Bn), 155.5 (C, 

C-6), 156.8 (C, C-2), 159.7 (C, C-4), 201.7 (C=O, C-7);  

IR (neat): 2978, 2919, 1619, 1596, 1421, 1439, 1364, 1265, 1215, 1186, 1154, 1109, 1057, 1019, 

978, 921, 831 cm-1;  

HRMS (ESI+) found [M + Na]+ 397.1619. C21H26NaO6 requires 397.1622. 
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1-(2-(Benzyloxy)-4-(ethoxymethoxy)-6-hydroxyphenyl)ethanone (515) 

 

Method A:  

 

Benzyl bromide (0.03 mL, 0.27 mmol) was added to a stirred solution of phenol 503 (50 mg, 0.22 

mmol) and potassium carbonate (39.7 mg, 0.29 mmol) in dry dimethylformamide (2.5 mL). After 

7 h, the reaction was diluted with ethyl acetate and washed with saturated aqueous NH4Cl (10 

mL) and saturated aqueous LiBr (2 × 5 mL), dried over anhydrous Na2SO4, filtered, and the 

solvent removed under reduced pressure. The crude product was purified via flash 

chromatography (ethyl acetate-hexanes, 1:9) to give the title compound 515 (57 mg, 82%) as a 

white solid; 

 

Method B:  

 

p-Toluenesulfonic acid (22 mg, 0.12 mmol) was added to a stirred solution of EOM ether 516 (429 

mg, 1.15 mmol) in methanol (2 mL). After 15 min, the precipitate formed was collected by 

filtration, washed with methanol (2 × 2 mL). The crude product was purified by addition of warm 

THF/ethyl acetate (1:1), which was then filtered to remove solid undissolved impurities. The 

solvent was removed under reduced pressure to give the title compound 515 (353 mg, 98%) as a 

light yellow solid; 

 

Rf 0.36 (ethyl acetate-hexanes, 1:9);  

m.p. 74 – 76 °C;  

1H NMR (300 MHz, CDCl3) δ 1.22 (3H, t, J = 7.1 Hz, EOM), 2.55 (3H, s, H-8), 3.71 (2H, q, J = 

7.1 Hz, EOM), 5.08 (2H, s, Bn), 5.21 (2H, s, EOM), 6.13 (1H, d, J = 2.3 Hz, H-3), 6.24 (1H, d, J 

= 2.3 Hz, H-5), 7.35-7.45 (5H, m, Bn), 13.85 (1H, s, OH);  

13C NMR (100 MHz, CDCl3) δ 15.1 (CH3, EOM), 33.4 (CH, C-8), 64.8 (CH2, EOM), 71.1 (CH2, 

Bn), 92.4 (CH2, EOM), 92.8 (CH, C-3), 96.6 (CH, C-5), 106.8 (C, C-1), 128.0 (2 × CH, Bn), 128.5 
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(CH, Bn), 128.8 (2  × CH, Bn), 135.6 (C, Bn), 162.1 (C, C-2), 163.7 (C, C-4), 167.2 (C, C-6), 203.3 

(C=O, C-7);  

IR (neat): 2976, 2933, 2889, 1625, 1585, 1435, 1415, 1398, 1374, 1268, 1225, 1268, 1178, 1155, 

1104, 1064, 1019, 982, 937, 886, 822, 756 cm-1;  

HRMS (ESI+) found [M + Na]+ 339.1209. C18H20NaO5 requires 339.1203. 
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1-(6-(Benzyloxy)-3-bromo-4-(ethoxymethoxy)-2-hydroxyphenyl)ethanone (517) 

 

N-bromosuccinimide (210 mg, 1.18 mmol) was added to a stirred solution of phenol 515 in 

dichloromethane (4 mL) at 0 °C. After 30 min, the reaction was diluted with ethyl acetate (75 mL), 

washed with saturated aqueous Na2S2O3 (15 mL), dried over anhydrous Na2SO4, filtered, and the 

solvent removed under reduced pressure. The crude product was purified by recrystallisation from 

hot ethyl acetate (3 mL), washing the resulting yellow needle-like crystals with cold hexanes (3 × 

3 mL) to give the title compound 517 (381 mg, 90%) as a yellow solid;  

Rf 0.17 (ethyl acetate-hexanes, 1:9);  

m.p. 112 – 114 °C;  

1H NMR (400 MHz, CDCl3) δ 1.21 (3H, t, J = 7.1 Hz, EOM), 2.76 (3H, s, H-8), 3.76 (2H, q, J = 

7.1 Hz, EOM), 5.14 (2H, s, Bn), 5.33 (2H, s, EOM), 6.46 (1H, s, H-5), 7.37-7.45 (5H, m, Bn), 14.56 

(1H, s, OH);  

13C NMR (100 MHz, CDCl3) δ 15.1 (CH3, EOM), 33.5 (CH3, C-8), 65.1 (CH2, EOM), 71.3 (CH2, 

Bn), 91.1 (CH, C-5), 92.8 (C, C-3), 93.5 (CH2, EOM), 107.3 (C, C-1), 128.1 (2 × CH, Bn), 128.7 

(CH, Bn), 128.8 (2 × CH, Bn), 135.2 (C, Bn), 160.2, 161.3, (2 × C, C-4 and C-6)162.7 (C, C-2), 

203.5 (C=O, C-7);  

IR (neat): 3035, 2978, 2936, 2891, 1620, 1566, 1430, 1413, 1373, 1354, 1257, 1225, 1205, 1174, 

1110, 1073, 1045, 1026, 984, 906, 845, 802, 751 cm-1;  

HRMS (ESI+) found [M + Na]+ 417.0309. C18H19BrNaO5 requires 417.0308. 
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4-(Benzyloxy)benzoic acid (500) 

 

Benzyl bromide (2.60 g, 15.2 mmol) was added to a stirred suspension of 4-hydroxybenzoic acid 

(1.0 g, 7.24 mmol) and potassium carbonate (2.40 g, 17.4 mmol) in dry dimethylformamide (29 

mL). After 5.5 h, methanol (150 mL) and aqueous NaOH (100 mL, 2M) were added and the 

suspension was refluxed for 3 h. The volatiles were removed under reduced pressure and the 

remaining aqueous crude was washed with ethyl acetate (450 mL) before being acidified with 

aqueous HCl (300 mL, 2.0 M). The aqueous mixture was extracted with ethyl acetate (3 × 150 mL) 

and the solvent of the combined fractions removed under reduced pressure to give the title 

compound 500 (564 mg, 18%) as a white solid;  

m.p. 183 – 185 °C;  

1H NMR (400 MHz, CDCl3) δ 5.14 (2H, s, Bn), 7.02 (2H, d, J = 9.0 Hz, H-3 and H-5), 7.32-7.46 

(5H, m, Bn), 8.06 (2H, d, J = 9.0 Hz, H-2 and H-6);  

13C NMR (100 MHz, CDCl3) δ 70.2 (Bn), 114.6 (2 × CH, C-3 and C-5), 121.8 (C, C-1), 127.5 (2 

× CH, Bn), 128.3 (CH, Bn), 128.7 (2 × CH, Bn), 132.4 (2 × CH, C-2 and C-6), 136.2 (C, Bn), 163.2 

(C, C-4), 170.8 (C=O, C-7); 

 IR (neat): 3037 2872 2816 2546 1670 1604 1578 1514 1454 1428 1380 1297 1254 167 1120 1108 

1015 999 930 846 768 736 cm-1.  

Spectral data were in agreement with literature values.277  
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2-Acetyl-3-(benzyloxy)-6-bromo-5-(ethoxymethoxy)phenyl 4-(benzyloxy)benzoate (521) 

 

4-(benzyloxy)benzoic acid (500) (211 mg, 0.92 mmol) was added to a stirred solution of phenol 

517 (332 mg, 0.84 mmol) and 4-dimethylaminopyridine (10 mg, 0.08 mmol) in dichloromethane. 

N,N'-diisopropylcarbodiimide (0.15 mL, 0.92 mmol) was added dropwise and stirred for 23 h. The 

reaction was filtered and diluted with dichloromethane (150 mL), washed with saturated aqueous 

NaHCO3 (3 × 50 mL), dried over anhydrous Na2SO4, filtered, and the solvent removed under 

reduced pressure. The crude product was purified via flash chromatography (ethyl acetate-hexanes, 

1:4) to give the title compound 521 (375 mg, 74%) as a white solid;  

m.p. 94 - 96 °C;  

1H NMR (300 MHz, CDCl3) δ 1.22 (3H, t, J = 7.1 Hz, EOM), 2.47 (3H, s, H-8), 3.76 (2H, q, J =  

7.1 Hz, EOM), 5.12 (2H, s, Bn), 5.15 (2H, s, Bn), 5.30 (2H, s, EOM), 6.87 (1H, s, H-5), 7.04 (2H, 

J = 9.0 Hz, H-12 and H-14), 7.32-7.46 (10H, m, 2  × Bn), 8.97 (2H, d, J = 9.0 Hz, H-11 and H-15);  

13C NMR (75 MHz, CDCl3) δ 15.0 (CH3, EOM), 31.8 (CH3, C-8), 64.9 (CH2, EOM), 70.2 (CH2, 

Bn), 71.2 (CH2, Bn), 94.0 (CH2, EOM), 98.8 (CH, C-5), 100.1 (C, C-3), 114.8 (2 × CH, C-12 and 

C-14), 120.4 (C, C-1), 121.2 (C, C-10), 127.5 (2  × CH, Bn), 127.6 (2 × CH, Bn), 128.2 (CH, Bn), 

128.4 (CH, Bn), 128.71 (2 × CH, Bn), 128.73 (2 × CH, Bn), 132.7 (2 × CH, C-11 and C-15), 135.6 

(C, Bn), 136.2 (C, Bn), 146.8 (C, C-2), 156.4, 156.6 (2 × C, C-4 and C-6), 163.3 (C, C-13), 163.5 

(C=O, C-9), 198.7 (C=O, C-7); 

 IR (neat): 2921, 1734, 1682, 1596, 1562, 1508, 1457, 1424, 1378, 1352, 1333, 1240, 1223, 1208, 

1166, 1127, 1089, 1060, 1032, 991, 912, 871, 842, 826, 759, 751, 732 cm-1;  

HRMS (ESI+) found [M + Na]+ 627.0981. C32H29BrNaO7 requires 627.0989. 
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(R)-1-((4R,5S)-5-Ethynyl-2,2-dimethyl-1,3-dioxolan-4-yl)ethane-1,2-diol (519) 

 

Potassium carbonate (120 mg, 0.79 mmol) was added to a stirred solution of lactol 462 (55 mg, 

0.26 mmol) in methanol (1 mL) and the mixture was heated to reflux. A solution of the Ohira-

Bestmann reagent (438) (0.13 mL, 0.79 mmol) in methanol (1 mL) was added via syringe pump 

over a period of 6 h. The reaction was then allowed to cool to rt and after 15 h, the reaction was 

neutralised with HCl (0.8 mL 1M) and extracted with ethyl acetate (50 mL). The organic extract 

was washed with water (20 mL) and brine (10 mL), dried over anhydrous Na2SO4, and the solvent 

removed under reduced pressure. The crude product was purified via flash chromatography 

(methanol-dichloromethane, 1:20) to give the title compound 519 (30 mg, 55%) as a white solid, 

along with recovered starting material (12 mg, 22%);  

m.p. 66 - 68 °C;  

[𝜶]𝑫
𝟐𝟐 = -16.9 (c 1.55 in CHCl3) (lit.268 -16.9 (c 1.55 in CHCl3); 

1H NMR (300 MHz, CDCl3) δ 1.42 (3H, s, H-8) 1.49 (3H, s, H-9) 2.56 (1H, d, J = 2.1 Hz, H-1) 

2.92 (2H, br s, 2 × OH) 3.68 (1H, dd, J =11.5, 6.4 Hz, Ha-6) 3.78 (1H, dd, J = 11.5, 6.4 Hz, Hb-6) 

3.87 (1H, ddd, J = 6.2, 5.4, 3.5 Hz, H-5) 4.12 (1H, dd, J =  6.6, 5.3 Hz, H-4) 4.69 (1H, dd, J = 6.7, 

2.1 Hz, H-3);  

13C NMR (100 MHz, CDCl3) δ 25.9 (CH3, C-8) 26.8 (CH3, C-9) 63.2 (CH2, C-6) 66.6 (CH, C-3) 

71.7 (CH, C-5) 74.8 (CH, C-1) 81.6 (C, C-2) 81.9 (CH, C-4) 110.9 (C, C-7); IR (neat): 3454, 3416, 

3213, 2118, 1421, 1386, 1325, 1268, 1208, 1154, 1126, 1086, 1027, 1000, 922, 897, 833, 749, 721, 

672 cm-1.  

Spectral and optical data were in agreement with literature values.268  
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(R)-2-((4R,5S)-5-Ethynyl-2,2-dimethyl-1,3-dioxolan-4-yl)-2-hydroxyethyl acetate (520) 

 

2,6-Lutidine (0.34 mL, 2.95 mmol) was added to a stirred solution of lactol 519 (550 mg, 2.95 

mmol) in dry dichloromethane (2 mL) at rt. The reaction cooled to -78 °C and Acetyl chloride (0.21 

mL, 2.95 mmol) was added dropwise. After 3 h the reaction was poured onto ice-cold water (20 

mL) and extracted with dichloromethane (3 × 50 mL). The combined organic fractions were dried 

over anhydrous Na2SO4, filtered, and the solvent removed under reduced pressure. The crude 

product was purified via flash chromatography (ethyl acetate-hexanes, 1:3) to give the title 

compound 520 (433 mg, 64%) as a colourless oil;  

Rf 0.1 (ethyl acetate-hexanes, 1:3); 

[𝜶]𝑫
𝟐𝟐.𝟔 = +12.4 (c 1.0 in CHCl3);  

1H NMR (400 MHz, CDCl3) δ 1.44 (3H, s, H-8), 1.51 (3H, s, H-9), 2.12 (3H, s, Ac), 2.51 (1H, br 

d, J =  2.6 Hz, OH), 2.56 (1H, d, J = 2.1 Hz, H-1), 4.01 (1H, m, H-5), 4.13-4.17 (2H, m, H-4 and 

Ha-6), 4.32 (1H, dd, J = 11.9, 3.6 Hz, Hb-6), 4.74 (1H, dd, J = 6.4, 2.1 Hz, H-3),  

13C NMR (100 MHz, CDCl3) δ  20.8 (CH3, OAC), 25.9 (CH3, C-8), 26.8 (CH3, C-9), 65.1 (CH2, 

C-6), 66.4 (CH, C-3), 69.7 (CH, C-5), 74.6 (CH, C-1), 81.5 (C, C-2), 81.7 (CH, C-4), 111.0 (C, C-

7), 171.2 (C=O, Ac); 

 IR (neat): 3466, 3269, 2990, 2939, 2119, 1737, 1456, 1373, 1235, 1162, 1045, 848, 807 cm-1;  

HRMS (ESI+) found [M + Na]+ 251.0881. C11H16NaO5 requires 251.0890. 
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2-(((4S,5R)-5-((R)-2-Acetoxy-1-hydroxyethyl)-2,2-dimethyl-1,3-dioxolan-4-yl)ethynyl)-6-

acetyl-5-(benzyloxy)-3-(ethoxymethoxy)phenyl-4-(benzyloxy)benzoate (522) 

 

A flask was charged with alkyne 520 (28 mg, 0.12 mmol), bromide 521 (50 mg, 0.08 mmol), and 

tri-tert-butylphosphonium tetrafluoroborate (2.4 mg, 0.008 mmol), under an atmosphere of argon. 

Degassed triethylamine (0.8 mL) and tetrahydrofuran (0.8 mL) were added, followed by 

bis(dibenzylideneacetone)palladium(0) (2.4 mg, 0.004 mmol) and copper(I) iodide (0.3 mg, 0.002 

mmol), and the reaction was heated to 80 °C. After 6.5 h, the reaction was cooled and filtered 

through a pad of Celite®, washing with ethyl acetate. The filtrate was washed with saturated aqueous 

NH4Cl (3 × 40 mL), dried over Na2SO4, filtered, and the solvent removed under reduced pressure. 

The crude product was purified via flash chromatography (ethyl acetate-hexanes, 1:1) to give the 

title compound 522 (10 mg, 16%) as a yellow oil;  

Rf 0.30 (ethyl acetate-hexanes, 1:1); 

[𝜶]𝑫
𝟐𝟏.𝟗 = +35.3 (c 0.46 in CHCl3);  

1H NMR (500 MHz, CDCl3) δ 1.21 (3H, t, J = 7.1 Hz, EOM), 1.25 (3H, s, C-23), 1.34 (3H, s, C-

24), 2.06 (3H, s, OAc), 2.44 (3H, s, H-8), 3.73 (2H, q, J = 7.1 Hz, EOM), 3.82-3.86 (2H, m, H-19 

and H-20), 3.92 (1H, dd, J = 11.8, 6.5 Hz, Ha-21), 4.16 (1H, dd, J = 11.8, 2.6 Hz, Hb-21), 4.81 (1H, 

d, J = 5.8 Hz, H-18), 5.13 (2H, s, Bn), 5.15 (2H, s, Bn), 5.27 (2H, s, EOM), 6.80 (1H, s, H-3), 7.03 

(2H, d, J = 9.0 Hz, H-12 and H-14), 7.32-7.46 (10H, m, 2 × Bn), 8.95 (2H, d, J = 9.0 Hz, H-11 and 

H-15);  

13C NMR (125 MHz, CDCl3) δ 15.1 (CH3, EOM), 20.8 (CH3, OAc), 25.5 (CH3, C-23), 26.8 (CH3, 

C-24), 31.9 (CH3, C-8), 64.8 (CH2, EOM), 65.1 (CH2, C-21), 67.1 (CH, C-18), 69.7 (CH, C-20), 

70.2 (CH2, Bn), 71.1 (CH2, Bn), 77.1 (C, C-17), 82.1 (CH, C-19), 93.8 (CH2, EOM), 94.6 (C, C-

16), 97.6 (CH, C-3), 101.1 (C, C-5), 110.7 (C, C-22), 114,8 (2 × CH, C-12 and C-14), 119.5 (C, C-

1), 121.5 (C, C-10), 127.5 (2 × CH, Bn), 127.6 (2 × CH, Bn), 128.4 (CH, Bn), 128.5 (CH, Bn), 

128.7 (2 × CH, Bn), 128.8 (2 × CH, Bn), 132.6 (2 × CH, C-11 and C-15), 135.5 (C, Bn), 136.2 (C, 

Bn), 150.8 (C=O, C-9), 157.5 (C, C-2), 161.0 (C, C-4), 163.2 (C, C13), 163.7 (C, C-6), 171.0 (C=O, 

OAc), 198.8 (C=O, C-7);  
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IR (neat): 3200, 2954, 2922, 2853, 2359, 1738, 1699, 1604, 1456, 1435, 1381, 1328, 1248, 1168, 

1095, 1060, 929, 843, 805, cm-1;  

HRMS (ESI+) [M + Na]+ found 775.2734. C43H44NaO12 requires 775.2725. 
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1,3,5-Tris(ethoxymethoxy)benzene (534) 

 

Phloroglucinol (533) (2.0 g, 15.9 mmol) was added to a suspension of sodium hydride (13.2 g, 57.2 

mmol, 60% dispersion in mineral oil) in dimethylformamide (20 mL) and diethyl ether (40 mL) at 

0 °C, in four equal portions over a 10 min period. The grey suspension was allowed to warm to rt 

and after 1 h was cooled back to 0 °C. Chloromethyl ethyl ether (4.83 mL, 52.1 mmol) was added 

dropwise and the reaction was allowed to stir for 18 h. The reaction was then poured onto ice-water 

(200 mL) and the resulting mixture was extracted with diethyl ether (2 × 250 mL). The organic 

extract was washed with water (100 mL) and then brine (100 mL), dried over anhydrous Na2SO4, 

and concentrated under reduced pressure. The crude product was purified via flash column 

chromatography (ethyl acetate-hexanes, 1:19) to give the title compound 534 (1.95 g, 41%) as a 

colourless oil;  

Rf 0.17 (ethyl acetate-hexanes, 1:19);  

1H NMR (300 MHz, CDCl3) δ 1.23 (9H, t, J = 7.1 Hz, EOM), 3.72 (6H, q, J = 7.1 Hz, EOM), 

5.17 (6H, s, H-7, EOM), 6.42 (3H, s, H-2);  

13C NMR (100 MHz, CDCl3) δ 15.1 (3 × CH3, C EOM), 64.3 (3 × CH2, EOM), 93.3 (3 × CH2, 

EOM), 98.5 (3 × CH, C-2), 159.1 (3 × C, C-1);  

IR (neat): 2977, 2934, 2900, 1595, 1474, 1406, 1393, 1180, 1143, 1101, 1081, 1016, 911, 833 cm-

1;  

HRMS (ESI+) found [M + Na]+ 323.1476. C15H24NaO6 requires 323.1465. 
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tert-Butyldimethyl(pent-4-en-1-yloxy)silane (543) 

 

tert-Butyldimethylsilyl chloride (1.75 g, 11.6 mmol) was added to a solution of 4-penten-1-ol (542) 

(1.0 mL, 9.68 mmol) in dichloromethane (10 mL), followed by imidazole (989 mg, 14.5 mmol) and 

4-dimethylaminopyridine (59 mg, 4.84 mmol). After 35 min the white suspension was filtered 

through a plug of silica (ethyl acetate- hexanes, 1:99) to give the title compound 543 (1.82 g, 94%) 

as a colourless oil;  

Rf 0.81 (ethyl acetate-hexanes, 1:1);  

1H NMR (500 MHz, CDCl3) δ 0.05 (6H, s, OTBS), 0.90 (9H, s, OTBS), 1.61 (2H, m, H-2), 2.10 

(2H, m, H-3), 3.62 (2H, t, J = 6.5 Hz, H-1), 4.95 (1H, ddt, J = 10.2, 2.1, 1.3 Hz, Hb-5), 5.02 (1H, 

ddt, J =17.1, 2.2, 1.5 Hz, Ha-5), 5.82 (1H, ddt, J = 17.0, 10.3, 6.7 Hz, H-4);  

13C NMR (125 MHz, CDCl3) δ -5.3 (2 × CH3, OTBS), 18.4 (C, OTBS), 26.0 (3 × CH3, OTBS), 

30.0 (CH2, C-3), 32.0 (CH2, C-2), 62.5 (CH2, C-1), 114.5 (CH2, C-5), 138.6 (CH, C-4).  

Spectral data were in agreement with literature values.294 
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tert-Butyldimethyl(3-(oxiran-2-yl)propoxy)silane (535) 

 

m-Chloroperbenzoic acid (7.43 g, 42.1 mmol) was added to a solution of alkene 543 (1.5 g, 7.49 

mmol) in dichloromethane (20 mL) at 0 °C. After 2 h the suspension was filtered and a mixture of 

saturated aqueous Na2S2O3 (10 mL) and saturated aqueous Na2HCO3 (10 mL) was added to the 

filtrate. After 20 min of stirring the organic layer of this biphasic mixture was separated and washed 

with saturated aqueous NaHCO3 (25 mL) and brine (50 mL), dried over anhydrous Na2SO4, and 

concentrated under reduced pressure. The crude product was purified twice via flash column 

chromatography (ethyl acetate-hexanes, 1:9) and then (ethyl acetate-dichloromethane 1:1) to give 

the title compound 535 (1.23 g, 76%) as a colourless oil;  

Rf 0.35 (ethyl acetate-hexanes, 1:9);  

1H NMR (500 MHz, CDCl3) δ 0.05 (6H, s, OTBS), 0.89 (9H, s, OTBS), 1.56 – 1.71 (4H, m, H-2 

and H-3), 2.48 (1H, dd, J = 5.1, 2.8 Hz, Hb-5), 2.75 (1H, ddd, J =5.1, 4.0, 0.5 Hz, Ha-5), 2.95 (1H, 

m, H-4), 3.65 (2H, m, H-1);  

13C NMR (125 MHz, CDCl3) δ -5.3 (2 × CH3, OTBS), 18.3 (C, OTBS), 25.9 (3 × CH3, OTBS), 

29.0 (CH2), 29.1 (CH2), 47.2 (CH2, C-5), 52.2 (CH, C-4), 62.6 (CH2, C-1).  

Spectral data were in agreement with literature values.278  
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2-Bromo-1,3,5-tris(ethoxymethoxy)benzene (544) 

 

N-Bromosuccinimide (311 mg, 1.74 mmol) was added to a solution of arene 534 (500 mg, 1.66 

mmol) in dichloromethane (5.0 mL). The precipitate was removed by filtration and the filtrate 

concentrated under reduced pressure. The crude product was purified via flash column 

chromatography (ethyl acetate-hexanes, 1:4) to give the title compound 544 (631 mg, quant.) as a 

yellow oil;  

Rf 0.41 (ethyl acetate-hexanes, 1:4);  

1H NMR (500 MHz, CDCl3) δ 1.22 (3H, t, J = 7.1 Hz, EOM), 1.23 (6H, t, J = 7.1 Hz, EOM), 3.72 

(2H, q, J = 7.1 Hz, EOM), 3.78 (4H, q, J = 7.1 Hz, EOM), 5.18 (2H, s, EOM), 5.26 (4H, s, EOM), 

6.63 (2H, s, H-4 and H-6);  

13C NMR(125 MHz, CDCl3) δ 15.0 (2 × CH3, EOM), 15.1 (CH3, EOM), 64.3 (CH2, EOM), 64.7 

(2 × CH2, EOM), 93.5 (CH2, EOM), 94.0 (2 × CH2, EOM), 96.1 (C-Br, C-2), 98.8 (2 × CH, C-4 

and C-6), 155.4 (2 × C, C-1 and C-3), 157.9 (C, C-5);  

IR (neat): 2977, 2902, 1586, 1471, 1442, 1390, 1328, 1225, 1150, 1097, 1038, 1017, 904, 843 cm-

1;  

HRMS (ESI+) found [M + Na]+ 401.0575. C15H23BrNaO6 requires 401.0570. 
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5-((tert-Butyldimethylsilyl)oxy)-1-(2,4,6-tris(ethoxymethoxy)phenyl)pentan-2-ol (536) 

 

n-Butyllithium (0.76 mL, 1.06 M in cyclohexane, 0.79 mmol) was added dropwise to a solution of 

bromide 544 (200 mg, 0.53 mmol) in THF (0.5 mL) under an atmosphere of N2 at -78 °C. After 10 

min a solution of epoxide 535 (171 mg, 0.79 mmol) in THF (0.5 mL) was added, followed by boron 

trifluoride diethyl etherate (0.08 mL, 0.633 mmol). After 4 h, water (5 mL) was added to quench 

the reaction and the resultant mixture was extracted with ethyl acetate (2 × 50 mL), the organic 

fractions combined, dried over anhydrous Na2SO4, and concentrated under reduced pressure. The 

crude product was purified via flash column chromatography (ethyl acetate-hexanes, 1:9 graduated 

to 3:7) to give the title compound 536 (1.23 g, 45%) as a yellow oil;  

Rf 0.23 (ethyl acetate-hexanes, 1:4);  

1H NMR (500 MHz, CDCl3) δ 0.05 (6H, s, OTBS), 0.89 (9H, s, OTBS), 1.22 (6H, t, J = 7.1 Hz, 

EOM), 1.23 (3H, t, J = 7.1 Hz, EOM), 1.50 (1H, m, Ha-9), 1.56-1.73 (3H, m, Hb-9 and H-10), 2.66 

(1H, br s, OH), 2.77 (1H, dd, J = 13.5, 7.7 Hz, Ha-7), 2.86 (1H, dd, J = 13.5, 4.7 Hz, Hb-7), 3.65 

(2H, t, J = 6.3 Hz, H-11), 3.71 (4H, q, J = 7.1 Hz, EOM), 3.72 (2H, q, J = 7.1 Hz, EOM), 3.79 

(1H, m, H-8), 5.18 (2H, s, EOM), 5.21 (4H, s, EOM), 6.57 (2H, s, H-3 and H-5);  

13C NMR (125 MHz, CDCl3) δ -5.3 (2 × CH3, OTBS), 15.1 (3 × CH3, EOM), 18.4 (C, OTBS), 

26.0 (3 × CH3, OTBS), 29.3 (CH2, C-9), 31.1 (CH2, C-7), 33.8 (CH2, C-10), 63.5 (CH2, C-11), 64.2 

(CH2, EOM), 64.4 (2 × CH2, EOM), 72.2 (CH, C-8), 93.4 (2 × CH2, EOM), 93.5 (CH2, EOM), 97.1 

(2 × CH, C-3 and C-5), 110.7 (C, C-1), 156.8 (2 × C, C-2 and C-6), 157.2 (C, C-4);  

IR (neat): 3493, 2953, 2929, 2897, 2858, 1608, 1594, 1493, 1472, 1442, 1391, 1254, 1176, 1148, 

1098, 1039, 1019, 937, 906, 833, 774 cm-1;  

HRMS (ESI+) found [M + Na]+ 539.3031. C26H48NaO8Si requires 539.3011. 
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5-((tert-Butyldimethylsilyl)oxy)-1-(2,4,6-tris(ethoxymethoxy)phenyl)pentan-2-one (537) 

 

2-Iodoxybenzoic acid (144 mg, 0.51 mmol) was added to a solution of alcohol 536 (177 mg, 0.34 

mmol) in DMSO (1.5 mL) and the reaction was heated to 45 °C for 1.5 h. After cooling to rt, 

additional 2-Iodoxybenzoic acid (48 mg, 0.17 mmol) was added and left to stir for 1 h. Saturated 

aqueous Na2S2O3 (20 mL) was added and the mixture was extracted with ethyl acetate (2 × 50 mL). 

The organic fractions were combined and washed with saturated aqueous NaHCO3 (20 mL) and 

brine (20 mL).  The aqueous washes were combined and extracted with dichloromethane (2 × 100 

mL). All organic fractions were combined, dried over anhydrous Na2SO4, and concentrated under 

reduced pressure. The crude product was purified via flash column chromatography (ethyl acetate 

–hexanes, 1:4) to give the title compound 537 (152 mg, 86%) as a colourless oil;  

Rf 0.38 (ethyl acetate-hexanes, 1:4);  

1H NMR (500 MHz, CDCl3) δ 0.02 (6H, s, OTBS), 0.87 (9H, s, OTBS), 1.21 (6H, t, J = 7.1 Hz, 

EOM), 1.23 (3H, t, J = 7.1 Hz, EOM), 1.76 (2H, m, H-10), 2.48 (2H, t, J = 7.4 Hz, H-9), 3.58 (2H, 

t, J = 6.3 Hz, H-11), 3.64-3.69 (4H, m, H-7 and EOM), 3.73 (2H, q, J = 7.1 Hz, EOM), 5.17 (4H, 

s, EOM), 5.18 (2H, s, H-2), 6.57 (2H, s, H-4 and H-6);  

13C NMR (125 MHz, CDCl3) δ -5.2 (2 × CH3, OTBS), 15.2 (3 × CH3, EOM), 18.4 (C, OTBS), 

26.1 (3 × CH3, OTBS), 27.1 (CH2, C-10), 38.0 (CH2, C-7), 30.1 (CH2, C-9), 62.5 (CH2, C-11), 64.3 

(CH2, EOM), 64.5 (2 × CH2, EOM), 93.5 (2 × CH2, EOM), 93.6 (CH2, EOM), 97.0 (2 × CH, C-4 

and C-6), 107.6 (C, C-2), 156.7 (2 × C, C-1 and C-3), 158.0 (C, C-5), 209.4 (C=O, C-8);  

IR (neat): 2954, 2929, 2858, 1714, 1611, 1597, 1497, 1462, 1444, 1392, 1150, 1099, 1038 cm-1;  

HRMS (ESI+) found [M + Na]+ 537.2860. C26H46NaO8Si requires 537.2854. 
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5-Hydroxy-1-(2,4,6-tris(ethoxymethoxy)phenyl)pentan-2-one (545) 

 

Acetic acid (0.03 mL, 0.54 mmol) was added to a solution of ketone 537 (140 mg, 0.27 mmol) in 

THF (1 mL) at 0 °C. Tetrabutylammonium fluoride (0.82 mL, 1.0 M in THF, 0.82 mmol) was added 

and the reaction was allowed to warm to rt. After 2 h additional tetrabutylammonium fluoride (0.27 

mL, 1.0 M in THF, 0.27 mmol) was added and the reaction heated to 50 °C. After 48 h the reaction 

was diluted with ethyl acetate (50 mL) and washed with saturated aqueous NaHCO3 (2 × 2 mL), 

followed by brine (5 mL), dried over anhydrous Na2SO4, and concentrated under reduced pressure. 

The crude product was purified via flash column chromatography (ethyl acetate-hexanes, 1:1) to 

give the title compound 545 (93 mg, 85%) as a colourless oil;  

Rf 0.22 (ethyl acetate-hexanes, 1:1);  

1H NMR (500 MHz, CDCl3) δ 1.21 (6H, t, J = 7.1 Hz, EOM), 1.23 (3H, t, J = 7.1 Hz, EOM), 1.81 

(2H, m, H-10), 2.56 (2H, t, J = 7.0 Hz, H- 9), 3.61 (2H, t, J = 6.1 Hz, H-11), 3.65-3.69 (6H, m, H-

7, H- EOM), 3.73 (2H, q, J = 7.1 Hz, EOM), 5.18 (4H, s, EOM), 5.19 (2H, s, EOM), 6.56 (2H, s, 

H-4 and H-6);  

13C NMR (125 MHz, CDCl3) δ 15.1 (3 × CH3, EOM), 26.7 (CH2, C-10), 37.9 (CH2, C-9), 38.4 

(CH2, C-7), 62.3 (CH2, C-11), 64.2 (CH2, C-EOM), 64.4 (2 × CH2, EOM), 93.3 (2 × CH2, EOM), 

93.4 (CH2, EOM), 96.9 (2 × CH2, C-4 and C-6), 107.2 (C, C-2), 156.5 (2  × C, C-1 and C-3), 158.0 

(C, C-5), 210.2 (C=O, C-8);  

IR, (neat): 3476, 2979, 2901, 1711, 1611, 1597, 1498, 1445, 1406, 1390, 1148, 1100, 1037, 932, 

841, cm-1;  

HRMS (ESI+) found [M + Na]+ 423.2006. C20H32NaO8 requires 423.1989. 
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4',5'-dihydro-3H,3'H-spiro[benzofuran-2,2'-furan]-4,6-diol (538) and 2-(3-

Hydroxypropyl)benzofuran-4,6-diol (546) 

 

Camphorsulfonic acid (30 mg) was added to a solution of alcohol 545 (85 mg, 0.21 mmol) in 

methanol (4 mL) and the mixture heated to 40 °C for 6.5 h. The reaction was concentrated under 

reduced pressure and the crude product purified via flash column chromatography (ethyl acetate-

hexanes, 3:1) to give the title compounds spiroketal 538 (39 mg, 53%) and benzofuran 546 (35 mg, 

47%) as colourless oils;  

Spiroketal 538: 

Rf 0.44 (ethyl acetate-hexanes, 3:1);  

1H NMR (500 MHz, MeOH-d6) 2.02-2.09 (2H, m, H-9a and H-10a), 2.18 (1H, m, H-10b), 2.32 

(1H, ddd, J = 9.8, 7.5, 0.6 Hz, Hb-9), 3.10 (2H, ABq, J = 15.9 Hz, H-7), 3.99 (1H, m, Ha-11), 4.05 

(1H, ddd, J = 8.4, 8.4, 4.4 Hz, Hb-11), 5.75 (1H, d, J = 2.0 Hz, H-4), 5.83 (1H, d, J = 2.0 Hz, H-

6);  

13C NMR (125 MHz, MeOH-d6) 25.1 (CH2, C-10), 36.5 (CH2, C-7), 37.5 (CH2, C-9), 69.5 (CH2, 

C-11), 90.5 (CH, C-4), 96.3 (CH, C-6), 103.7 (C, C-2), 120.3 (C, C-8), 155.0 (C, C-3), 159.6 (C, 

C-5), 161.1 (C, C-1);  

IR (neat): 3408, 2959, 2901, 2853, 1615, 1515, 1463, 1366, 1343, 1313, 1258, 1220, 1153, 1112, 

1076, 1050, 1016, 946, 924, 894, 830, 798, cm-1;  

HRMS (ESI+) found [M + Na]+ 231.0631. C11H12NaO4 requires 231.0628. 

 

Benzofuran 546: 

Rf 0.31 (ethyl acetate-hexanes, 3:1);  

1H NMR (500 MHz, MeOH-d6) 1.92 (2H, tt, J = 7.5, 6.4 Hz, H-10), 2.76 (2H, td, J = 7.5, 0.9 Hz, 

H-9), 3.62 (2H, t, J = 6.4 Hz, H-11), 6.13 (1H, d,  J = 1.9 Hz, H-4), 6.35 (1H, dd, J = 1.9, 0.9 Hz, 

H-6), 6.37 (1H, dd, J = 1.9, 0.9 Hz, H-7);  

13C NMR (125 MHz, MeOH-d6) 25.6 (CH2, C-9), 31.9 (CH2, C-10), 62.1 (CH2, C-11), 90.6 (CH, 

C-6), 68.3 (CH, C-4), 99.9 (CH, C-7), 112.0 (C, C-2), 151.4 (C, C-5), 156.6 (2 × C, C-1 and C-8), 

158.4 (C, C-3);  
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IR (neat): 3242, 2952, 2923, 2856, 1603, 1458, 1388, 1334, 1288, 1207, 1154, 1125, 1038, 991, 

940, 799 cm-1;  

HRMS (ESI+) found [M + Na]+ 231.0629. C11H12NaO4 requires 231.0628. 
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Appendix – 1H and 13C NMR Spectra of Novel Compounds 
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5-Bromo-N,N-diethyl-1-naphthamide (199) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 

 

  



Appendix 

 
275 

N,N-Diethyl-5-methyl-1-naphthamide (185) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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3-((R)-3-(Benzyloxy)-2-methylpropyl)-6-methylnaphtho[1,2-c]furan-1(3H)-one (233) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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3-((R)-3-Hydroxy-2-methylpropyl)-6-methylnaphtho[1,2-c]furan-1(3H)-one (182) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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Danshenspiroketallactone (14) and epi-danshenspiroketallactone (15) 

1H NMR (400 MHz, CDCl3)  

13C 13C NMR (100 MHz, CDCl3) 
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5,7-Diisopropoxy-2-(4-isopropoxyphenyl)-4H-chromen-4-one (362) 

1H NMR (400 MHz, CD3OD) 

 

13C NMR (100 MHz, CD3OD) 
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5-Hydroxy-2-(4-hydroxyphenyl)-7-((triisopropylsilyl)oxy)chroman-4-one (367) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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5-Hydroxy-2-(4-hydroxyphenyl)-7-((triisopropylsilyl)oxy)-4H-chromen-4-one (368) 

1H NMR (400 MHz, CDCl3) 

 

1H NMR (400 MHz, CDCl3) 
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5,7-Diisopropoxy-2-(4-isopropoxyphenyl)-4H-chromen-4-one (373) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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7-(ethoxymethoxy)-5-hydroxy-2-(4-hydroxyphenyl)chroman-4-one (375) 

1H NMR (400 MHz, DMSO-d6) 

 

13C NMR (100 MHz, DMSO-d6) 
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7-(Ethoxymethoxy)-5-hydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one (376) 

1H NMR (400 MHz, DMSO-d6) 

 

13C NMR (100 MHz, DMSO-d6) 
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4-(5-Acetoxy-7-(ethoxymethoxy)-4-oxo-4H-chromen-2-yl)phenyl acetate (377) 

1H NMR (400 MHz, DMSO –d6) 

 

13C NMR (100 MHz, DMSO –d6) 
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4-(5-Acetoxy-3-bromo-7-(ethoxymethoxy)-4-oxo-4H-chromen-2-yl)phenyl acetate (382) 

1H NMR (400 MHz, CHCl3) 

 

13C NMR (100 MHz, CHCl3) 
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4-(5-Acetoxy-7-hydroxy-4-oxo-4H-chromen-2-yl)phenyl acetate (379) 

1H NMR (400 MHz, acetone-d6) 

 

13C NMR (100 MHz, acetone-d6)  
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4-(5,7-dihydroxy-4-oxo-4H-chromen-2-yl)phenyl acetate (380) 

1H NMR (400 MHz, DMSO-d6) 

 

13C NMR (100 MHz, DMSO-d6) 
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7-Hydroxy-4-oxo-2-(4-(tosyloxy)phenyl)chroman-5-yl 4-methylbenzenesulfonate (383) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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7-Hydroxy-8-iodo-4-oxo-2-(4-(tosyloxy)phenyl)chroman-5-yl 4-methylbenzenesulfonate 

(384) 

1H NMR (500 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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4-(7-(Ethoxymethyl)-5-hydroxy-4-oxo-4H-chromen-2-yl)phenyl 4-methylbenzenesulfonate 

(376) 

1H NMR (400 MHz, (CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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4-(6-Bromo-7-(ethoxymethyl)-5-hydroxy-4-oxo-4H-chromen-2-yl)phenyl 4-

methylbenzenesulfonate (388) and 4-(8-Bromo-7-(ethoxymethyl)-5-hydroxy-4-oxo-4H-

chromen-2-yl)phenyl 4-methylbenzenesulfonate (387)  

1H NMR (400 MHz, CDCl3) 

 

13C NMR (125 MHz, CDCl3) 
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4-(7-(Ethoxymethyl)-5-hydroxy-6-iodo-4-oxo-4H-chromen-2-yl)phenyl 4-

methylbenzenesulfonate (390) and 4-(7-(ethoxymethyl)-5-hydroxy-8-iodo-4-oxo-4H-

chromen-2-yl)phenyl 4-methylbenzenesulfonate (389) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (125 MHz, CDCl3)
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7-(Ethoxymethyl)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-methylbenzenesulfonate 

(385) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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3-Bromo-7-(ethoxymethyl)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-

methylbenzenesulfonate (395) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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7-Hydroxy-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-methylbenzenesulfonate (389) 

1H NMR (400 MHz, DMSO-d6) 

 

13C NMR (100 MHz, DMSO-d6) 
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7-Hydroxy-8-iodo-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-methylbenzenesulfonate 

(397) 

1H NMR (400 MHz, DMSO-d6)  

 

13C NMR (75 MHz, DMSO-d6) 

 



Appendix 

 

 
298 

8-(3-((tert-Butyldimethylsilyl)oxy)propyl)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-furo[2,3-

h]chromen-5-yl 4-methylbenzenesulfonate (412) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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2,2,3,3,16,16,17,17-octamethyl-4,15-dioxa-3,16-disilaoctadeca-8,10-diyne (411) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3)  
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8-(3-Hydroxypropyl)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-furo[2,3-h]chromen-5-yl 4-

methylbenzenesulfonate (420) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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7-(Ethoxymethoxy)-8-iodo-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-

methylbenzenesulfonate (396) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (75 MHz, CDCl3) 
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7-(Ethoxymethyl)-8-(5-hydroxypent-1-yn-1-yl)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-

yl 4-methylbenzenesulfonate (422) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (75 MHz, CDCl3) 
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4'-Oxo-2'-(4-(tosyloxy)phenyl)-4,4',5,9'-tetrahydro-3H-spiro[furan-2,8'-furo[2,3-

h]chromen]-5'-yl 4-methylbenzenesulfonate (410) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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5'-Hydroxy-2'-(4-hydroxyphenyl)-4,5-dihydro-3H-spiro[furan-2,8'-furo[2,3-h]chromen]-

4'(9'H)-one (357) 

1H NMR (400 MHz, DMSO-d6) 

 

13C NMR (100 MHz, DMSO-d6) 
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(2S,3R,4R)-2,3,5-tris((tert-butyldimethylsilyl)oxy)pentane-1,4-diol (435) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3)  
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(3R,4S,5R)-2,4-Bis((tert-butyldimethylsilyl)oxy)-5-(((tert-butyldimethylsilyl)oxy)methyl) 

tetrahydrofuran-3-ol (452) 

1H NMR (400 MHz, CDCl3)  

 

13C NMR (100 MHz, CDCl3) 
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(3R,4R,5R)-3,4-Bis((benzyloxy)methoxy)-5-(((tert-butyldimethylsilyl)oxy)methyl) 

dihydrofuran-2(3H)-one (458) 

1H NMR (400 MHz, (CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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(R)-2-((tert-Butyldimethylsilyl)oxy)-1-((4R,5S)-5-ethynyl-2,2-dimethyl-1,3-dioxolan-4-

yl)ethanol (465) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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8-(((4S,5R)-5-((R)-2-((tert-Butyldimethylsilyl)oxy)-1-hydroxyethyl)-2,2-dimethyl-1,3-

dioxolan-4-yl)ethynyl)-7-(ethoxymethoxy)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-

methylbenzenesulfonate (474) 

1H NMR (300 MHz, (CDCl3) 

 

13C NMR (75 MHz, CDCl3) 
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8-((Z)-((3aR,6R,6aR)-6-(((tert-butyldimethylsilyl)oxy)methyl)-2,2-dimethyldihydrofuro[3,4-

d][1,3]dioxol-4(3aH)-ylidene)methyl)-7-(ethoxymethoxy)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-

yl 4-methylbenzenesulfonate (476) and 8-((3aS,4S,7aR)-4-(((tert-butyldimethylsilyl)oxy)methyl)-2,2-

dimethyl-4,7a-dihydro-3aH-[1,3]dioxolo[4,5-c]pyran-6-yl)-7-(ethoxymethoxy)-4-oxo-2-(4-

(tosyloxy)phenyl)-4H-chromen-5-yl 4-methylbenzenesulfonate (477) 

1H NMR (400 MHz, (CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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(R)-2-((4R,5S)-5-((7-(Ethoxymethoxy)-4-oxo-5-(tosyloxy)-2-(4-(tosyloxy)phenyl)-4H-

chromen-8-yl)ethynyl)-2,2-dimethyl-1,3-dioxolan-4-yl)-2-hydroxyethyl acetate (479) 

1H NMR (400 MHz, (CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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(3a'R,4'R,6'R,6a'R)-4'-(((tert-butyldimethylsilyl)oxy)methyl)tetrahydrospiro-[cyclohexane-

1,2'-furo[3,4-d][1,3]dioxol]-6'-ol (483) 

1H NMR (400 MHz, CDCl3) 

13C NMR (100 MHz, CDCl3) 
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(R)-2-((tert-Butyldimethylsilyl)oxy)-1-((2R,3S)-3-ethynyl-1,4-dioxaspiro[4.5]decan-2-

yl)ethanol (485) 

1H NMR (400 MHz, CDCl3) 

\

 

13C NMR (100 MHz, CDCl3) 
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(R)-2-((tert-Butyldimethylsilyl)oxy)-1-((2R,3S)-3-ethynyl-1,4-dioxaspiro[4.5]decan-2-

yl)ethanol (487) 

1H NMR (500 MHz, CDCl3) 

 

13C NMR (125 MHz, CDCl3)  
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(R)-2-((2R,3S)-3-Ethynyl-1,4-dioxaspiro[4.5]decan-2-yl)-2-hydroxyethyl acetate (488) 

1H NMR (500 MHz, CDCl3) 

 

13C NMR (125 MHz, CDCl3) 
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8-(((2S,3R)-3-((R)-2-((tert-Butyldimethylsilyl)oxy)-1-hydroxyethyl)-1,4-dioxaspiro[4.5]decan-

2-yl)ethynyl)-7-(ethoxymethoxy)-4-oxo-2-(4-(tosyloxy)phenyl)-4H-chromen-5-yl 4-

methylbenzenesulfonate (489) 

1H NMR (500 MHz, CDCl3) 

 

13C NMR (125 MHz, CDCl3) 
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((3a'R,6'R,6a'R,Z)-4'-((7-(Ethoxymethoxy)-4-oxo-5-(tosyloxy)-2-(4-(tosyloxy)phenyl)-4H-

chromen-8-yl)methylene)tetrahydrospiro[cyclohexane-1,2'-furo[3,4-d][1,3]dioxol]-6'-

yl)methyl acetate (492)  

1H NMR (400 MHz, (CDCl3) 
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((3aS,4R,7aS)-6-(7-(ethoxymethoxy)-4-oxo-5-(tosyloxy)-2-(4-(tosyloxy)phenyl)-4H-chromen-

8-yl)-4,7a-dihydro-3aH-spiro[[1,3]dioxolo[4,5-c]pyran-2,1'-cyclohexan]-4-yl)methyl acetate 

(491) 

1H NMR (400 MHz, (CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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(R)-2-Hydroxy-2-((2R,3S)-3-((7-hydroxy-4-oxo-5-(tosyloxy)-2-(4-(tosyloxy)phenyl)-4H-

chromen-8-yl)ethynyl)-1,4-dioxaspiro[4.5]decan-2-yl)ethyl acetate (493) 

1H NMR (400 MHz, MeOH-d4) 

 

13C NMR (100 MHz, MeOH-d4) 
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((3aS,4R,7aS)-6-(7-hydroxy-4-oxo-5-(tosyloxy)-2-(4-(tosyloxy)phenyl)-4H-chromen-8-yl)-

4,7a-dihydro-3aH-spiro[[1,3]dioxolo[4,5-c]pyran-2,1'-cyclohexan]-4-yl)methyl acetate (494) 

1H NMR (400 MHz, MeOH-d4) 

 

13C NMR (100 MHz, MeOH-d4) 
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7-(Ethoxymethoxy)-5-hydroxy-2-(4-hydroxyphenyl)-8-iodo-4H-chromen-4-one (496) 

1H NMR (400 MHz, DMSO) 

 

13C NMR (75 MHz, DMSO) 
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1-(2,4,6-Trihydroxy-3-iodophenyl)ethanone (510) 

1H NMR (300 MHz, MeOH-d4) 

 

13C NMR (75 MHz, MeOH-d4) 
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1-(4,6-Bis((tert-butyldimethylsilyl)oxy)-2-hydroxy-3-iodophenyl)ethanone (511) 

1H NMR (300 MHz, CDCl3) 

 

13C NMR (75 MHz, CDCl3) 
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1-(4-(Ethoxymethoxy)-2,6-dihydroxyphenyl)ethanone (503) 

1H NMR (300 MHz, MeOH-d4) 

 

13C NMR (75 MHz, MeOH-d4) 
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1-(2,4-Bis(ethoxymethoxy)-6-hydroxyphenyl)ethanone (508) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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1-(2-(Benzyloxy)-4,6-bis(ethoxymethoxy)phenyl)ethanone (516) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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1-(2-(Benzyloxy)-4-(ethoxymethoxy)-6-hydroxyphenyl)ethanone (515) 

1H NMR (300 MHz, CDCl3 

 

13C NMR (100 MHz, CDCl3) 
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1-(6-(Benzyloxy)-3-bromo-4-(ethoxymethoxy)-2-hydroxyphenyl)ethanone (517) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 

 



Appendix 

 
329 

2-Acetyl-3-(benzyloxy)-6-bromo-5-(ethoxymethoxy)phenyl 4-(benzyloxy)benzoate (521) 

1H NMR (300 MHz, CDCl3) 

 

13C NMR (75 MHz, CDCl3) 
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(R)-2-((4R,5S)-5-Ethynyl-2,2-dimethyl-1,3-dioxolan-4-yl)-2-hydroxyethyl acetate (520) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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2-(((4S,5R)-5-((R)-2-Acetoxy-1-hydroxyethyl)-2,2-dimethyl-1,3-dioxolan-4-yl)ethynyl)-6-

acetyl-5-(benzyloxy)-3-(ethoxymethoxy)phenyl-4-(benzyloxy)benzoate (522) 

1H NMR (500 MHz, CDCl3) 

 

13C NMR (125 MHz, CDCl3) 
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1,3,5-Tris(ethoxymethoxy)benzene (534) 

1H NMR (300 MHz, CDCl3) 

 

13C NMR (100 MHz, CDCl3) 
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2-Bromo-1,3,5-tris(ethoxymethoxy)benzene (544) 

1H NMR (500 MHz, CDCl3) 

 

13C NMR(125 MHz, CDCl3) 
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5-((tert-Butyldimethylsilyl)oxy)-1-(2,4,6-tris(ethoxymethoxy)phenyl)pentan-2-ol (536) 

1H NMR (500 MHz, CDCl3) 

 

13C NMR (125 MHz, CDCl3) 
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5-((tert-Butyldimethylsilyl)oxy)-1-(2,4,6-tris(ethoxymethoxy)phenyl)pentan-2-one (537) 

1H NMR (500 MHz, CDCl3) 

 

13C NMR (125 MHz, CDCl3) 
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5-Hydroxy-1-(2,4,6-tris(ethoxymethoxy)phenyl)pentan-2-one (545) 

1H NMR (500 MHz, CDCl3) 

 

13C NMR (125 MHz, CDCl3) 
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4',5'-dihydro-3H,3'H-spiro[benzofuran-2,2'-furan]-4,6-diol (538) 

1H NMR (500 MHz, MeOH-d6) 

 

13C NMR (125 MHz, MeOH-d6) 
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2-(3-Hydroxypropyl)benzofuran-4,6-diol (546) 

1H NMR (500 MHz, MeOH-d6) 

 

13C NMR (125 MHz, MeOH-d6) 
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