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Abstract 

Citreoviranol (1) was isolated from the fungus Penicillium citreoviride in 1988 by Yamamura and 

co-workers. Citreoviranol (1) contains a rare 6,6-spiroketal lactone and is structurally related to 

the biologically active resorcyclic lactone family of natural products. The interesting molecular 

architecture and potential therapeutic value of citreoviranol (1) inspired the development of a 

synthetic approach to this natural product.  

 

This thesis describes the first total synthesis of citreoviranol (1). Although there are numerous 

methods to prepare the spiroketal ring system, gold catalysis has proven to be a mild and efficient 

method for the synthesis of a variety of heterocycles, motivating us to apply this methodology to 

the construction of the spiroketal lactone core of citreoviranol (1).  

The synthesis of citreoviranol was completed in 12 steps from readily available starting materials 

and features a Sonogashira cross-coupling, gold-catalysed cyclisation, and an unprecedented 

base-induced ketalisation. The structure and absolute configuration of citreoviranol (1) were 

confirmed by comprehensive NMR spectroscopy and X-ray crystallography.  
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A major drawback in the total synthesis of citreoviranol (1) was epimerisation of the C4ʹ alcohol 

during the base-induced ketalisation. To address this issue a second generation synthesis was 

developed, which focussed on employing a gold-catalysed spiroketalisation of dihydroxyalkyne 

197 in order to avoid the formation of a highly stable isocoumarin. However, regiochemical issues 

were encountered during the cyclisation of alkyne 197, affording a mixture of 5,7- and 

6,6- spiroketal products.  

The third generation synthesis focused on the preparation and cyclisation of dihydroxyalkyne 220. 

It was envisaged that the propargylic ether of alkyne 220 would direct gold-catalysed 

spiroketalisation to the desired 6,6-spiroketal ring system. However, cyclisation of 220 also lacked 

regiocontrol. Although the gold-catalysed spiroketalisation strategy ultimately proved fruitless, 

the work described herein provides new insights into the intricacies of this valuable synthetic 

methodology and represents the first total synthesis of citreoviranol (1). 
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1.1 Citreoviranol – Isolation and Structure  

Citreoviranol (1) was isolated from the mycelium of the fungus, Penicillium citreoviride in 1988 

by Yamamura et al. during an investigation into bioactive metabolites1 prompted by the intriguing 

biological activity displayed by citreoviridin, a potent inhibitor of mitochondrial adenosine 

triphosphatase isolated from Penicillium species.2 Citreoviranol (1) was discovered upon 

extraction from sodium bromide treated polished rice inoculated with Penicillium citreoviride. The 

structure and relative configuration of citreoviranol (1) were determined by NMR spectroscopy, 

although the absolute stereochemistry was unconfirmed. Citreoviranol (1) contains two key 

structural features. First, it is related to the biologically active resorcyclic acid lactone family of 

natural products which share a 3,5-dihydroxybenzoate motif, highlighted in blue (Figure 1.1). The 

second characteristic feature of citreoviranol (1) is its unique 6,6-benzannulated spiroketal lactone, 

a moiety only present in one other natural product, dehydrocollatolic acid (2). Both 1 and 2 belong 

to the rare class of 6,6-benzannulated spiroketal natural products highlighted in red. 

 

Figure 1.1. Two key structural features of citreoviranol (1). Select members of the RAL family of natural products 

(left). Representative examples of 6,6-benzannulated spiroketal natural products (right). 
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1.2. Resorcyclic Acid Lactones 

The resorcyclic acid lactone (RAL) family of natural products share a common 

3,5-dimethoxybenzoate structure (Figure 1.2). Radicicol (3) was the first resorcyclic acid lactone 

to be isolated in the early 1950s.3 Preliminary biological screening of resorcyclic acid lactone 

natural products indicated that only zearalenone (4) exhibited bioactivity, namely oestrogenic and 

anabolic properties.4 However, in the 1990s reports of radicicol (3) and other RALs demonstrating 

inhibitory effects of oncogenic kinases revived interest in this family of molecules. Nowadays, 

RALs are known to exhibit an array of biological properties such as transcriptional modulation 

(zearalenone (4) and zearalanol (15)), kinase inhibition (hypothemycin (5), L-783277 (16), 

LL-Z1640-2 (17) and radicicol A (18)), HSP90 inhibition (radicicol (3) and pochonin A (12) and 

D (13)) and antimalarial activity (aigialomycin D (19) and paecilomycin F (20)).5 This breadth of 

biological activity displayed by RALs has inspired extensive research in the synthesis of members 

of this family and structural analogues. As such, there is ongoing investigation of RALs and their 

potential as therapeutic compounds.5a,5d The isolation and biological importance of selected RAL 

natural products displayed below will be discussed.  

 

Figure 1.2. Select members of biologically active natural and synthetic resorcyclic acid lactones. 



Introduction 

5 

1.2.1 Biological Importance of Resorcyclic Acid Lactones 

A. Oestrogen Agonists 

Zearalenone (4) was first isolated in 1962 from the mycelium of the fungus Gibberella zeae and 

was the first RAL to display biological activity (Figure 1.3).4 This fungi was found on moulded 

corn fed to pigs and caused vaginal eversion in female pigs and induced growth of female and 

male mammary glands. Studies showed that zearalenone (4) adopts a conformation similar to 

17-oestradiol and thus binds to the oestrogen receptor to stimulate oestrogen production.6 

Zearalenone (4) and analogues thereof (zearalanol (15) and zearalenol (23)) are now commonly 

used as growth stimulants for cattle and sheep.7 

 

Figure 1.3. Resorcyclic acid lactone oestrogen agonists. 

B. HSP90 Inhibitors 

Radicicol (3) was the first member of the resorcyclic acid lactone family to be discovered. It was 

initially known as monorden due to the fact that it was first isolated in 1953 from the fungus 

Monocillium nordinii.3 It was subsequently independently isolated from Nectria radicicola and 

renamed radicicol, and its structural assignment corrected.8 There was little interest in the RAL 

family of natural products until Kwon et al. noticed that the morphology of fibroblasts were 

transformed upon treatment with radicicol (3), and consequently proposed that radicicol (3) 

inhibited the oncogenic kinase Src.9 Further studies revealed that 3 did not inhibit Src but inhibited 

heat shock protein 90 (HSP90), a chaperone protein that regulates the maturation and stability of 

oncogenic proteins, including Src, which promote the growth and survival of cancer cells.10 The 

co-crystal structure of radicicol (3) and HSP90 revealed that radicicol (3) binds to the ATP-binding 

pocket in the N-terminus of HSP90 via hydrogen bonding interactions involving the ester carbonyl 

and phenol groups mimicking adenosine’s interactions with HSP90 (Figure 1.4).11 The selectivity 

for the ATP-binding pocket of HSP90 protein is a result of the L-shaped conformation of radicicol 

(3).12 Although radicicol (3) has been shown to be a potent HSP90 inhibitor in cellulo, it is 
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ineffective in animal models due to metabolic instability. Numerous analogues of radicicol (3) 

have therefore been synthesised to improve the pharmacokinetic profile with the hope of 

developing novel therapeutic compounds.5a,5d,13 Despite these developments, a clinical drug 

candidate based on the structure of radicicol has yet to be developed. 

 

Figure 1.4. Schematic representation of hydrogen bonding interactions of radicicol (3) and HSP90, which mimic 

those of ATP with HSP90. 

Members of the pochonin family of natural products were first isolated in 2003 from fermentation 

broths of Pochonia chlamydosporia with subsequent studies revealing that pochonin A (12) and 

D (13) were both potent HSP90 inhibitors (Figure 1.5).5b,14 Winssinger and co-workers synthesised 

analogues of pochonin D (13) to improve the pharmacological profile of this lead compound and 

discovered that pochoximes A–C (25–27) were active against a range of cancer cell lines.5b Of 

these synthetic analogues, pochoxime A (24) exhibited potent activity against astrocytic tumours 

in a preclinical mouse model for glioblastoma multiforme. SAR studies have identified several 

key structural features in pochoximes responsible for its biological activity which are indicated 

in Figure 1.5 below. 

 
Figure 1.5. Pochonin A (12) and D (13) and pochoximes A–C (25–27). The features required for bioactivity are 

highlighted. 
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C. Protein Kinase Inhibitors 

Resorcyclic acid lactones that possess a cis-enone moiety typically inhibit certain protein kinases. 

Examples include mitogen-activated protein kinase (MAPK), mitogen-activated protein kinase 

kinase 1 (MEK1), and transforming growth factor-β-activated kinase 1 (TAK1, Figure 1.6).5c 

Bioinformatic studies have revealed that a conserved cysteine residue (e.g. Cys166 in ERK2) in 

these kinases undergoes Michael addition to the cis-enone functionality, which leads to irreversible 

kinase inhibition. A search of the human kinome sequence database revealed that there are 46 

kinases containing the target cysteine for RALs.15 Many of these kinases contribute to the 

development of cancer by signalling the development and growth of tumour cells therefore cis-

enone RALs are promising lead compounds for cancer therapeutics.5d Preliminary results show 

that cis-enone RALs inhibit mammalian cell proliferation and tumour growth in animals.15 A 

synthetic analogue developed at Eisai, E6201 (28), has shown inhibitory activity against Fms-like 

tyrosine kinase 3 (FLT3) and RAS-mitogen-activated protein kinase (MAPK), both of which are 

involved in the MEK/ERK signalling pathway.16 E6201 has recently begun Phase I/IIa clinical 

trials in patients with advanced hematologic malignancies, including relapsed or refractory acute 

myeloid leukaemia (AML), high-risk myelodysplastic syndromes (MDS) and chronic 

myelomonocytic leukaemia (CMML).17 

 

Figure 1.6. Resorcyclic acid lactone kinase inhibitors and their relevant IC50 values. 

D. Antimalarials 

Several RALs have been shown to exhibit antimalarial activity. An example is, aigialomycin D, 

which was isolated from the mangrove fungus Agialus parvus (BCC 5311) together with 

aigialomycins A–C and E (29–32) and hypothemycin (5). Aigialomycin D (19) is the only member 

of the aigialomycin family that posseses antimalarial activity (IC50 6.6µM against Plasmodium 

falciparum, Figure 1.7).18 Furthermore, studies revealed that aigialomycin D (19) also exhibited 



Chapter One 

8 

inhibitory activity against CDK1 and 5, glycogen synthase kinase 3 (GSK3) and mitogen-activated 

protein kinase-interacting kinase 2 (MNK2).5d  

The paecilomycin family of natural products have been recently isolated from the Paecilomyces 

fungus (sp. SC0924).19 Paecilomycin F (20) (formerly known as paecilomycin E) exhibited potent 

antimalarial activity with an IC50 of 20 nM against Plasmodium falciparum line 3D7.5d 

 

Figure 1.7. Antimalarial resorcyclic acid lactones aigialomycin D (19) and pacilomycin F (20). 

E. Other Bioactive RALs 

Several other resorcyclic acid lactones have been isolated that exhibit unique biological activity. 

Cochiliomycin C (21) has been recently isolated from the fungus Cochliobolus lunatus and has 

shown antifouling activity (IC50 1.2 µM against Balanus amphitrite).20 Of the members of the 

pochonin family mentioned earlier, pochonin C (22) was shown to inhibit herpes simplex virus 

(IC50 6 µM) with a large therapeutic window.5d,14 To date, over 30 naturally occurring resorcyclic 

acid lactone natural products have been discovered and their interesting biological activity 

stimulates the ongoing investigation of this family of natural products. 

 

Figure 1.8. Cochiliomycin C (21), an antifouling agent and pochonin C (22), a HSV inhibitor. 
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1.3 Spiroketals 

1.3.1 Chemistry of Spiroketals 

Spiroketals are spirocyclic ring systems containing two oxygen atoms connected by a stereogenic 

spirocarbon. The spiroketal motif is found in a diverse range of natural products derived from 

plants, insects, microorganisms and marine organisms.21 5,5-, 5,6-, and 6,6- spiroketals are the 

most common ring systems found in nature (Figure 1.1).21a These spiroketal containing natural 

products typically exhibit interesting bioactivity, which has driven extensive research towards their 

synthesis and investigation as therapeutics.21-22 

 

Figure 1.9. Commonly observed spiroketal ring systems found in nature. 

Spiroketals possess a stereogenic spirocenter which is of great importance in organic synthesis. 

The configuration and conformation of the spiroketal stereocenter is usually governed by steric 

and electronic factors. However, the conformations of spiroketals containing a 6-membered 

saturated ring are generally governed by the anomeric effect. First observed in carbohydrates, the 

anomeric effect refers to the preference for heteroatom substituents at the anomeric centre (or 

spirocenter in the case of spiroketals) of a 6-membered heterocyclic ring to adopt the axial position 

rather than the equatorial position.21b,23 

 

Figure 1.10. Anomerically stabilised spiroketal conformations. 

The anomeric effect can be explained by two models: the hyperconjugative model21b and the 

electrostatic model24 (Figure 1.11).  
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The hyperconjugative model proposes a stabilising interaction between the non-bonding orbital 

(HOMO) of the oxygen lone pairs with the antibonding * orbital (LUMO) of the axial C-O bond 

(Figure 1.11).21b This favourable interaction of the overlapping orbitals requires an antiperiplanar 

arrangement of the oxygen lone pair and the C-O bond. Consequently, the oxygen substituent must 

be positioned axially despite the increased steric demand. This model agrees with experimental 

data24a,24b and has been supported theoretically.24c 

On the other hand, an electrostatic model has also been proposed to explain the anomeric effect.24 

In this model, the dipole-dipole interactions created by the oxygen atoms when the oxygen 

substituent is positioned axially oppose one another in the favoured conformer. In comparison, the 

dipoles in the conformer in which the oxygen substituent is positioned equatorially are parallel to 

each other leading to repulsive effects. These repulsive effects are more significant than the steric 

interactions imposed when the oxygen substituent is orientated in the axial position therefore the 

conformer in which the oxygen substituent in positioned axially is favoured. 

 

Figure 1.11. The hyperconjugation and electrostatic models to rationalise the anomeric effect. 

For a saturated 6,6-spiroketal there are four possible conformations for each spirocenter 

configuration (R or S, Figure 1.12).21b It is predicted that the oxygen atoms will be orientated 

axially in respect to the opposing ring as the doubly anomerically stabilised conformation is 

thermodynamically favoured. 
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Figure 1.12. Four possible conformations of a saturated 6,6-spiroketal. 

In relation to citreoviranol (1), the configuration and conformation of the spiroketal is governed 

by a combination of anomeric and steric effects (Figure 1.13). Even though citreoviranol is a 6,6-

spiroketal, only a single anomeric effect is possible. The benzannulated ring in citreoviranol (1) is 

relatively planar and therefore unable to adopt a chair conformation thus only the tetrahydropyran 

ring can adopt a chair conformation with an axially positioned oxygen. Consequently, there are 

only two possible conformations for the configuration of each spirocenter relative to the 2S methyl 

and 4R hydroxyl substituents. Although two of the four chair conformations are anomerically 

stabilised, namely conformers A and B, the R-spiroketal (conformer B) is disfavoured due to cis-

axial steric interactions between the methyl and hydroxyl substituents. The favoured conformation 

of the spiroketal in citreoviranol (1) is therefore conformer A with the S configuration at the 

spiroketal centre (C-6). 

 

Figure 1.13. Conformation and configuration of the spiroketal in citreoviranol (1).  
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1.3.2 6,6-Spiroketals 

6,6-Spiroketals are considered ‘privileged scaffolds for library design and drug discovery’.25 

Numerous 6,6-spiroketal containing natural products have shown potent anticancer, antibacterial 

and antiviral activity, as shown in Figure 1.14 below. For instance, the reveromycins (33) inhibit 

the activity of mitogenic epidermal growth factor (EGF),26 tautomycin (34) exhibits inhibitory 

activity against protein phosphatase,27 spirofungin A (35) inhibits isoleucyl-tRNA synthetase and 

the proliferative activity of cancer cells,28 integramycin (36) has been shown to inhibit HIV-1 

integrase29 and the spongistatin family of marine natural products (38) exhibit remarkable 

inhibitory activity against tumour cells.30 

 

Figure 1.14. Highly bioactive 6,6-spiroketals in nature. 

Recently, simple spiroketal structures derived from natural products have also demonstrated potent 

bioactivity (Figure 1.15).31 SPIKET-P (39) is a derivative of the spongistatin natural product (38) 

which has shown antimitotic properties.32 In 2005, Waldmann synthesised 6,6-spiroketal 40, a 

phosphatase inhibitor that indirectly modulates tubulin cytoskeleton formation in human cancer 

cells.33 Kikuchi and co-workers demonstrated that 6,6-spiroketals containing a benzyloxymethyl 

substituent such as 41 exhibit apoptosis inducing activity.34 Shortly after, dinemasone A (42) was 

isolated from dinemasporium strigosum and tested positive for antibacterial, antifungal and 
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antialgal activity.35 Earlier this year, Fuggetta and co-workers reported a novel spiroketal 

derivative 43 with high anticancer activity, thought to be due to its potent human telomerase 

inhibition and apoptosis induction.36 6,6-Spiroketal containing natural products and even simple 

6,6-spiroketals have shown a breadth of bioactivity rendering the spiroketal ring system a valuable 

motif in the development of lead therapeutic compounds. 

 

Figure 1.15. Highly bioactive 6,6-spiroketal derivatives. 

1.3.3 6,6-Benzannulated Spiroketals 

Over the years numerous spiroketal-containing natural products have been isolated. However, 

benzannulated spiroketals are a relatively rare subset of the spiroketal class of natural products.37 

The only examples of 6,6-benzannulated spiroketals discovered thus far are cynandiones A–E (44–

48),38 dehydrocollatolic acid (2),39 virgatolides A–C (49, 6, 50),40 chaetoquadrins A–C (7, 51, 

52),41 peniciketals A–C (10, 53, 54),42 peniphenone A (8),43 and penicophenone A (11).44 The 

latter three natural products were recent additions to the family in the last three years. Interestingly, 

several members of this family contain a similar substitution pattern on the tetrahydropyran ring 

of the spiroketal despite their diverse biogenic origins. Of the 6,6-benzannulated spiroketal family 

of natural products, only citreoviranol (1) and dehydrocollatolic acid (2) contain a 6,6-spiroketal 

lactone motif. 

A. Cynandiones 

Cynandiones A–C (44–46) were isolated by Lin et al. in 1995 from the rhizome of a Taiwanese 

anticancer folk medicine Cynanchum taiwaniamnum.38a Subsequently, cynandione D (47) was 

isolated a year later from the same species.38b Although analysis of cynandiones B–D (45–47) 

revealed they were dimeric forms of cynandione A (44), all of the structures were initially assigned 

incorrectly. Upon reevaluation of the NMR spectra, the structure of cynandione A was reassigned 

as 44 and consequently cynandiones B–D (45–47) were reassigned as bisbenzannulated spiroketals 

45, 46, and 47, respectively.45 Shortly after their reassignment, the relative stereochemistry of 
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cynandiones B–D (45–47) was reported by Lin et al.46 In 1999, cynantetrone (55), a dimer of the 

cynandiones was isolated from the same species.38a Cynandione E (48) was independently isolated 

from two different Cynanchum species, C. auriculatum and C. wilfordii.38c 

Biological testing of cynandione B (45) revealed that it has promising anti-inflammatory effects 

through its inhibitory effects on neutrophil activation. Cynandione B (45) exhibits potent 

dose-dependent inhibitory effects on the release of beta-glucuronidase and lysozyme in rat 

neutrophils stimulated with formyl-methionyl-leucyl-phenylalanine (fMLP, IC50 1.5 ± 0.2 and 

1.6 ± 0.2 μM, respectively). Additionally, cynandione B (45) exhibits inhibitory effects on 

superoxide anion formation in rat neutrophils stimulated with 3 nM phorbol 12-myristate 13-

acetate (PMA, IC50 78.0 ± 8.1 μM).46 Futhermore, cynandione B (45) and cynantetrone (55) also 

demonstrated anti-cancer activity. Cynandione B (45) and cynantetrone (55) exhibited in vitro 

activity against human bladder carcinoma T-24 cell lines (ED50 3.5 and 2.5 μg/mL, respectively). 

Cynandione B (45) is also cytotoxic towards human hepatoma PLC/PRF/5 cell lines (ED50 2.7 

μg/mL).47 A serependitous synthesis of cynandione B (45) was reported by Gill et al. in 2009.48 

 

Figure 1.16. Structures of cynandiones A–E (44–48) and cynantetrone (55). 
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B. Dehydrocollatolic Acid 

Dehydrocollatolic acid (2) is a novel depsidone spiroketal isolated as a minor metabolite alongside 

alectoronic acid (56) and α-collatolic acid (57) from the lichen Parmotrema nilgherrense in 2001 

(Figure 1.17).39 Depsidones 2, 56 and 57 share a common carbon skeleton but only 

dehydrocollatolic acid (2) contains the 6,6-spiroketal moiety. Although the structure of 

dehydrocollatolic acid (2) was elucidated by NMR and HRMS analysis, the configuration of the 

two chiral centres is yet to be determined. Notably, dehydrocollatolic acid is the only 6,6-spiroketal 

lactone natural product to be isolated aside from citreoviranol (1). To date, a total synthesis of 

dehydrocollatolic acid has yet to be reported. 

 

Figure 1.17. Structures of dehydrocollatolic acid (2), alectoronic acid (56), and α-collatolic acid (57).39 

C. Chaetoquadrins A–C 

Chaetoquadrins A–C (7, 51, 52) were first isolated in 2002 by Fujimoto et al.41 from the 

ascomycete Chaetomium quadrangulatum and later isolated from the ascomycete Chaetomium 

aureus by Li et al.49 They contain two structurally important motifs: a 6,6-benzannulated 

spiroketal and a chromanone.25 Chaetoquadrins B and C (51 and 52) differ from A (7) in terms of 

the relative stereochemistry between the substituents on the spiroketal ring system. Biological 

testing of chaetoquadrins A–C (7, 51, 52) revealed that they inhibit monoamine oxidase (5.3%, 

9.4%, 12.4% inhibition at 5.0 μg/mL, respectively). The total syntheses of these natural products 

were achieved by our group in 2013.50 

 

Figure 1.18. Strutures of chaetoquadrins A–C (7, 51, 52).41 
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D. Virgatolides A–C 

Virgatolides A–C (49, 6, 50, Figure 1.19) are a family of 6,6-benzannulated spiroketal natural 

products fused to a phthalide moiety. They were first isolated in 2011 by Che et al.40 from the 

endophytic fungus Pestalotiopsis virgatula (L147) collected from the leaves of Dracontomelon 

duperreanum. Notably, virgatolides B and C (6 and 50) contain a spiroketal core with a similar 

substitution pattern to citreoviranol (1) and chaetoquadrin A (7).51 Preliminary biological 

screening of these compounds revealed they are cytotoxic towards cervical epithelium HeLa cells 

with an IC50 of 19.0, 22.5 and 20.6 μM, for virgatolides A–C (49, 6, 50), respectively. The total 

synthesis of virgatolide B (6) has been accomplished by our group in 2013.51 

 

Figure 1.19. Structures of virgatolides A–C (49, 6, 50) by Che et al.40 

E. Peniciketals A–C 

In 2013, Liu et al. reported a family of 6,6-benzannulated spiroketals, peniciketals A–C (10, 53, 

54)42 isolated from the saline soil derived fungus Penicillium raistrickii collected along the coast 

of Bohai Bay in Zhanhua, China. The peniciketal family are characterised by an intriguing 2,8-

dioxabicyclo[3.3.1]nonane ring system. Evaluation of the biological activity of peniciketals A–C 

(10, 53, 54) against a range of cancer cells lines (A549, HL-60, and K562) revealed they had 

selective cytotoxity against HL-60 cancer cells (IC50 0.31, 0.085, and 0.23 μM, respectively). 

Patent protection has been sought as a result of their significant bioactivity.52 The synthesis of 

peniciketals A–C (10, 53, 54) has yet to be achieved. 

 

Figure 1.20. Structures of peniciketals A–C (10, 53, 54) by Liu et al.42 
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F. Peniphenone A and Penicophenone A 

In 2014, peniphenones A–D (8, 58–60) were isolated from the filamentous marine fungus 

Penicillium dipdomyicola from the mangrove plant Acanthus ilcifolium by Lu et al.43 Of these 

natural products only peniphenone A (8) contains a 6,6-benzannulated spiroketal core, although 

peniphenones A–D (8, 58–60) share a common biogenic precursor. Furthermore, peniphenone A 

(8) was isolated as a racemic mixture, with the enantiomers separated by chiral HPLC. Although 

peniphenone A (8) was not isolated in sufficient quantities for biological testing, preliminary 

biological screening of peniphenones B and C (58 and 59) displayed potent inhibition of tyrosine 

phosphatase B in Mycobacterium tuberculosis, a signalling protein specific to this species of 

bacteria (IC50 0.16 ± 0.02 and 1.37 ± 0.05 μM, respectively). Shortly after its isolation, the 

biomimetic total synthesis of peniphenone A–D (8, 58–60) was published by George and Spence, 

which will be discussed in the following section.53 

 

Figure 1.21. Structures of peniphenone A–D (8, 58–60) by Lu et al43 and penicophenone (11) by Zhang et al.44 

Most recently, penicophenone A (11) was isolated from the endophytic fungus Penicillium 

commune from Vitis vinifera (Figure 1.21).44 Penicophenone A (11) bears structural similarities 

with peniphenone A (8), however, penicophenone A (11) lacks a pendant methyl group on 

carbon-10. This suggests that they may have a similar biosynthetic pathway starting from different 

pyrone derived precursors (5-hydroxy-6-methyl-pyrone (63) in penicophenone A (11) rather than 

5-hydroxy-3,6-dimethyl-pyrone (61) for peniphenone A (8), Scheme 1.1).44 The total synthesis of 

penicophenone A (11) has yet to be achieved. 
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Scheme 1.1. Analogous biosynthetic pathways of peniphenone A (8) and penicophenone A (11). 
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1.3.4 Biosynthesis of 6,6-Benzannulated Spiroketals 

The proposed biosyntheses of 6,6-benzannulated spiroketal natural products occurs via a 

polyketide pathway originating from acetyl coenzyme A (64). Due to the similar substitution 

patterns about the spiroketal present in some of these 6,6-benzannulated spiroketals (i.e. 

citreoviranol (1), virgatolide B (6), chaetoquadrin A (7), peniciketal (10) and penicophenone A 

(11)), it is thought that these natural products have a common biosynthetic pathway (Figure 1.22).  

 

Figure 1.22. 6,6-benzannulated spiroketals containing a similar substitution about the spiroketal ring (highlighted 

in red). 

A. Biosynthesis of Citreoviranol 

The biosynthesis of citreoviranol proposed by Yamamura et al. originates from heptaketide unit 

66 (Scheme 1.2).1 Aromatisation of 66 and reduction would generate hydroxyketone 67, which is 

susceptible to spiroketalisation to furnish citreoviranol (1). 

 

Scheme 1.2. Proposed biosynthesis of citreoviranol (1) by Yamamura et al.1 
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B. Biosynthesis of Peniciketal A 

The initial steps in the proposed biosynthetic pathway of peniciketal A (10) is analogous to that of 

pathway A for citreoviranol (1) whereby aromatisation and methylation of heptakide 66 generates 

intermediate 70 (Scheme 1.3).42 Peniciketal A (10) is a dimeric natural product comprised of two 

units of intermediate 70. One unit of intermediate 70 is reduced to aldehyde 71 with concomitant 

elimination of the hydroxyketone. A second unit of intermediate 70 is reduced to alcohol 72, which 

cyclises to furnish spiroketal 73. Electrophilic aromatic substitution of 73 with α,β-unsaturated 

ketone 71 followed by ketalisation would generate peniciketal A (10). 

 

Scheme 1.3. Proposed biosynthesis of peniciketal A (10).42 

C. Biosynthesis of Virgatolide B 

Unlike citreoviranol (1) and peniciketal A (10), the proposed biosyntheses of virgatolide B (6), 

peniphenone and penicophenone are thought to proceed via a pyrone biosynthetic intermediate 

(Scheme 1.4).40,43-44 For the biosynthesis of virgatolide B (6), the pyrone intermediate 71, which 

is generated from acetyl CoA (64) and two molecules of malonyl CoA (65).40 Condensation of 

pyranone 71 with malonyl CoA (65) furnishes hemiacetal 72. Coupling of 72 with phthalide 73 

and subsequent spiroketalisation then affords spiroketal 74, which is converted to virgatolide B 

(6) by further enzymatic modifications. 
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Scheme 1.4. Proposed biosynthesis of virgatolide B (6). 

D. Biosynthesis of Peniphenone A 

In the case of peniphenone A (8), the pyrone precursor is 4-hydroxy-3,6-dimethyl-2-pyranone (61) 

(Scheme 1.5).43 Condensation of pyrone 61 with malonyl CoA (65) generates intermediate 75 

which may undergo conjugate addition to the terminal methylene group of ortho quinone methide 

62 to generate spiroketal intermediate 76. Further elaboration of this intermediate then generates 

peniphenone A (8). The biogenetic pathway of penicophenone A (11) is thought to be similar to 

that of peniphenone but using 4-hydroxy-6-methyl-2-pyranone (63), a similar biosynthetic 

intermediate as for virgatolide B (6) (Scheme 1.4).44 

 

Scheme 1.5. Proposed biosynthesis of peniphenone A (8). 
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In 2015, George and Spence completed a biomimetic total synthesis of peniphenone A–D (8, 58–

60).53 Their approach to peniphenone A (8) employed a key hetero-Diels Alder reaction, which 

was inspired by the biosynthesis proposed by Lu, She and co-workers (Scheme 1.6). Initial model 

studies proved that cycloaddition of ortho quinone methide 62 with 2-methylenetetrahydro-2H-

pyran (79) (a simplified version of 77) was possible. However, enol ether 77 could not be prepared 

for the application of this cycloaddition to the peniphenone A ring system (8). Consequently, a 

complementary strategy was developed that featured a Michael addition of enolate 82 with ortho 

quinone methide 62 and subsequent spiroketalisation to complete the synthesis of peniphenone A 

(8). 

 

Scheme 1.6. Biomimetic studies employed in the total synthesis of peniphenone A (8).53 
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1.4 Synthesis of Spiroketals 

There are numerous ways to construct spiroketals from a diverse range of precursors enabling 

great flexibility for the synthesis of spiroketal containing natural products (Figure 1.23). 

Commonly used methods for spiroketalisation involve acid-catalysed cyclisation of 

dihydroxyketones, ring closing metathesis of alkenes, oxa-Michael additions of α,β-unsaturated 

ketones, an array of different cycloadditions and transition metal-catalysed cyclisation of 

dihydroxyalkynes. These methods have been extensively reviewed.54 Of the transition metal 

catalysed cyclisations, the use of gold has emerged as a mild, selective catalyst to effect 

spiroketalisation of dihydroxyalkyne precursors.55 

 

Figure 1.23. Overview of the methods available for the construction of spiroketals adapted from Brimble et al.54 
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1.5 Gold Catalysis 

1.5.1 Reactivity of Gold 

Elemental gold has an electronic configuration of [Xe] 4f14 5d10 6s1. Although its oxidation states 

can vary from −1 to +5, homogenous gold catalysts primarily exist in two oxidation states: gold(I) 

and gold(III). Both reactive species have been utilised to catalyse a variety of reactions for organic 

synthesis.55-56 

A. Gold(I) Catalysts (d10) 

The simplest commerically available gold(I) catalyst is gold(I) chloride. However, while gold(I) 

chloride is relatively bench stable, its use is limited due to its rapid reduction to gold(0) and its 

modest activity in some organic reactions. Consequently, gold(I) catalysts commonly exist as a 

complex with a spectator ligand, usually strong σ-donors such as phosphines, dimethylsulfide or 

N-heterocyclic carbenes. Gold(I) complexes are usually bicoordinate and linear with the metal 

centre strongly coordinated to the spectator ligand and weakly coordinated to the halide 

counterion. The stable gold(I) complex is usually unreactive but it may be activated in situ by 

displacement of the weakly coordinated halide using silver salts such as silver triflate or silver 

hexafluoroantimonate. This forms the active gold(I)+ complex with a weakly bound counterion, 

such as triflate or hexafluoroantimonate. 

 

Scheme 1.7. Activation of gold complex by silver salts. 

Stable catalytically active cationic gold(I) complexes have recently been discovered by Echavarren 

and Gagosz, and are also commercially available (Figure 1.24).57 These catalysts are air and 

moisture stable and do not need to be activated by hygroscopic silver salts, which often produce 

trace quantities of Brønsted acids.  
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Figure 1.24. Air-stable cationic gold(I) catalysts discovered by Echavarren and Gagosz. 

B. Gold(III) Catalysts (d8) 

Gold(III) catalysts are most commonly tetracoordinate and exist in a square planar conformation. 

The most common gold(III) catalyst is commercially available gold trichloride. Similarly, gold 

tribromide or cationic gold complexes such as gold(III) triflate and gold(III) hexafluoroantimonate 

(generated in situ from gold trichloride and the requisite silver salts) have also been employed in 

organic reactions. 

C. Properties of Gold Catalysts 

Gold complexes possess large diffuse molecular orbitals thus their reactivity is dominated by 

orbital interactions as opposed to charge interactions. Gold complexes are therefore considered 

‘soft’ Lewis acids. Consequently, gold complexes are less oxophilic than other Lewis acids, 

reacting preferentially with ‘soft’ electrophiles such as π-systems (e.g. double and triple bonds). 

Coordination of gold complexes to C-C multiple bonds activates them towards nucleophilic attack. 

The molecular orbital interactions between the gold orbitals and alkene orbitals were summarised 

in a review by Davies and Furstner (Figure 1.25).58 There are four interactions that contribute to 

the bonding of gold with alkynes. The major orbital interactions involve (i) σ-donation of the π 

system of the alkyne to the dz
2 orbital of the gold, (ii) back-donation from the dxz orbital of the 

gold to the π* orbital of the alkyne, (iii) π-donation of the π orbital of the alkyne to the dyz orbital 

of the gold, and (iv) back-donation from the dxy orbital of the gold to the π* orbital of the alkyne. 

The selectivity of gold for carbon-carbon triple bonds means that gold catalysis has high functional 

group tolerance and consequently is a valuable tool for complex natural product synthesis. Several 

examples of gold-catalysed spiroketalisation to access natural products will be described in Section 

1.5.4. 
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Figure 1.25. Orbital diagram showing the interaction between the gold metal and an alkyne. 

In addition to the high functional group tolerance of gold catalysts, gold-catalysed reactions 

usually require very mild conditions: room temperature or gentle heating, low catalyst loading and 

relatively short reaction times. Both gold(I) and gold(III) are diamagnetic thus gold-catalysed 

reactions can be monitored and analysed by NMR spectroscopy. Gold is also relatively non-toxic 

compared to other transition metal catalysts. These features have generated increasing interest in 

gold-catalysis, which has emerged as a robust synthetic tool for nucleophilic additions of 

heteroatoms to carbon-carbon multiple bonds for the preparation of heterocyclic compounds.  

D. Regiochemical Issues in Gold Catalysis 

Coordination of gold to an alkyne activates the alkyne toward nucleophilic attack at either of the 

two alkyne carbon atoms. Because the alkyne may be attacked at either site, regioselectivity is a 

concern. There are three key factors governing the site of nucleophilic attack (Figure 1.26). Most 

importantly, nucleophilic attack will proceed at the site of least steric hindrance. Secondly, 

polarisation of the triple bond by substituents neighbouring the alkyne will also affect the 

regioselectivity. Electron-withdrawing substituents at the propargylic position will direct 

nucleophilic attack at the carbon furthest from the substituent to avoid the formation of 

destabilising positive charges at adjacent carbons in the transition state. This concept was 

employed by Trost et al. in work directed towards the total synthesis of (–)-ushikulide A (discussed 

in Section 1.5.3.C).59  

 



Introduction 

27 

For an intramolecular cyclisation, Baldwin’s rules are important for the identification of 

energetically favourable ring formation processes based on (i) the resultant ring size, (ii) whether 

the broken bond is located ‘inside’ (endo) or ‘outside’ (exo) the newly formed ring and (iii) the 

hybridisation on the electrophilic atom (sp (digonal), sp2 (trigonal) or sp3 (tetrahedral)). All dig 

cyclisations are favoured according to Baldwin’s rule except for 3- and 4-exo cyclisations. Ring 

formation depends on both the probability of bringing the two ends together (entropy factor) and 

the ring strain characterised by the bond angles in the transition state and the formed ring (strain 

factor). In general, 5-membered ring formation is more favourable than 6-membered rings due to 

favourable strain and entropy factors. However, in some cases other factors may favour 

6-membered ring formation over 5-membered ring formation. For example, in the mercuric 

chloride catalysed cyclisation of trans substituted cyclopentane B, 6-membered ring formation 

was favoured over 5-membered ring formation due to the ring strain in the developing 5,5-fused 

ring system.60 

 

Figure 1.26. Factors governing the regioselectivity of nucleophilic addition to alkynes. 

Lack of regiocontrol is a common problem in gold-catalysed reactions as it results in the generation 

of isomeric products. In some of the following examples, gold-catalysed spiroketalisation 

generated undesirable spiroketal isomers and modification of the cyclisation precursor was 

required to favour the desired product. 
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1.5.2 Gold-Catalysis in Organic Synthesis 

For a long time, the scarcity and expense of gold limited its use in organic chemistry. However, 

while gold is indeed rare and expensive, its application has been underdeveloped in organic 

synthesis and catalysis compared to other precious metals such as platinum, rhodium and 

palladium in organic synthesis (Figure 1.27).  

  

Figure 1.27. Left: Relative abundance of chemical elements in Earth’s upper continental crust as a function of 

atomic number. Right: Prices of several precious metals.*

The first use of gold as a catalyst was serendipitously discovered by Thomas in 1976 who 

generated ketones 86 and 87 as the major products upon subjection of alkyne 85 to tetrachloroauric 

acid in aqueous methanol (Scheme 1.8).61 Despite this discovery, during the 1980s and 1990s 

homogenous gold catalysis was neglected by organic chemists. Since the discovery of gold-

catalysed reactions in 1976, there were only 13 reports of gold utilised in organic reactions in a 

review published by Dyker in 2000.62 It was not until the turn of the millennium that gold-catalysed 

reactions became more frequent in organic synthesis, with a rapid expansion in recent years, 

generating a ‘gold rush’.  

 

Scheme 1.8. First gold-catalysed reaction reported by Thomas.61 

                                                 
* Sourced from: Money Metals. Precious Metal Charts https://www.moneymetals.com/precious-metals-charts/ 

(accessed on December 1st, 2016) and Heraeus Metal Management 

https://www.heraeus.com/en/hmm/pm_prices/prices.aspx (accessed on December 1st, 2016) 
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The first use of gold to construct spiroketals was reported by De Brabander et al. in 2006.63 In this 

work, methyl(triphenylphosphine)gold catalysed the conversion of dihydroxyalkyne 90 to a 

regioisomeric mixture of 6,6-spiroketal 91 and 5,7-spiroketal 92 in excellent yield.  

 

Scheme 1.9. Gold-catalysed spiroketalisation adapted from De Brabander et al.63 Reagents and conditions: i) 

MeAuPPh3, AgPF6, iPr2O, 91:92 (1:3.7), 92%. 

In the last decade, multiple reviews promoting the catalytic activity of gold have been published.55 

The utility of gold catalysts has been demonstrated in the late stage construction of complex natural 

products, such as ushikulide A (93), spirodienal A (94), spirangien A methyl ester (95) and 

spirastrellolide E (96) and F methyl ester (97), azaspiracid (98), cephalosporolides (99), 

cephalostatin 1 (100), and okadaic acid (101) (Figure 1.28). The use of gold catalysis in the 

synthesis of these spiroketal-containing natural products will be described in the following section. 

 

Figure 1.28. Selected spiroketal-containing natural products.  
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1.5.3 Gold-Catalysis in the Synthesis of Spiro, Bridged, and Fused Ketal 

Natural Products 

A. Azaspiracid  

In 2007, Forsyth and co-workers utilised a gold-catalysed spiroketalisation in the synthesis of the 

AB ring system of the shellfish toxin azaspiracid 98 (Scheme 1.10).64 Cyclisation precursor 104 

was prepared by copper-catalysed coupling of alkyne 102 and iodide 103. The gold-catalysed 

spiroketalisation of hydroxyalkyne 104 commenced with associative syn-addition of the C6 

alcohol to activated alkyne 106 to form the A ring. Protodeauration followed by protonation 

generates oxonium ion 108, which is susceptible to nucleophilic attack by the C13 methoxy 

oxygen atom to generate the B ring. Demethylation of 109 then liberates fragment 105. NOE 

studies indicated that acidic reaction conditions in protic solvents produced the thermodynamically 

favoured spiroketal 105. 

 

Scheme 1.10. Synthesis of the AB spiroketal ring system of azaspiracid (98) via gold catalysis.64 
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B. Okadaic Acid 

Okadaic acid (101) possesses multiple spiroketal units within its structure. The C15−C27 fragment 

107 and C28−C38 fragment 109 were constructed using gold catalysis in the total synthesis 

completed by Forsyth et al (Scheme 1.11).65 For the C28−C38 fragment 109, the regioselectivity 

of the cyclisation was controlled by the stereochemistry of the C33 alcohol. For 31,33-syn triol 

108b, 5-exo-dig cyclisation of the C31 secondary alcohol would proceed through an unhindered 

transition state 110 to furnish vinyl gold species 111. Protodeauration of 111 followed by 

protonation would generate oxonium ion 113, which is susceptible to attack by the primary alcohol 

to generate 5,7-spiroketal epimers 114a and 114b (Scheme 1.12). 

 

Scheme 1.11. Synthesis of the C15−C27 107 and C28−C38 109 fragments of okadaic acid (101).65 

 

Scheme 1.12. Proposed mechanism for regioselective cyclisation of 31,33-syn triol 110.65 
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On the other hand, 5-exo-dig cyclisation of the C31 secondary alcohol in 31,33-anti triol 108a 

would need to proceed via a sterically hindered syn five-membered transition state 115a whereas 

6-exo-dig cyclisation of the primary alcohol would proceed through a less hindered six-membered 

transition state (Scheme 1.13). Cyclisation would thus proceed via the 6-exo-dig pathway to 

generate enol ether 116. Subsequent protodeauration and elimination of enol ether 116 would 

generate allenol 117, which tautomerises to oxonium ion 118. 6-Exo-trig cyclisation of the 

secondary alcohol of oxonium ion 118 would then afford 6,6-unsaturated spiroketal 109.  

 

Scheme 1.13. Proposed mechanism for regioselective cyclisation of 31,33-anti triol 108a.65 

C. Ushikulide A 

In 2009 Trost et al. completed the total synthesis and stereochemical assignment of the 

6,6-spiroketal natural product ushikulide A (93, Scheme 1.14).59 This synthesis utilised gold 

catalysis for the formation of the spiroketal fragment. The regioselectivity of this reaction was 

governed by the electronic character of the alkyne and the use of a coordinating benzoyl protecting 

group (for a more detailed discussion see Section 4.9). Although cyclisation of the unprotected 

C21 alcohol precursor 119 exclusively gave the elimination product 121, cyclisation of 120 with 

a benzoyl protected C21 alcohol yielded the desired spiroketal 123 as the major product. 
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Scheme 1.14. Synthesis of the spiroketal ring system in ushikulide A (93) via gold catalysis.59 

D. Cephalostatin 1 

In 2012 the Shair group completed the total synthesis of cephalostatin 1 (100) (Scheme 1.15).66 

The synthesis utilised a gold-catalysed hydroalkoxylation of 125 to prepare the spiroketal ring 

system in the eastern fragment of cephalostatin 1 (100). The hydroxyalkyne precursor 125 was 

readily prepared from 124 in 8 steps featuring a Sonogashira cross-coupling reaction. The gold 

catalysed 5-endo-dig cyclisation of the homopropargylic alcohol in hydroxyalkyne 125 onto the 

sterically hindered internal alkyne yielded dihydrofuranone 126. Elaboration of 126 to spiroketal 

127 in seven steps provided the eastern fragment of cephalostatin 1 (100). 

 

Scheme 1.15. Synthesis of cephalostatin 1 (100) featuring a gold-catalysed hydroalkoxylation for the preparation of 

the spiroketal ring system in the eastern fragment highlighted in red.66 
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E. Cephalosporolide H 

In 2010, Tlais and Dudley completed the total synthesis of the anti-inflammatory agent, 

cephalosporolide H (131) featuring a gold-catalysed spiroketalisation and epimerisation (Scheme 

1.16).67 Cyclisation precursor 129 was prepared from pantolactone (128) over 9 steps. Treatment 

of dihydroxyalkyne 129 with gold(I) chloride in methanol induced spiroketalisation with 

concomitant deprotection to furnish spiroketal 130a/b as a 1:1 mixture of diastereomers. Chelation 

controlled epimerisation of the diastereomeric mixture of 130a/b using zinc chloride and 

magnesium oxide followed by TEMPO oxidation afforded cephalosporolide H (131) as a 20:1 

diastereomeric mixture favouring the desired spiroketal stereochemistry. 

 

Scheme 1.16. Synthesis of cephalosporolide H (131).67 

F. Spirastrellolide F Methyl Ester 

In the second generation synthesis of spirastrellolide F methyl ester (97), Furstner et al. employed 

a late stage gold-catalysed spiroketalisation for the formation of the BC ring system (Scheme 

1.17).68 Cyclisation of dihydroxyalkyne 132 using Echavarren’s gold catalyst resulted only in the 

formation of the corresponding dihydropyranone, therefore treatment with acid was necessary to 

effect cyclisation of the sterically hindered secondary alcohol to form the C ring and complete the 

macrocyclic framework of spirastrellolide F methyl ester (97). 
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Scheme 1.17. Synthesis of the BC spiroketal ring system of spirastrellolide F methyl ester (97) via a late stage 

gold-catalysed spiroketalisation.68 

G. Didermniserinolipid B 

Ramana and co-workers utilised transition-metal catalysis in the formal synthesis of 

didermniserinolipid B (138, Scheme 1.18).69 The cyclisation precursor was prepared from alcohol 

134 and alkyne 135 in two steps. Cyclisation of acetonide protected diol 136 using 

chlorotriphenylphosphine gold(I) in the presence of silver hexafluoroantimonate furnished bridged 

ketal 137 in excellent yield. Notably, no ketal 137 was observed when palladium catalysts were 

employed to effect this transformation.  

 

Scheme 1.18. Synthesis of didermniserinolipid B (138).69 
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H. Alboatrin, Noralboatrin, Xyloketals D and G,  

In 2013 Sarkar and co-workers completed the total synthesis of the neurologically active natural 

product alboatrin 141, featuring a one-pot desilylation/gold-catalysed cyclisation as the key step 

(Scheme 1.19).70 Initial model studies by Sarkar revealed that gold(I) chloride and gold(III) 

chloride were the optimum catalysts for this transformation. Alkyne 140 was prepared in six steps 

as the precursor for the final gold-catalysed cyclisation step to form alboatrin (141). Gold(I) 

chloride was ineffective at catalysing the reaction and this was attributed to its rapid reduction to 

gold(0). In contrast, gold(III) chloride in the presence of tert-butylammonium fluoride and 

pyridinium p-toluenesulfonate was just as effective as in the model study and furnished alboatrin 

(141) in excellent yield. Noralboatrin (142), xyloketals D (143) and G (144) were prepared by 

analogous procedures. 

 

Scheme 1.19. Synthesis of alboatrin (141), noralboatrin (142), xyloketal D (143) and G (144) via one-pot 

desilylation/gold-catalysed cyclisation.70 

I. Spirodienal A and Spirangien A Methyl Ester 

In 2014 Ley and co-workers completed the total synthesis of spirodienal A (94) and spirangien A 

methyl ester (95) using a combination of batch and flow chemistry (Scheme 1.20).71 The syntheses 

of these natural products shared a common intermediate, namely spiroketal 151, which was in turn 

derived from alkyne 149. Alkyne 149 was synthesised via coupling of alkyne 148 with aldehyde 

147, both of which were derived from homoallylic alcohol 146, which was readily synthesised in 

multigram quantities using flow chemistry. Elaboration of alkyne 149 furnished spiroketalisation 

precursor 150 in five steps. Although gold-catalysed spiroketalisation of alkyne 150 gave a mixture 

of products, desired spiroketal 151 was isolated as the major product in moderate yield. The 

relative stereochemistry of 151 was confirmed by NMR spectroscopy. Elaboration of spiroketal 

151 in three steps to spirodienal A (94) completed the first total synthesis of this natural product 
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and confirmation of its structure and absolute stereochemistry. Furthermore, spiroketal 151 was 

also elaborated spirangien A methyl ester (95) in five steps. The ability to use gold catalysis in the 

late stage spiroketalisation of alkyne 150, which contains multiple free alcohols and a non-

participating alkyne, demonstrates the utility of gold catalysis in the synthesis of highly 

funtionalised substrates. 

 

Scheme 1.20. Synthesis of spirodienal A (94) and spirangien A methyl ester (95) using a combination of flow and 

batch chemistry.71 
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J. Cephalosporolide E and F 

In 2014 Ramana and co-workers synthesised cephalosporolides E (155a) and F (155b) using a 

gold-catalysed spiroketalisation (Scheme 1.21).72 Cyclisation precursor 153 was prepared from 

glucose diacetonide 152 over 8 steps. Initial attempts to effect spiroketalisation of alkyne 153 using 

palladium catalysts were unsuccessful. Upon exposure of alkyne 153 to chlorotriphenylphosphine 

gold(I) in the presence of silver hexafluoroantimonate, an epimeric mixture of spiroketals 154a/b 

was obtained in 85% yield. The synthesis was completed in a further three steps at which stage the 

separation of cephalosporolide E (155a) and F (155b) was possible. 

 

Scheme 1.21. Synthesis of cephalosporolides E (155a) and F (155b) using gold catalysis.72 

K. Spirastrellolide E 

Smith and co-workers investigated a late stage gold-catalysed spiroketalisation to construct the 

southern hemisphere of spirastrellolide E (96, Scheme 1.22).73 Cyclisation of 13,15-anti triol 156 

using Echavarren’s catalyst in dichloromethane furnished desired 6,6-unsaturated spiroketal 159 

in excellent yield. Interestingly, cyclisation of 13,15-syn triol 157 using the same conditions 

yielded the regioisomeric enol ether 160 as a result of attack at the C16 acetylene carbon. 

Following the work by Aponick et al.74 Smith adapted the syn cyclisation precursor to acetonide 

protected triol 158 in order to temporarily mask the C13 alcohol and direct cyclisation of the C21 

alcohol first. Cyclisation of acetonide 158 gave desired spiroketal 159 in 24%.  
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Scheme 1.22. Synthesis of the southern hemisphere 159 of spirastrellolide E (96) using gold catalysis.73 

  



Chapter One 

40 

1.6 Aims of the Present Research 

Citreoviranol (1) is a 6,6-spiroketal lactone belonging to a family of biologically active resorcylic 

acid lactone natural products. While resorcyclic acid lactones exhibit interesting biological activity 

and 6,6-spiroketals are considered ‘privileged scaffolds’ in drug discovery, citreoviranol has yet 

to be biologically tested. The interesting molecular architecture and potential therapeutic value of 

citreoviranol (1) inspired us to develop a synthesis of citreoviranol (1) to enable a thorough 

investigation of its biological activity. Gold-catalysed reactions are well known in the preparation 

of complex heterocyclic compounds and the mild reaction conditions, high functional group 

tolerance and use of an environmentally friendly catalyst motivated us to use this as a key step in 

our synthetic strategy. The main aim of this research is therefore to utilise gold-catalysis for the 

preparation of the spiroketal core of citreoviranol (1). 

 

Figure 1.29. Synthetic target of the present research. 
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2.1 Retrosynthetic Analysis of Citreoviranol (1) 

Our initial retrosynthetic strategy towards citreoviranol (1) focused on the key gold-catalysed 

cyclisation of alkynol acid 160 to construct the spiroketal lactone core. (Scheme 2.1). Cyclisation 

precursor 160 would be accessed via Sonogashira cross-coupling of bromide 161 and alkyne 162. 

Bromide 161 would be obtained by oxidation and methylation of aldehyde 163, which would in 

turn be obtained by formylation of readily available 3,5-dimethoxybromobenzene (164). Alkyne 

162 would be prepared from commercially available ethyl (S)-3-hydroxybutyrate (167). Based on 

Evans’ model for 1,3-stereoinduction in Mukaiyama aldol reactions,75 coordination of aldehyde 

166 with boron trifluoride was expected to direct the addition of propargyl zinc bromide 165 to 

166 to form alkyne 162 with the correct anti stereochemistry. Aldehyde 166 would be accessed 

via protection and reduction of ester 167. 

 

 Retrosynthetic strategy for the synthesis of citreoviranol (1). 
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2.2 Synthesis of Sonogashira Coupling Partners 

In order to investigate the key cyclisation of 160, initial attention focused on the assembly of the 

Sonogashira coupling partners, bromide 161 and alkyne 162 (Scheme 2.2). 

 

 Disconnection of alkyne 160 into Sonogashira coupling partners bromide 161 and alkyne 162. 

2.2.1 Synthesis of Aromatic Coupling Partner 161 

Following literature procedures,76 synthesis of bromide 168 was achieved via Vilsmeier 

formylation of 3,5-dimethoxybromobenzene (164) using phosphorous oxychloride and 

dimethylformamide (Scheme 2.3). Pinnick oxidation of resulting aldehyde 163 using sodium 

chlorite and sodium hydrogen phosphate in the presence of 2-methyl-2-butene as a hypochlorous 

acid scavenger afforded the corresponding carboxylic acid 168. Although the conditions for the 

synthesis of acid 168 are known, there are no reports of its spectroscopic data. The chemical 

structure of acid 168 was confirmed by 1H and 13C NMR, IR and HRMS analysis. 

 

 Synthesis of acid 168. Reagents and conditions: i) POCl3, DMF, rt, 30 min, then 100 °C, 4 h, 80%. ii) 

NaClO2, NaH2PO4, 2-methyl-2-butene, t-BuOH/H2O (5:1), rt, 15 min, used as crude. 

The mechanism for formylation of 3,5-dimethoxybromobenzene (164) begins with in situ 

formation of the Vilsmeier-Haack formylating reagent C (Scheme 2.4). Electrophilic aromatic 

substitution of 3,5-dimethoxybromobenzene (164) forms alpha-chloro amine D, which is rapidly 

hydrolysed to the desired aldehyde during work-up. 
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 Mechanism of the Vilsmeier-Haack reaction. 

Pinnick oxidation of aldehyde 163 involves the formation of chlorous acid as the active oxidant, 

which is formed from sodium chlorite and sodium dihydrogen phosphate under acidic conditions 

(Scheme 2.5). Mechanistically, the reaction begins with protonation of the aldehyde and addition 

of chlorite to activated aldehyde A followed by a 1,2-hydride transfer (pericyclic fragmentation) 

of B to generate acid 168. 2-Methyl-2-butene is required as a scavenger for the hypochlorous acid 

formed during the reaction to prevent consumption of the chlorite or undesired side reactions. 

 

 Mechanism of the Pinnick oxidation. 

With access to sufficient quantities of acid 168, synthesis of methyl ester 161 was next investigated 

(Table 2.1). The first approach involved conversion of acid 168 to the corresponding acid chloride 

using thionyl chloride and quenching with methanol (entry 1). Surprisingly, the major product of 

the reaction was decarboxylated starting material 164 with only small quantities of methyl ester 

161 isolated. The use of classical methylation conditions of sulphuric acid in refluxing methanol 
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also resulted in the isolation of decarboxylated starting material 164 as the major product (entry 

2). Minor quantities of ester 161 were observed when the reaction was monitored by thin layer 

chromatography. Conversion of acid 168 to the acid chloride using oxalyl chloride in 

dimethylformamide followed by a methanol quench was more promising, but only 54% yield of 

methyl ester 161 was obtained even though complete conversion was indicated by thin layer 

chromatography (entry 3). Despite its toxicity, methylation using methyl iodide and potassium 

carbonate pleasingly afforded ester 161 in 84% yield (entry 4). The chemical structure of ester 161 

was confirmed by complete spectral analysis (1H and 13C NMR, IR and HRMS). 

Table 2.1. Methylation conditions. 

 

entry conditions 164 (%)a 161 (%)a 

1 SOCl2, MeOH 63 19 

2 H2SO4, MeOH major* minor* 

3 oxalyl chloride, DMF, MeOH - 54 

4 K2CO3, MeI, DMF - 84 

aisolated yield over 2 steps except for entry 2* 

*observations based on TLC and crude NMR 
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2.2.2  Synthesis of Alkyne Coupling Partner 173 

With desired bromide 161 in hand, attention turned to the synthesis of alkyne coupling partner 

173. Synthesis began from commercially available ethyl (S)-3-hydroxybutyrate 167, which was 

readily protected as ethoxymethyl ether 169 using ethoxymethyl chloride in the presence of 

diisopropylethylamine in dichloromethane (Scheme 2.6). It was found that a major improvement 

in the quality and yield of the product could be achieved by washing the organic extracts with 0.5 

M aqueous citric acid solution during the work-up. This facilitated the removal of 

diisopropylethylamine and cleanly afforded ester 169 upon purification by column 

chromatography. Reduction of protected ester 169 using diisobutylaluminium hydride (1.0 M in 

toluene) at −78 °C in dichloromethane and purification via column chromatography to remove 

toluene afforded volatile aldehyde 170.  

 

 Synthesis of aldehyde 170. Reagents and conditions: i) EOMCl, DIPEA, CH2Cl2, 0 °C, 1 h then rt, 16 

h, 98%. ii) DIBAL (1.0 M in toluene), CH2Cl2, –78 °C, 1 h, 95%.  

With aldehyde 170 in hand, attention turned to asymmetric propargylation of 170 to prepare alkyne 

coupling partner 173 (Scheme 2.7). Previous work by members of our group have utilised aldehyde 

166 in diastereoselective Mukaiyama aldol reactions and we had hoped to exploit the same method 

for the preparation of alkyne 162.51b 

 

 Adaptation of the Mukaiyama aldol reaction for the propargylation of aldehyde 166. 

Although the nucleophiles are different, the 1,3-anti selectivity is predicted to be governed by 

steric and electrostatic interactions within the aldehyde-BF3 complex, as proposed by Evans et al. 

(Figure 2.1).75 This model is based on two assumptions. Firstly, it is assumed that the aldehyde is 
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staggered with respect to the newly formed bond in conformer 172a and it is also staggered in 

relation to the alpha substituents in conformer 172b. Secondly, it assumed that the new bond is 

formed anti to the Cα-Cβ bond to minimalise repulsions between the α-substituent and the 

nucleophile. Additionally, the dipole-dipole repulsions in conformer 172c in which the Cα-Cβ bond 

is rotated, are absent in conformer 172b. Consequently, based on Evans model, 172a is the 

preferred conformer and thus nucleophilic attack is expected to lead to the formation of the 1,3-

anti isomer. 

 

Figure 2.1. 1,3-asymmetric induction model adapted from Evans et al.75 

Initial attempts at propargylation of aldehyde 170 without a Lewis acid involved using propargyl 

zinc bromide formed in situ from propargyl bromide and zinc powder in tetrahydrofuran at 0 °C 

for one hour. A solution of aldehyde 170 in tetrahydrofuran was added to the organozinc mixture 

and after 15 minutes alkyne 173 was isolated in 75% yield as a inseparable 2:1 mixture of 

anti-173a:syn-173b diastereomers (entry 1, Table 2.2). Notably, performing the reaction at lower 

temperatures (−40 °C or −78 °C) had no effect on the diastereomeric ratio (entries 2 and 3). 

Attention then turned to the use of boron trifluoride to effect diastereoselective propargylation. A 

solution of aldehyde 170 in tetrahydrofuran was pre-complexed with boron trifluoride diethyl 

etherate for 15 minutes at −78 °C. The mixture was then added to the prepared organozinc mixture 

and stirred at −78 °C for one hour. Disappointingly, following purification of alkynes 173a/b, 

analysis of the 1H NMR spectrum revealed that there was no improvement in the diastereomeric 

ratio (entry 4).  
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It is known that the protecting group on the β-alcohol affects the selectivity of nucleophilic 

addition due to changes in the dipole-dipole interactions in conformer 172c. The level of 

stereoinduction increases in the order of OAc < OTBS < OPMB,75 hence the propargyl addition 

was attempted with PMB protected aldehyde 174.  

Table 2.2. Conditions for propargyl addition. 

 

entry aldehyde solvent T (°C) LA anti:syn d.r.* 

1 

51 

R = EOM 

THF 0 - 2:1 

2 THF –40 - 2:1 

3 THF –78 - 2:1 

4 THF –78 BF3·OEt2 2:1 

5 

(±)-174 

R=PMB 

THF 0 - 2:1 

6 THF –78 - 2:1 

7 THF –78 BF3·OEt2 2:1 

8 THF –78 TiCl4 2:1 

9 THF –78 MgBr2 2:1 

Reagents and conditions: propargyl bromide, Zn, THF, 0 °C, 1 h, then 170 or (±)-174, ± LA, THF, 1 h.  

*D.r. based on NMR analysis of crude mixtures except entry 1 (isolated yield 75%). 

 

Aldehyde (±)-174 was prepared following literature procedures from (±)-ethyl 3-hydroxybutyrate 

((±)-167) in two steps (Scheme 2.8).51b Protection of (±)-167 with PMB-trichloroacetimidate and 

catalytic camphorsulfonic acid in dichloromethane afforded protected ester (±)-176. Isolation of a 

pure sample of ester (±)-176 proved challenging due to difficulties separating a PMB-derived side-

product from desired product (±)-176. Careful separation of the crude mixture by column 

chromatography enabled characterisation of a pure sample of ester (±)-176, however, an impure 

sample of ester (±)-176 was used directly in the following step for subsequent scale-up. Reduction 

of ester (±)-176 with diisobutylaluminium hydride furnished aldehyde (±)-174. 

 

 Synthesis of aldehyde (±)-174. Reagents and conditions: i) PMB-trichloroacetimidate, CSA, CH2Cl2, 

rt, 16 h, 51%. ii) DIBAL (1.0 M in toluene), CH2Cl2, –78 °C, 1 h, 60%.  
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When the addition of propargyl zinc bromide to aldehyde (±)-174 was performed without any 

Lewis acid at 0 °C or –78 °C, alkyne (±)-175 was also obtained in a diastereomeric ratio of 2:1 

(entries 5 and 6). Disappointingly, addition of boron trifluoride diethyl etherate for complexation 

to aldehyde (±)-174 gave no improvement in the diastereomeric ratio (entry 7).  

Following these disappointing results, attention turned to a substrate-mediated chelation controlled 

propargylation of aldehyde (±)-174 using bidentate Lewis acids.77 Chelation of a bidentate Lewis 

acid to 1,3-hydroxyketone 166 forms a conformationally locked intermediate A. The bulk of the 

β-substituent (R) in chelated intermediate A directs nucleophilic attack to the less hindered face 

leading to the selective formation of 1,3-anti diastereomer 162 (Scheme 2.9). 

 

 1,3-induction via internal chelation to β-heteroatom substituent. 

Mindful that the β-substituent in aldehyde (±)-174 is only a methyl group, we proceeded to 

investigate the use of bidentate Lewis acids in the propargylation reaction. Subsequently, aldehyde 

(±)-174 was treated with bidentate Lewis acids, titanium tetrachloride or magnesium bromide in 

tetrahydrofuran at –78 °C to allow for complexation prior to addition to the organozinc mixture. 

Disappointingly, alkyne (±)-175 was still obtained as 2:1 mixture of anti-175a:syn-175b 

diastereomers (entries 8 and 9). 

Following these disappointing results, a new strategy was investigated in order to synthesise 

alkyne 173a in a more selective manner. Evans and Saksena have reported the stereoselective 

reduction of β-hydroxyketones using tetramethylammonium triacetoxyborohydride and acetic 

acid.78 The reaction begins with displacement of an acetate from the triacetoxyborohydride anion 

by the β-hydroxyl group of hydroxyketone 177. Intramolecular hydride delivery proceeding via 

chair conformer A favours formation of anti-diol 178a as the major product. The unfavourable 

1,3-diaxial interactions present in conformer B leads to syn-diol 178b as the minor product 

(Scheme 2.10). 
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 Stereoselective reduction of 1,3-hydroxyketone 177 via internal hydride delivery. 

Synthesis of β-hydroxyketone 179 began with oxidation of alkynols (±)-173a/b (Table 2.3). This 

step proved to be problematic as alkyne 177 readily isomerised to allene 80. Oxidation with 2-

iodoxybenzoic acid in DMSO or refluxing EtOAc resulted in 10% and 26% yield of undesired 

allene 180, respectively (entries 1 and 2). Parikh-Doering oxidation of alkynes (±)-173a/b looked 

promising when the reaction was monitored by thin layer chromatography. A product appeared to 

form within 5 minutes, however, it degraded rapidly upon prolonged reaction and could not be 

isolated (entry 3). No reaction occurred under Swern oxidation conditions using DMSO and oxalyl 

chloride followed by work-up with triethylamine (entry 4).  

Table 2.3. Oxidation of (±)-173a/b. 

 

entry conditions yield (±)-180 

1 IBX, DMSO, rt 10% 

2 IBX, EtOAc, reflux 26% 

3 Parikh-Doeringa degradation 

4 Swern Oxidationb No reaction 

aDMSO, i-Pr2EtNH2, SO3·py,CH2Cl2, 0 °C, 5 min. 
bDMSO, oxalyl chloride, CH2Cl2, −78 °C, 3.5 h, Et3N, rt, 1 h. 

 

Despite the significant literature precedent for the synthesis of 1,3-anti diols,79 we nevertheless 

continued on with the synthesis towards citreoviranol using alkyne 173 as a 2:1 mixture of 

anti-173a:syn-173b diastereomers, prepared by the addition of propargyl bromide to aldehyde 170 

(Scheme 2.11). 



Chapter Two 

54 

 

 Overall synthesis of alkyne coupling partners 173a/b. Reagents and conditions: i) EOMCl, DIPEA, 

CH2Cl2, 0 °C, 1 h then rt, 16 h, 98%. ii) DIBAL (1.0 M in toluene), CH2Cl2, –78 °C, 1 h, 95%. iii) propargyl bromide, 

Zn, THF, 0 °C, 1 h, then 170, THF, 1 h, 75%, 2:1 dr anti:syn. 

  



First Generation Synthesis 

55 

2.3 Sonogashira Cross-Coupling 

2.3.1 Initial Sonogashira Coupling of Alkyne 173 and Bromide 161 

With the required Sonogashira coupling partners, alkynes 173a/b (2:1 d.r.) and bromide 161 in 

hand, we attempted the cross-coupling reaction. The classical palladium-catalysed Sonogashira 

cross-coupling reaction first reported by Sonogashira et al.80 in 1975 involves a copper co-catalyst. 

The catalytic cycle proceeds by initial oxidative addition of the active palladium(0) catalyst with 

halide A. Copper acetylide G is formed from acetylene E and copper halide in the presence of 

base. Transmetalation of palladium(II) intermediate B with copper acetylide G then forms coupled 

palladium(II) complex C and regenerates the copper catalyst. Reductive elimination of palladium 

complex C then affords the hetero-coupled product and regenerates the palladium catalyst. 

Notably, if oxygen is present in the reaction, competing Glaser coupling of copper acetylide G 

may occur to give homo-coupled alkyne by-product H. 

 

 Catalytic cycle for Sonogashira cross-coupling and competing Glaser coupling. 

It was anticipated that there would be difficulties in the Sonogashira cross-coupling of electron 

rich bromide coupling partner 161 with alkynes 173a/b. However, recently Sperry et al.81 

serendipitously discovered novel conditions that promoted a copper-free Sonogashira coupling, 

which has been employed by our research group on electron rich aromatic coupling partners.82 
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These copper-free cross-coupling conditions are procedurally simpler and environmentally 

friendly as it avoids the competing Glaser reaction and circumvents the use of amine bases. 

Following these copper-free Sonogashira conditions, a mixture of bromide 161, palladium(II) 

acetate, 1,1ʹ-bis(di-tert-butylphosphino)ferrocene (dtbpf) and potassium carbonate in N-methyl-2-

pyrrolidinone was prepared. A solution of alkynes (±)-173a/b (2:1 d.r.) was added to the palladium 

mixture and subsequently heated to 80 °C for 24 hours. The reaction progressed slowly as assessed 

by thin layer chromatography so the reaction mixture was warmed to 120 °C and left to stir for a 

further two hours. Unfortunately, the hetero-coupled products (±)-181a/b (2:1 d.r.) was only 

obtained in 25% yield (entry 1, Table 2.4). However, performing the reaction at a constant 

temperature of 100 °C pleasingly afforded coupled products (±)-181a/b (2:1 d.r.) in 70% yield 

(entry 2). Notably, when the reaction temperature was increased to 150 °C, degradation to 

unknown aromatic by-products was observed (entry 3).  

Table 2.4. Sonogashira Coupling Conditions for alkynes 173a/b and bromide 161. 

 

entry bromide alkyne T (°C) time (h) yield (%) comments 

1 1.0 1.0 80-120 24 25 slow reaction at 80 °C  

2 1.0 1.2 100 1.5 77 minor starting material recovered 

3 1.0 1.1 150 1.5 15 unknown aromatic by-products 

aPd(OAc)2 (10 mol%), dtbpf (15 mol%), K2CO3 (5 eq.), NMP. 

The mechanism of the copper-free Sonogashira cross-coupling reaction is still not well understood. 

However, Chinchilla and Najera83 have proposed some mechanistic details. The proposed catalytic 

cycle (Scheme 2.13) is thought to proceed by oxidative addition of Pd(0)L2 to aryl bromide 161 to 

form Pd(II) intermediate A. Coordination of alkyne 173 to the Pd(II) intermediate then forms 

alkyne-Pd(II) complex B, which forms Pd(II) complex C upon removal of the acetylenic proton 

by potassium carbonate. Cis-trans isomerisation followed by reductive elimination of coupled 

Pd(II) complex C then releases hetero-coupled product 181. 
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 Proposed mechanism for the copper-free Sonogashira cross-coupling reaction adapted from Chinchilla 

and Najera83. 

Manipulation of the protecting groups was then necessary to expose the correct hydroxyl group 

for the subsequent cyclisation, requiring protection of the propargyl alcohol and cleavage of the 

ethoxymethyl ether. A benzyl ether was chosen as a suitable protecting group that would be stable 

to the acidic conditions required to cleave the ethoxymethyl ether.  

These simple protecting group manipulations proved more challenging than anticipated. Initial 

protection of (±)-181a/b using benzyl bromide in the presence of sodium hydride in 

dimethylformamide afforded benzyl ethers (±)-182a/b in 14% yield together with recovered 

starting material (25%). Changing the solvent from dimethylformamide to tetrahydrofuran resulted 

in an improvement in yield from 14% to 40%. However, this reaction proved unreliable with yields 

ranging from 20% to 50% (Scheme 2.14).  

 

 Benzyl protection of hetero-coupled products (±)-181a/b. Reagents and conditions: i) (±)-181a/b, 

NaH, THF, 0 °C, 40 min then BnBr, TBAI (10 mol%), rt, 16 h, 20%-50%. 

Following the difficulties encountered in the installation of the benzyl group, it was decided to 

switch the sequence of reactions. Therefore alkynols 173a/b was protected as a benzyl ether prior 
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to cross-coupling. Treatment of 173a/b with sodium hydride, benzyl bromide and catalytic 

tetrabutylammonium iodide in tetrahydrofuran furnished benzyl ethers 183a/b in 92% yield 

(Scheme 2.15). Use of this procedure also enabled separation of anti-183a and syn-183b 

diastereomers by column chromatography. The ethoxymethyl ether in anti-183a was then cleaved 

using p-toluenesulfonic acid in ethanol in excellent yield and the anti-stereochemistry of alkynol 

184 was confirmed by conversion to known diol 185 upon comparison of the NMR spectra of our 

synthetic material to the literature data.84 

 

 Benzyl protection and EOM cleavage prior to coupling. Reagents and conditions: i) 173a/b, NaH, 

THF, 0 °C, 40 min then BnBr, TBAI (10 mol%), 60 °C, 1 h, 183a (54%), 183b (38%). ii) 183a, pTSA (20 mol%), 

EtOH, 60 °C, 5 h, 98%. iii) H2, 10% Pd/C, MeOH, rt, 30 mins, 92%.  
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2.3.2. Sonogashira Coupling of Modified Alkyne 184 and Bromide 161 

For ease of synthesis, a 2:1 mixture of (±)-anti-184a:(±)-syn-184b diastereomers were used in 

subsequent steps. Sonogashira cross-coupling of modified alkynes (±)-184a/b with bromide 161 

resulted in a lower yield (44%) when subjected to the same reaction conditions as alkyne 173 using 

palladium(II) acetate, 1,1ʹ-bis(di-tert-butylphosphino)ferrocene (dtbpf) and potassium carbonate 

in N-methyl-2-pyrrolidinone (entries 1 and 2, Table 2.5). However, when the reaction temperature 

was lowered to 80 °C, alkynes (±)-185a/b (2:1 d.r.) was obtained after 30 minutes in 70% yield 

(entry 3). 

Table 2.5. Sonogashira cross coupling conditions for union of alkyne 184 and bromide 161. 

 

entry alkyne R1 R2 T (°C) time (h) yield (%)a 

1 (±)-173a/b H EOM 100 1.5 77 (±)-181a/b 

2 (±)-184a/b Bn H 100 1 44 (±)-185a/b 

3 (±)-184a/b Bn H 80 0.5 70 (±)-185a/b 
aPd(OAc)2 (10 mol%), dtbpf (15 mol%), K2CO3, NMP. 

Saponification of methyl esters (±)-185a/b to carboxylic acids (±)-186a/b with potassium 

hydroxide in refluxing methanol for 4.5 h appeared to give a clean product when monitoring the 

reaction by thin layer chromatography. However, impurities arose during the acidic work-up 

(Scheme 2.16). The product appeared to undergo a 5-exo-dig acid-catalysed cyclisation to form 

furan 187a/b when subjected to pH <4. The structure of isobenzofuranone (±)-187a/b was 

confirmed by the presence of an alkenyl proton at δ 5.60 ppm for (±)-anti-187a/and δ 5.57 ppm 

for (±)-syn-187b in the 1H NMR spectrum and their respective correlation to the methylene protons 

(H) resonating at δ 2.88–2.68 ppm in the COSY spectrum confirms the chemical structure of 

isobenzofuranones (±)-187a/b. Although only one alkene isomer was formed, as indicated by one 

set of signals for each diastereomer in the 1H NMR spectrum, the geometry of this olefin could not 

be determined. Careful workup of the saponification of methyl esters 185a/b with citric acid at pH 

~ 5 enabled isolation of desired products (±)-186a/b (2:1 d.r.) in a satisfactory 80% yield. 
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 Saponification of ester (±)-185a/b. Reagents and conditons: i) 2.0 M aq KOH, THF, reflux, 4.5 h, then 

aq. HCl (1.0 M), 33%. ii) 2.0 M aq. KOH, THF, reflux, 4.5 h, then aq citric acid (0.5 M), 80%. 
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2.4 Spiroketalisation 

2.4.1 Mechanistic Details of Metal-Catalysed Cyclisations 

It is well-known that gold-catalysed reactions of alkynes proceed through three key stages.85 

(Scheme 2.17). In stage one, the formation of -complex C with gold catalyst A activates alkyne 

B towards nucleophilic attack to generate vinyl gold intermediate D. Stage two involves 

protodeauration of vinyl gold intermediate D, which regenerates the gold catalyst and delivers 

product E. Upon completion of the reaction, the gold catalyst decays by reduction to gold(0) 

(stage three).  

 

 Catalytic cycle showing three key stages of gold-catalysed reactions. 

Based on the mechanism for gold-catalysed spirocyclisation it was proposed that alkynol acid 186 

would cyclise to give spiroketal 188 (Scheme 2.18). Coordination of gold would activate alkyne 

186 facilitating a 6-exo-dig nucleophilic attack by the secondary alcohol to give trans-alkenyl gold 

complex B. Protonation of complex B would generate oxonium ion C, which would be susceptible 

to 6-exo-trig nucleophilic attack by the carboxylic acid. Protodeauration would then yield 

spiroketal 188.  
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 Proposed catalytic cycle for spirocyclisation of alkynol acid 186. 

2.4.2 Metal-Catalysed Cyclisation 

With cyclisation precursor (±)-186a/b (2:1 d.r.) in hand, the key gold-catalysed spirocyclisation 

was attempted. Treatment of alkynol acids (±)-186a/b with chloro(triphenylphosphine)gold(I) (10 

mol%) in the presence of silver hexafluoroantimonate (10 mol%) in dichloromethane at room 

temperature86 for 16 hours provided isobenzofuranones (±)-187a/b (2:1 d.r.) in 33% yield (entry 

1, Table 2.7).  

Table 2.6. Metal-catalysed cyclisation of alkynol acids (±)-186a/b. 

 

entry conditionsa solvent, T (°C) time (h) yield 187a/b (%) 

1 AuClPPh3, AgSbF6 CH2Cl2, rt 16 33 

2 PdCl2, Et3N CH3CN, rt 2 50 

3 AuClPPh3, K2CO3 CH3CN, rt 48 15 

All reactions were carried out on racemic starting material with 2:1 dr with stereochemistry retained in all entries. 

a 10 mol % [Ag] and/or [Au] catalyst. 
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The formation of isobenzofuranones (±)-187a/b indicated that the carboxylic acid functionality 

attacks the activated triple bond before the secondary alcohol present in (±)-186a/b. Interestingly, 

isobenzofuranones (±)-187a/b is a result of preferential 5-exo-dig cyclisation over 6-endo-dig with 

no subsequent attack of the secondary alcohol (Scheme 2.19). It is proposed that the steric bulk 

around the secondary alcohol leads to the initial attack by the carboxylic acid being favoured. 

 

 Possible modes of cyclisation of alkynol acids 186a/b. 

Shashida and Kawamukai has reported the preparation of isocoumarins from ortho-ethynylbenzoic 

acids using PdCl2(MeCN)2 in the presence of triethylamine in tetrahydrofuran (Scheme 2.20).87  

 

 Palladium-catalysed cyclisation of alkynol acids to isocoumarins by Shashida and Kawamukai.87 

Reagents and conditions: i) PdCl2(MeCN)2, Et3N, CH3CN. 

However, when a solution of alkynol acids (±)-186a/b in acetonitrile was treated with 

triethylamine and palladium(II) chloride, it also resulted in the formation of isobenzofuranones 

(±)-187a/b (entry 2, Table 2.6). The use of chloro(triphenylphosphine)gold(I) as a catalyst in the 

presence of a potassium carbonate following conditions reported by Marchal et al.88 also resulted 

in 5-exo-dig cyclisation of alkynol acids (±)-186a/b to the undesired isobenzofuranones (±)-

187a/b (entry 3, Table 2.6). Next, cyclisation of alkynol esters (±)-185a/b was attempted as it was 

thought that having the acid protected as an ester would facilitate initial cyclisation of the 

secondary alcohol. Following our standard conditions, alkynol esters (±)-185a/b were treated with 

chloro(triphenylphosphine)gold(I) in the presence of silver hexafluoroantimonate in refluxing 
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tetrahydrofuran to afford the elimination product, dihydropyran (±)-190 in 10% yield 

(entry 1, Table 2.7). The observation of dihydropyran (±)-190 was surprising as benzyloxy is a 

poor leaving group. It is therefore likely that the gold catalyst facilitates the elimination step. A 

proposed mechanism is depicted in Scheme 2.21. Attack of the secondary alcohol on activated 

alkyne A followed by 1,3-proton shift with concurrent elimination of the benzyloxy group in vinyl-

gold complex B generates dihydropyran (±)-190. 

Table 2.7. Metal-catalysed cyclisation of alkynol ester 185a/b. 

 

entry 
[M] 

(10 mol%) 

additivea 

[Ag]/base/acid 
solvent, T (°C) time (h) 

yield (%) 

190 191 

1 AuClPPh3 AgSbF6 THF, reflux 3.5 10 0 

2 AuCl AgSbF6, PPTS THF, 50 16 trace trace 

3 AuClPPh3 AgSbF6, PPTS THF, 50 1 0 30 

4 AuCl3 AgSbF6, PPTS THF, 50 0.5 0 75 

All reactions were carried out on racemic starting material with 2:1 dr with stereochemistry retained in all entries. 

a 10 mol % [Ag] additive except entry 4 (30 mol %), 10 mol% PPTS. 

 

 

 Proposed catalytic cycle for the cyclisation and elimination of alkynol ester 185. 
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Marchal et al. has shown that alkynol esters may cyclise to form isocoumarin products. According 

to the catalytic cycle proposed by Marchal et al., addition of a proton source, typically water, was 

necessary to regenerate the gold catalyst and complete the catalytic cycle (Scheme 2.22).88 

However, Trost et al.59 reported conditions that minimise the formation of elimination products in 

gold-catalysed spiroketalisations using gold(I) chloride and pyridinium p-toluenesulfonate in 

tetrahydrofuran. These conditions were therefore employed for the cyclisation of alkynol esters 

(±)-185a/b using gold(I) chloride in the presence of silver hexafluoroantimonate, co-catalysed by 

pyridinium p-toluenesulfonic acid. Trace quantities of elimination product (±)-190 was observed 

together with 6-endo-dig cyclisation product, isocoumarins (±)-191a/b (entry 2, Table 2.7). 

Although the double cyclisation spiroketal product (±)-188 was not observed, isocoumarins (±)-

191a/b constitutes a potential precursor to spiroketal 188. Changing the gold catalyst to 

chlorotriphenylphosphine gold(I) afforded isocoumarins (±)-191a/b in 30% yield with no 

elimination product (±)-190 observed (entry 3). Further optimisation of the reaction conditions 

resulted in the formation of isocoumarins (±)-191a/b in an improved yield of 75%, using gold(III) 

chloride in the presence of pyridinium p-toluenesulfonate and silver hexafluoroantimonate 

(entry 4).  

 

 

 Catalytic cycle representing the cycloisomerisation of acetylenic esters proposed by Marchal et al.88 
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2.4.3 Attempted Acid-Catalysed Cyclisation 

Following the successful preparation of isocoumarins (±)-191a/b, conditions for the conversion to 

spiroketal lactone (±)-188 were screened. Attempted cyclisation using camphorsulfonic acid in 

dichloromethane only returned starting material while treatment of (±)-191a/b with p-

toluenesulfonic acid in tetrahydrofuran resulted in the formation of a complex mixture as assessed 

by thin layer chromatography. 

 

 Attempted acid-catalysed spiroketalisation of isocoumarin 191a/b. 

It was rationalised that the difficulties encountered in forming the spiroketal product were due to 

the unfavourable electronics associated with formation of the required oxonium ion A (Scheme 

2.24). It was postulated that an oxonium ion was unlikely to form next to a carbonyl carbon which 

carries a partial positive charge. 

 

 Unfavourable electronics of oxonium ion. 
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2.4.4 Attempted Oxidative Radical Cyclisation 

Given the unsuccessful attempt of an acid-catalysed cyclisation, an oxidative radical cyclisation 

strategy was next investigated. Formation of spiroketals using radical cyclisations have been 

known since 1969. A series of diols were transformed into spiroketals via double intramolecular 

hydrogen abstraction using lead tetraacetate in refluxing benzene.89 Further investigation of this 

reaction by Suarez led to the elucidation of a likely mechanism (Scheme 2.25).90 Alkyl hypodiodite 

A could be formed by reacting dihydroisocoumarin (±)-192 with acetyl hypoiodite, generated from 

lead tetraacetate and iodine. An alkoxy radical would then form upon thermal or photochemical 

homolytic cleavage of the O-I bond in hypoiodite A. Intramolecular proton abstraction then leads 

to a 1,6-hydrogen shift. 

 

 Oxidative radical cyclisation mechanism. 

Intramolecular abstraction is successful if the hydrogen is around 3 Å from the oxygen radical.91 

The formation of six-membered rings are generally lower yielding than five-membered rings, 

however, six membered ring formation can be increased if the abstracted proton is attached to a 

carbon bearing an oxygen substituent. Radical cyclisation to synthesise 5,5-spiroketal lactones 

have been accomplished in our group,92 however, this reaction has not yet been successfully used 

to generate 6,6-spiroketal lactones.  

Synthesis of the radical cyclisation precursor (±)-192 was achieved by 

hydrogenation/hydrogenolysis of a 2:1 diastereomeric mixture of (±)-191a/b using 10% palladium 

on carbon in methanol/ethyl acetate (1:1). Interestingly, dihydroisocoumarins (±)-192a/b were 

isolated in a 2:1 diastereomeric mixture despite the generation of a new stereocenter allowing up 



Chapter Two 

68 

to four possible diastereomers. This result suggests that there may be facial selectivity in the 

hydrogenation of the double bond (Scheme 2.26). However, the relative configuration of the 

resultant isomers could not be determined. Notably, the reaction solvent system was found to be 

crucial for successful hydrogenation/hydrogenolysis. When the reaction was performed in 

methanol as the solvent the reaction did not go to completion, while the use of ethyl acetate as the 

solvent led to the formation of complex mixtures. 

 

 Tandem hydrogenation/hydrogenolysis of (±)-191a/b. Reagents and conditions. i) 10% Pd/C, H2, 

EtOAc/MeOH (1:1), rt, 32 h, 90%. 

Treatment of dihydroisocoumarins (±)-192a/b (2:1 d.r.) with phenyliodine(III) diacetate and 

iodine in dichloromethane showed no sign of spiroketal product 188. The disappearance of an 

aromatic proton peak in the 1H NMR spectrum and a peak for the molecular ion at m/z 459.0274 

for C16H21INaO6 [M+Na]+ in the HRMS revealed that iodinated products (±)-193a/b (2:1 d.r.) was 

isolated. The formation of iodides (±)-193a/b was thought to be a result of electrophilic iodination 

of the electron rich aromatic ring (entry 1, Table 2.8). Omitting iodine from the reaction resulted 

in no reaction even at temperatures up to 40 °C (entries 2 and 3). 

Table 2.8. Attempted oxidative radical cyclisation strategy towards spiroketal lactone 188. 

 

entry oxidant solvent T (°C) comments 

1a PhI(OAc)2 CH2Cl2 3.5 h, 0 75% 193 

2 PhI(OAc)2 CH2Cl2 rt recovered 192 

3 PhI(OAc)2 CH2Cl2 reflux recovered 192 

4 DDQ CH2Cl2/H2O reflux recovered 192 

5 a PhI(OCOCF3)2 CH2Cl2 4 h, rt 193 

6 a HgO CH2Cl2 32 h, rt 193 

7 a Pb(OAc)2 CH2Cl2 16 h, rt 192 and 193 (2:3) 

aI2 used as radical initiator. 
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Recently, it has been reported by our group that oxidative spiroketalisations has been observed 

using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).93 In this work the concomitant 

DDQ-mediated PMB cleavage and cyclisation of chromene 194 to spiroketal 196 was 

serendipitously discovered (Scheme 2.27). 

 

 Concomitant PMB deprotection-spiroketalisation using DDQ by Brimble et al.93 Reagents and 

conditions: i) DDQ, CH2Cl2-H2O, 1.5 h, 95%. 

In light of this, treatment of dihydroisocoumarins (±)-192a/b with DDQ in 9:1 

dichloromethane/water showed no reaction when monitored by thin layer chromatography and 

only starting material was recovered (entry 4). A series of classical radical cyclisation conditions 

were investigated using phenyliodine(III) bis(trifluoroacetate), mercury oxide or lead tetraacetate 

as oxidants (entries 5-7) but only iodides (±)-193a/b was isolated. 
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2.4.5 Base-Catalysed Cyclisation 

Following the unsuccessful attempts to cyclise isocoumarin 191 via acid-catalysis or oxidative 

radical cyclisation, it was thought that opening up the lactone under basic conditions would 

generate ketone B and subsequent treatment with acid would enable the secondary alcohol to 

cyclise first then cyclisation of the acid would lead to formation of the spiroketal lactone (Scheme 

2.28). 

 

 Rationale for base-catalysed cyclisation. 

Pleasingly, when isocoumarin 191 was subjected to a solution of 1.0 M potassium hydroxide for 

one hour followed by acidic work-up, spiroketal lactone 188 was observed as a 2:1 mixture of 

epimers 188a and 188b in modest yield (Scheme 2.29). The epimers were seperable by preparative 

TLC (3 runs, eluent: 3:1 ethyl acetate/petroleum ether). 

 

 Synthesis of 8-methylcitreoviranol 188a and its 2′,4′-anti-epimer 188b. Reagents and conditions: i) 

aq. KOH (1.0 M), dioxane, rt, 1 h, then aq. HCl (1.0 M), 20% 188a, 16% 188b. 
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2.4.6 Proposed Mechanism of Spiroketalisation 

A proposed mechanism for the spiroketalisation of isocoumarin 191 to spiroketals 188a and 188b 

is shown in Scheme 2.30. During the cyclisation, the secondary benzyl ether of ketone intermediate 

(i) undergoes elimination then conjugate addition of hydroxide to α,β-unsaturated ketone (ii) 

affords a mixture of C-4ʹ epimeric alcohols (iii). Spirocyclisation of hemiketal (iv) affords 

spiroketal lactone 188a and its C4ʹ-epimer 188b. The elimination and subsequent conjugate 

addition steps are presumed to be the likely cause of epimerisation. Interestingly, the 4′-OEt 

analogue was observed when the reaction was carried out in ethanol. 

 

 Proposed mechanism for spiroketalisation of isocoumarin 191. 

The spiroketal products 188a and 188b were only formed upon acidic workup and attempts to 

isolate any intermediates using a neutral workup were unsuccessful. Occasionally, trace quantities 

of 6ʹR-spiroketals 188c and 188d alongside 188a were observed using a mild citric acid work-up 

(Scheme 2.31). However, facile epimerisation to the 6ʹS-spiroketals 188a and 188b meant that 

isolation of pure samples of 188c and 188d proved difficult. It was not possible to obtain full 

characterisation data for 188d from the trace quantities present in the mixture with 188a. However, 

epimer 188c could be separated from 188a and 188d by preparative TLC (3 runs, eluent: 3:1 ethyl 

acetate/petroleum ether) for full characterisation therefore the full structural analysis of 188a, 

188b, and 188c will be described in the following section. 
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 Synthesis of 6′S-spiroketal 188a and 6ʹR-spiroketals 188c and 188d. Reagents and conditions: i) aq. 

KOH (1.0 M), dioxane, rt, 1 h, then aq. citric acid (1.0 M), 7% 188a/188d, 7% 188c. 
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2.5 Stereochemical Assignments of 188a, 188b, and 188c 

In the following sections, the stereochemical assignments of 188a, 188b and 188c will be 

described using NMR spectroscopy, in particular using NOESY spectra (Figure 2.2). 

 

Figure 2.2. Chemical structures of 188a, 188b and 188c. 

2.5.1 NMR Assignments of 188a, 188b, and 188c 

The structural assignments of spiroketals 188a, 188b and 188c were determined by spectroscopic 

analysis, which are depicted in Figure 2.3. The successful formation of spiroketals 188a, 188b and 

188c were supported by a characteristic quaternary resonance corresponding to the spiroketal 

carbon (C6ʹ) observed at δ 102.4, 102.7, and 101.9 ppm in the 13C NMR spectrum, respectively. 

The proton assignments of spiroketal 188a was achieved using a combination of 1H NMR and 

correlation spectroscopy (COSY). In the 1H NMR spectrum of 188a, H2ʹ of the tetrahydropyran 

ring resonates at δ 4.08 ppm. This resonance shows correlations in the COSY spectrum to the 

methyl protons at δ 1.09 ppm and the vicinal methylene protons (H3ʹ) resonating at δ 2.05 and 

1.23 ppm. H4ʹ in 188a resonates at δ 4.38 ppm and exhibits correlations in the COSY spectrum to 

both the H3ʹ and H5ʹ methylene protons resonating at δ 2.37 and 1.47 ppm, respectively. The 

structural assignments of 188b and 188c were determined in a similar manner, which are 

summarised in Figure 2.3. The benzylic protons show a characteristic AB quartet in spiroketal 

188a (δ 3.08 ppm, ΔδAB = 0.19, JAB = 16.3 Hz),# 188b (δ 3.05 ppm, ΔδAB = 0.27, JAB = 16.2 Hz), 

and 188c (δ 3.10 ppm, ΔδAB = 0.03, JAB = 16.2 Hz). 

 

Figure 2.3. 1H NMR (red) and 13C NMR (blue) assignments of 188a, 188b and 188c.                                               
#chemical shift (δ), change in chemical shift between A and B (ΔδAB), coupling constant between A and B (JAB). 
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2.5.2 Stereochemical Assignment of 188a 

Observation of a 1,3-diaxial NOE correlation between H2ʹ and H4ʹ in 188a shown in Figure 2.4 

and Figure 2.6 indicated that the protons are syn to each other. Conversely, the NOE correlation 

between H2ʹ and H4ʹ for anti-epimer 188b is absent. Furthermore H4ʹ in 188a only showed 

correlations with the equatorial protons H5ʹ and H3ʹ and correlations with H5ʹax or H3ʹax were 

absent. A large diaxial coupling constant for H4ʹ with H5ʹax was observed in the 1H NMR 

(J4ʹax,5ʹax = 11.2 Hz) indicating that the torsion angle between these protons is about 180°. These 

results established that H2ʹ and H4ʹ are positioned axially and the substituents on the 

tetrahydropyran ring are positioned equatorially. 

 

Figure 2.4. NOE correlations of H4ʹ in 188a in comparison to 188b. 

The NOE correlations of H4b with H5ʹax and H5ʹeq of 188a suggested that the tetrahydropyran ring 

adopts the anomerically-stabilised chair conformation represented below whereby the lactone 

oxygen exists in the axial position (Figure 2.5 and Figure 2.6). Conversely, the NOE correlation 

between H4 and H2ʹax, H4ʹax and H5ʹeq of 188c suggested it adopts the ring-flipped chair 

conformation.  

 

Figure 2.5. NOE correlations of H4b in 188a in comparison to 188c. 
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Figure 2.6. NOESY spectrum of 188a. 

The requirement that H4ʹ in the tetrahydropyran ring occupies an axial position on the required 

anomerically-stabilised chair conformation establishes that the spiroketal centre in isomer 188a 

exhibits the S-configuration. It is worth noting that neither of the R-spiroketals (conformer B or C) 

fulfil both these requirements (Figure 2.7). From the above information, epimer 188a is shown to 

exist in the anomerically stabilised conformation whereby the lactone oxygen exists in the axial 

position and the substituents on the six-membered ring are positioned equatorially. 

 

Figure 2.7. Assignment of spiroketal configuration. 

H5ʹeq H3ʹeq H4a H4b 

H2ʹ 

 H4ʹ 



Chapter Two 

76 

2.5.3 Stereochemical Assignment of 188b 

 

Figure 2.8. Key NOE correlations in 188b. 

The absence of a NOE correlation between H2ʹ and H4ʹ in spiroketal 188b suggested that it is the 

2ʹ,4ʹ-anti isomer. The NOESY spectrum of 188b exhibited correlations between H4ʹ and both of 

the H3ʹ and H5ʹ protons (equatorial and axial), suggested that H4ʹ adopts an equatorial position 

(Figure 2.8 and Figure 2.9). NOE correlations between H4b with H5ʹax and H5ʹeq were also present 

in 188b suggesting that the tetrahydropyran ring adopts the same anomerically-stabilised chair 

conformation as 188a represented in Figure 2.8.  

The requirement that H2ʹ and H4ʹ are anti and H4ʹ is positioned equatorially on the required 

anomerically-stabilised chair conformer established that the spiroketal centre in isomer 188b also 

exhibits the S-configuration.  

  

Figure 2.9. NOESY spectrum of 188b. 

H2ʹ 

H4ʹ 

H5ʹeq H3ʹeq H5ʹax H3ʹax H4a H4b 

H5ʹeq 

H5ʹax 
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The anti-configuration of 188b was also confirmed by the changes in chemical shift observed for 

H2ʹ and H4ʹ due to the inversion of stereochemistry at C4ʹ relative to 188a (Figure 2.11). The 1H 

NMR spectrum of 188b showed a characteristic downfield chemical shift for H2ʹ at 4.38 ppm due 

to the additional 1,3-diaxial oxygen interaction with C4ʹ-OH and a distinctive upfield shift for the 

H4ʹ at 4.17 ppm due to the absence of a 1,3-diaxial interaction with the lactone oxygen atom.94 

 

Figure 2.10. 1,3-Diaxial interactions in 188a and 188b. 

 

 

Figure 2.11. 1H NMR of 188a (top) in comparison to 188b (bottom). 

  

H4ʹ H2ʹ 

H4ʹ H2ʹ 
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2.5.4 Stereochemical Assignment of 188c 

 

Figure 2.12. Key NOE correlations in 188c. 

The stereochemical assignment of 188c was also achieved using NMR spectroscopy. A 1,3-diaxial 

NOE correlation between H2ʹ and H4ʹ of 188c shown in Figure 2.12 and Figure 2.13 indicated that 

the substituents on the tetrahydropyran ring are positioned equatorially, syn to each other. 

Although the NOE correlation between H2ʹ and H4ʹ is quite weak in the 2D NOESY spectrum, it 

was confirmed by 1D NOESY (Figure 2.14). Furthermore a large diaxial coupling constant for 

H4ʹ with H5ʹax was observed in the 1H NMR (J4ʹax,5ʹax = 9.0 Hz) confirming that H4ʹ adopts an axial 

position. Interestingly, the observed NOE correlations of H4 with H2ʹax, H4ʹax and H5ʹeq suggest 

that the tetrahydropyran ring adopts a ring flipped chair conformation in comparison to 188a as 

depicted in Figure 2.12.  

 

Figure 2.13. NOESY spectrum of 188c. 

H4 

H2ʹ 

H4ʹ 

H5ʹeq 
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Figure 2.14. Selective 1D NOESY for H4′ in 188c showing the key 1,3-diaxial correlation of H4′ with H2′. 

Irradiation at 1839 Hz on the 500 MHz spectrometer.  

Notably, compound 188c exists in the non-anomerically-stabilised conformation whereby the 

lactone oxygen sits equatorially with respect to the tetrahydropyran ring. Clearly, for compound 

188c this is the more thermodynamically favoured conformer, likely due to the destabilising 1,3-

diaxial interactions of the anomerically stabilised conformer 188c*. The requirement that H2ʹ and 

H4ʹ adopt axial positions on the ring flipped chair conformation established that the spiroketal 

centre in isomer 188c exists as the R-configuration. 

Notably, H2ʹ and H4ʹ are shielded and are shifted upfield in the 1H NMR compared to H2ʹ and H4ʹ 

in epimer 188a due to the absence of the 1,3-diaxial interaction with the lactone oxygen (Figure 

2.15 and Figure 2.16). 

 

Figure 2.15. Structures of 188a and 188c showing chemical shift of H2ʹ and H4ʹ in ppm. 

 

H4ʹ 

H4 H3ʹeq 2ʹ-CH3 H2ʹ 
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Figure 2.16. 1H NMR of 188a (top) in comparison to 188c (bottom). 

  

H4ʹ H2ʹ 

H4ʹ H2ʹ 
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2.6 Completion of the Natural Product 

The synthesis towards citreoviranol (1) was continued with spiroketal 188a, which contains the 

desired stereochemistry of the substituents in the spiroketal ring. Final selective demethylation of 

188a with boron trichloride afforded citreoviranol (1), completing the first total synthesis of the 

natural product (Scheme 2.32). Spectroscopic data (1H NMR, 13C NMR, IR, HRMS) for the 

synthetic sample of citreoviranol (1) were in full agreement with those reported for the natural 

product (Table 2.9).1 

 

 Synthesis of citreoviranol (1). Reagents and conditions: i) BCl3, CH2Cl2, −78 °C then rt, 30 min, 84%. 

The NOESY spectrum for synthetic citreoviranol (1) exhibited the key 1,3-diaxial NOE correlation 

between H2ʹ and H4ʹ supporting assignment of syn-stereochemistry between these two protons. 

Correlations between H4b and H5ʹax and H5ʹeq suggested that the tetrahydropyran ring adopts the 

anomerically stabilised chair conformation represented above (Scheme 2.32).  

 

Figure 2.17. NOESY spectrum of citreoviranol (1). 

H4ʹ 

H2ʹ 

H5ʹeq 

H5ʹax 
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Table 2.9. Comparison of 1H NMR and 13C NMR (CDCl3) of natural and synthetic citreoviranol (1). 

 

1H NMR 
Natural citreoviranol (1) (500 MHz) 

δ ppm [integral, mult, J (Hz)] 
Synthetic citreoviranol (1) 

δ ppm [integral, mult, J (Hz)] 
Δδ (ppm) 

2-CH3 CH3 1.13 (3H, d, J = 6.4 Hz) 1.13 (3H, d, J = 6.3 Hz) 0.00 

H-3ʹ CH2 1.27 (1H, q, J = 11.5 Hz) 1.28 (1H, q, J = 11.4 Hz) 0.01 

H-5ʹ CH2 1.52 (1H, dd, J = 11.0, 12.7 Hz) 1.51 (1H, dd, J = 11.1, 12.9 Hz) 0.01 

H-3ʹ CH2 2.05 (1H, ddd, J = 2.0, 4.4, 11.5 Hz) 2.05 (1H, m) 0.00 

H-5ʹ CH2 2.41 (1H, ddd, J = 2.0, 4.9, 12.7 Hz) 2.41 (1H, ddd, J = 1.9, 4.8, 12.9 Hz) 0.00 

H-4 CH2 3.00 (1H, d, J = 16.3 Hz) 3.00 (1H, d, J = 16.6 Hz) 0.00 

H-4 CH2 3.15 (1H, d, J = 16.3 Hz) 3.15 (1H, d, J = 16.4 Hz) 0.00 

OCH3 CH3 3.83 (3H, s) 3.82 (3H, s) 0.01 

H-2ʹ CH 4.10 (1H, m) 4.08 (1H, m) 0.02 

H-4ʹ CH 4.38 (1H, m) 4.40 (1H, m) 0.02 

ArH CH 6.26 (1H, br.s) 6.26 (1H, m) 0.00 

ArH CH 6.36 (4H, d, J = 2.4 Hz) 6.36 (1H, d, J = 2.2 Hz) 0.00 

ArOH OH 11.18 (1H, s) 11.16 (1H, s) 0.02 

 

13C NMR 
Natural citreoviranol (1) (125 MHz) 

δ ppm 

Synthetic citreoviranol (1) 

δ ppm 
Δδ (ppm) 

2-CH3 CH3 21.2 (q) 21.2 0.0 

C-4 CH2 38.1 (t) 38.8 0.7 

C-3ʹ CH2 41.0 (t) 41.7 0.7 

C-5ʹ CH2 42.0 (t) 42.7 0.7 

OCH3 CH3 55.5 (q) 55.5 0.0 

C-4ʹ CH 63.6 (d) 63.6 0.0 

C-2ʹ CH 67.4 (d) 67.4 0.0 

ArCH CH 99.3 (d) 99.3 0.0 

ArC q 100.9 (s) 100.9 0.0 

ArC q 104.6 (s) 104.6 0.0 

ArCH CH 107.1 (d) 107.1 0.0 

ArC q 138.9 (s) 138.9 0.0 

ArC q 164.4 (s) 164.4 0.0 

ArC q 166.0 (s) 166.0 0.0 

C-1 C=O 168.3 (s) 168.2 0.1 
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The relative stereochemistry and chair conformation adopted by synthetic citreoviranol (1) were 

also confirmed by X-ray crystallography (Figure 2.18). The X-ray structure confirmed that 

citreoviranol (1) adopts the proposed chair conformation with the substituents on the 

tetrahydropyran ring positioned syn to each other. Since the stereochemistry at C-2ʹ was derived 

from ethyl (S)-3-hydroxybutyrate, the spiroketal centre can be unambiguously assigned as S, in 

full agreement with the isolation chemists. 

 

Figure 2.18. X-ray structure of synthetic citreoviranol (1). ORTEP drawing of citreoviranol (1) showing thermal 

ellipsoids at the 50% probability level.95 

Notably while the [𝛼]𝐷values of synthetic and natural citreoviranol were not in close agreement 

(synthetic: 𝛼𝐷
24 –78.0 (c 0.20 in CHCl3), lit.:

1 𝛼𝐷
30 –147 (c 0.196 in CHCl3)), use of chiral HPLC 

confirmed that the enantiopurity of the synthetic sample was 95% by comparison to a racemic 

synthetic sample (Figure 2.19).  

 

Figure 2.19. Chiral HPLC traces for racemic citreoviranol (left) and enantioenriched citreoviranol (95% e.e., 

right.). CHIRAPAK IC column. Eluent: 70:30 hexanes/i-PrOH. Flow rate: 0.5 mL/min. UV detection: 254 nm. 

  



Chapter Two 

84 

2.7 Summary 

In summary the first total synthesis of citreoviranol (1) has been accomplished in 12 steps from 

readily available starting materials. The synthesis featured a Sonogashira cross coupling between 

bromide 161 and alkyne 184, gold catalysed cyclisation of alkynol ester 185 and an unprecedented 

base-induced ketalisation of isocoumarin 191. Extensive NMR studies were carried out to 

determine the stereochemistry of spiroketals 188a, 188b, and 188c. The absolute stereochemistry 

of the natural product was confirmed by NMR spectroscopy and X-ray crystallography.  

 

 Overall synthesis of citreoviranol (1). Reagents and conditions: i) POCl3, DMF, rt, 30 min, then 100 

°C, 4 h, 80%. ii) NaClO2, NaH2PO4, 2-methyl-2-butene, t-BuOH/H2O (5:1), rt, 15 min. iii) K2CO3, MeI, DMF, 80 °C, 

15 min, 84% over 2 steps. iv) EOMCl, DIPEA, CH2Cl2, 0 °C, 1 h then rt, 16 h, 98%. v) DIBAL, CH2Cl2, −78 °C, 1 h, 

95%. vi) propargyl bromide, Zn, THF, 0 °C, 1 h, 75%, 2:1 dr anti:syn. vii) 173a/b, NaH, THF, 0 °C, 40 min then 

BnBr, TBAI (10 mol%), 60 °C, 1 h, 54% 183a, 38% 183b. viii) 183a, pTSA (20 mol%), EtOH, 60 °C, 5 h, 98%. ix) 

Pd(OAc)2 (10 mol%), dtbpf (15 mol%), K2CO3, NMP, 80 °C, 30 min, 70%. x) AuCl3 (10 mol%), AgSbF6 (30 mol%), 

PPTS (10 mol%), THF, 50 °C, 30 min, 75%. xi) aq. KOH (1.0 M), dioxane, rt, 1 h, then 1.0 M HCl, 20% 188a, 16% 

188b. xii) BCl3, CH2Cl2, −78 °C then rt, 30 min, 84%. 
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3.1 Second Generation Retrosynthetic Analysis of Citreoviranol 

A second generation synthesis of citreoviranol (1) was proposed in order to overcome some issues 

encountered in the first generation synthesis and optimise the synthetic route. In the first generation 

synthesis of citreoviranol (1), gold-catalysed cyclisation of alkynol ester 185 generated 

isocoumarin 191 in good yield (Scheme 3.1). However, spiroketalisation of isocoumarin 191 under 

basic conditions resulted in epimerisation of the secondary alcohol and generated a mixture of 

2,4-anti and 2,4-syn spiroketals in poor yield.  

 

 Key steps in the first generation synthesis of citreoviranol (1). 

The second generation retrosynthetic strategy also focused on a key gold-catalysed cyclisation 

followed by a late stage benzylic oxidation to construct the spiroketal lactone core of citreoviranol 

(1) (Scheme 3.2). It was thought that this strategy would alleviate the issues in forming the 

spiroketal lactone. A late stage oxidation would enable a gold-catalysed double cyclisation of 197 

and avoid the formation of highly stable isocoumarin 191. This would generate the spiroketal in 

one pot and avoid epimerisation of the secondary alcohol previously encountered in the base-

induced ketalisation. 

Cyclisation precursor 197 would be accessed via Sonogashira cross-coupling of bromide 198 and 

alkyne 184 (Scheme 3.2). Bromide 198 could be obtained from commercially available 

3,5-dimethoxybromobenzene (164) and alkyne 184 would be prepared from readily available ester 

167 using previously developed procedures (see section 2.2.2). 
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 Second generation retrosynthetic strategy for the synthesis of citreoviranol (1). 

3.2 Synthesis of Modified Aromatic Coupling Partner 

3.2.1 Synthesis of Bromide 198 

Initial attention focused on the synthesis of modified bromide coupling partner 198 (Scheme 3.3). 

Following literature procedures,96 synthesis of bromide 198 began with Vilsmeier-Haack 

formylation of 3,5-dimethoxybromobenzene (164) using phosphorous oxychloride and 

dimethylformamide. Recrystallisation of the crude solid afforded aldehyde 163 in 80% yield. 

Reduction of the resulting aldehyde 163 with sodium borohydride in methanol furnished desired 

bromide coupling partner 198 in near quantitative yield. Spectroscopic data (1H and 13C NMR) of 

bromide 198 were in full agreement with the literature data.96 

 

 Synthesis of bromide 198. Reagents and conditions: i) POCl3, DMF, rt, 30 min, then 100 °C, 4 h, 80%. 

ii) NaBH4, MeOH, 0 °C, 30 min, 98%. 
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3.3 Sonogashira Cross-Coupling 

3.3.1 Sonogashira Cross-Coupling of Bromide 198 

With modified bromide coupling partner 198 in hand, Sonogashira cross-coupling of bromide 198 

with previously synthesised alkynes (±)-184a/b (see section 2.2.2) was investigated (Table 3.1). 

For ease of synthesis, a diastereomeric mixture of alkynes (±)-anti-184a and (±)-syn-184b 

(2:1 d.r.) was used in the Sonogashira cross-coupling reaction. Bromide 198 and alkynes (±)-

184a/b were subjected to classical Sonogashira coupling conditions using 

bis(triphenylphosphine)palladium(II) chloride, copper(I) iodide and triethylamine.80,97 

Unfortunately, coupled products (±)-197a/b were not observed and only starting material was 

recovered (entry 1). Following copper-free Sonogashira cross-coupling conditions employed in 

the first generation synthesis, bromide 198 and alkynes (±)-184a/b were treated with palladium(II) 

acetate, 1,1ʹ-bis(di-tert-butylphosphino)ferrocene (dtbpf) and potassium carbonate in N-methyl-2-

pyrrolidinone. Although a range of temperatures were screened, coupled products (±)-197a/b (2:1 

d.r.) were only isolated in 17% yield at best (entries 2–4).  

Table 3.1. Sonogashira cross-coupling of bromide 198 with alkynes (±)-184a/b. 

  

entry conditions T (°C) time (h) yield (%) 

1 PdCl2(PPh3)2, CuI, Et3N 80 16 No Reaction 

2 Pd(OAc)2, dtbpf, K2CO3, NMP 50 2 17 

3 Pd(OAc)2, dtbpf, K2CO3, NMP 80 2.5 13 

4 Pd(OAc)2, dtbpf, K2CO3, NMP 100 4 15 

 

It was surprising that the cross-coupling was low yielding given that alkynes (±)-184a/b efficiently 

coupled to bromide 161 in the first generation synthesis (see section 2.3.2). Bromide 161 possesses 

a methyl ester substituent ortho to the bromide and it was thought that this substitution contributes 

to the favourable electronics of the bromide coupling partner that may promote the cross-coupling 

reaction. Consequently, bromobenzaldehyde 163 was thought to be a better coupling partner as 
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the electron withdrawing formyl group positioned ortho to the bromide may promote the coupling 

similar to that of bromide 161. Sonogashira cross-couplings of 2-bromobenzaldehyde derivatives 

with alkynes have been utilised in the literature.97-98,99  

3.3.2 Sonogashira Cross-Coupling of Bromide 163 

With bromobenzaldehyde 163 in hand, the Sonogashira cross-coupling of bromobenzaldehyde 163 

and alkynes (±)-184a/b (2:1 d.r.) was investigated (Table 3.2). Firstly, following conditions by 

Porco et al.,98a bromide 163 and alkynes (±)-184a/b were treated with 

bis(benzonitrile)palladium(II) chloride, tri-tert-butylphosphine tetrafluoroborate, copper(I) iodide 

and N,N-diisopropylamine in 1,4-dioxane. Unfortunately, coupled products (±)-199a/b were not 

observed and elevated reaction temperature did not promote coupling (entry 1). When bromide 

163 and alkynes (±)-184a/b were subjected to classical Sonogashira coupling conditions using 

bis(triphenylphosphine)palladium(II) chloride, copper(I) iodide and triethylamine, formation of a 

minor quantities of coupled products (±)-199a/b were observed at room temperature (entry 2).97,98b 

Upon warming the reaction mixture to 50 °C, decomposition of the product was observed 

suggesting that hydroxy alkynals (±)-199a/b were thermally unstable. Therefore, subsequent 

Sonogashira reactions were conducted at room temperature to prevent degradation of the product. 

Table 3.2. Sonogashira cross-coupling of bromide 163 with alkynes (±)-184a/b. 

 

entry conditions T (°C) time (h) 
yield (%) 

199 200 

1 PdCl2(PhCN)2, PtBuHBF4, i-Pr2NH, CuI, dioxane 40 16 No Reaction 

2 PdCl2(PPh3)2, Et3N, CuI, DMF 50 16 Degradation 

3 Pd(PPh3)4, Et3N, CuI, DMF rt 16 No Reaction 

4 Pd(PPh3)4, Cs2CO3, CuI, DMF rt 3 19 30 

5 Pd(OAc)2, PPh3, Et3N, DMF rt 16 No Reaction 

6 Pd(OAc)2, dtbpf, K2CO3, NMP rt 3 15 - 
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Treatment of bromide 163 and alkynes (±)-184a/b with tetrakis(triphenylphosphine)palladium(0), 

triethylamine and copper(I) iodide in dimethylformamide only returned starting material 

(entry 3).99 However, when the amine base was exchanged to cesium carbonate, the formation of 

hetero-coupled products (±)-199a/b (2:1 d.r.) was isolated in 19% yield together with homo-

coupled product (±)-200a/b (2:1 d.r.) in 30% yield (entry 4). The structure of diyne (±)-200a/b 

was assigned using 1H NMR spectroscopy and confirmed by a peak for the molecular ion at m/z 

457.2346 for C28H31NaO4 [M+Na]+ in the HRMS. Homo-coupling is a result of the competing 

Glaser coupling reaction in the presence of oxygen (see Scheme 2.12 for more mechanistic detail). 

Copper-free Sonogashira cross-coupling conditions using palladium(II) acetate, 

triphenylphosphine and triethylamine in dimethylformamide did not effect coupling of bromide 

163 and alkynes (±)-184a/b. However, the use of palladium(II) acetate, 

1,1ʹ-bis(di-tert-butylphosphino)ferrocene and potassium carbonate in N-methyl-2-pyrrolidinone 

afforded coupled products (±)-199a/b (2:1 d.r.) in 15% yield. As mentioned in the first generation 

synthesis, these copper-free cross-coupling conditions are procedurally simpler and 

environmentally friendly as it avoids the competing Glaser reaction and circumvents the use of 

amine bases. 

3.3.3 Sonogashira Cross-Coupling of Differentially Protected Coupling 

Partners. 

In light of the difficulties encountered coupling alkynes (±)-184a/b with alcohol 198 or 

benzaldehyde 163, protecting groups for bromide 198 were then explored to examine the 

protecting group scope of the cross-coupling reaction. Several differentially protected coupling 

partners were prepared to investigate the protecting group scope of the Sonogashira cross-

coupling. In search of protecting groups, a tert-butyldimethylsilyl protecting group was considered 

to be a good protecting group due to its simple synthesis and cleavage. Bromide 198 was reacted 

with tert-butyldimethylsilyl chloride, imidazole and catalytic N,N-dimethylaminopyridine in 

dimethylformamide to give silyl ether 201 in 99% yield (Scheme 3.4) 

Acetate was also chosen to be a suitable protecting group for the substrates used in the Sonogashira 

cross-coupling as the electron withdrawing properties of an acetate group were expected to 

promote the Sonogashira cross-coupling similar to that of the ortho-ester substituent on bromide 
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coupling partner 161 used in the first generation Sonogashira coupling (see section 2.3.2). 

Accordingly, bromide 198 was protected using acetic anhydride, triethylamine and catalytic 

N,N-dimethylaminopyridine to give acetate 202 (Scheme 3.4).  

 

 Synthesis of bromide 201 and 202. Reagents and conditions: i) TBSCl, imidazole, DMAP, DMF, rt, 

16 h, 99%. ii) Ac2O, Et3N, DMAP, CH2Cl2, 0 °C, 30 min, rt, 1.5 h, 94%.  

Next, the Sonogashira cross coupling was attempted using the optimal conditions of palladium 

acetate, 1,1ʹ-bis(di-tert-butylphosphino)ferrocene and potassium carbonate in N-methyl-2-

pyrrolidinone (Table 3.3). Initial coupling of silyl ether 201 to alkynols (±)-184a/b (2:1 d.r.) only 

afforded coupled products (±)-203a/b (2:1 d.r.) in 24% yield (entry 1). Changing the protecting 

group on the bromide coupling partner to acetate showed an improved yield of 50% in the coupling 

reaction (entry 2).  

Table 3.3. Sonogashira cross-coupling of differentially protected coupling partners. 

 

entry bromide alkyne T (°C), t (h) product yield 

1 

 

  

100, 24 

 

24% 

2 

  

120, 1 

 

50% 

3 

  

80, 1.5 

 

53% 

 

Cross-coupling of ethoxymethyl protected alkynes (±)-183a/b and bromide 198 was also 

attempted to investigate whether protecting the secondary alcohol had an effect on the reaction. 
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Alkynes (±)-183a/b and bromide 198 were subjected to the same copper-free conditions and 

coupled products (±)-205a/b were pleasingly isolated in 53% yield (entry 3). Although entries 2 

and 3 both gave moderate yields, the synthesis of the coupling partners in entry 3 are easier hence 

the synthesis of citreoviranol (1) was continued using a diastereomeric mixture of coupled 

products (±)-205a/b (2:1 d.r.). 

With successful coupling of bromide 198 with alkynes (±)-183a/b to afford hydroxyalkynes (±)-

205a/b (2:1 d.r.) proceeding in moderate yield, cleavage of the ethoxymethyl protecting groups in 

(±)-205a/b was attempted to prepare cyclisation precursors (±)-197a/b. A screen of commonly 

used acids for ethoxymethyl cleavage proved unsuccessful. (Table 3.4). Unfortunately, most acids 

failed to effect cleavage of the ethoxymethyl group or resulted in decomposition of the starting 

material (entries 1–13). Only treatment of (±)-205a/b with 1.0 M hydrochloric acid furnished 

cleaved products (±)-197a/b (2:1 d.r.) in 30% yield (entry 14). Although the reaction was left for 

24 hours at 50 °C, the reaction was incomplete and 26% of starting material was recovered. 

Table 3.4. Cleavage of ethoxymethyl protecting group. 

 

entry acid solvent T (°C) comments 

1 CSA CH2Cl2 rt Rapid degradation 

4 PPTS CH2Cl2 50 No reaction 

5 PPTS t-BuOH 50 No reaction 

6 Amberlyst 15 CH2Cl2 50 No reaction 

7 Dowex 50WX8 CH2Cl2 50 No reaction 

8 PTSA MeOH rt Rapid methylation of ArCH2OH 

9 PTSA EtOH 50 Degradation of 205 

10 NaHSO4/SiO2 THF 50 Degradation of 205 

11 Bi(OTf)3 H2O/THF rt No reaction 

12 Bi(OTf)3 THF rt No reaction 

13 Conc. HCl i-PrOH rt Rapid degradation 

14 1.0 M HCl THF 50 
30% 197 

26% recovered 205 

Reactions were carried out on 2–5 mg scale except for entry 14 and monitored by thin layer chromatography. 

Entries that showed no reaction were left for a maximum of 24 hours. 



Second Generation Synthesis 

95 

In light of the difficulties encountered cleaving the ethoxymethyl protecting group, we revisited 

the Sonogashira cross-coupling. It was noted that acetate 202 coupled in an improved yield in 

comparison to silyl ether 201 (entry 1 vs 2, Table 3.3) so we were interested to see if changing the 

ethoxymethyl protecting group on alkynes (±)-183a/b to an acetate would improve the 

Sonogashira cross-coupling. Accordingly, alkynes (±)-183a/b (2:1 d.r.) was protected as acetates 

using acetic anhydride, triethylamine and catalytic N,N-dimethylaminopyridine to give acetates 

(±)-206a/b (2:1 d.r.). When bromide 198 was coupled to acetate protected alkynes (±)-206a/b 

(2:1 d.r.) using the optimised copper-free Sonogashira cross-coupling conditions, coupled 

products (±) 207a/b (2:1 d.r.) were delightfully obtained in an improved yield of 78% 

(entry 3, Table 3.3). Final acetate cleavage of coupled products (±)-207a/b (2:1 d.r.) using 

potassium carbonate in methanol furnished cyclisation precursors (±)-197a/b (2:1 d.r.) in 86% 

yield (Scheme 3.5). 

 

 Synthesis of cyclisation precursors (±)-197a/b. Reagents and conditions: i) Ac2O, Et3N, DMAP, 

CH2Cl2, 0 °C, 30 min, rt, 1.5 h, quant. ii) 198, Pd(OAc)2, dtbpf, K2CO3, NMR, 80 °C, 16 h, 78%. iii) K2CO3, MeOH, 

rt, 16 h, 86%. 
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3.4 Spiroketalisation 

3.4.1 Cyclisation of Dihydroxyalkyne 197 

With a diastereomeric mixture of cyclisation precursors (±)-197a/b (2:1 d.r.) in hand, a variety of 

transition metal catalysts were then screened to effect cyclisation of (±)-197a/b (Table 3.5). 

Attempted cyclisation of (±)-197a/b with gold(III) chloride in dichloromethane at room 

temperature resulted in rapid degradation of the starting material into a complex mixture (entry 1). 

Lowering the temperature to –10 °C in tetrahydrofuran furnished 5,7-spiroketals (±)-208a/b (2:1 

d.r.) in 55% yield. (entry 2). 

Table 3.5. Metal-catalysed cyclisation of hydroxyalkyne (±)-197a/b. 

 

entry [M]a [Ag]/acid solvent, T (°C) time 
yieldd 

(±)-208a/b (±)-209/(±)-210 

1 AuCl3 - CH2Cl2, rt 15 m Complex mixture 

2 AuCl3 - THF, –10 45 m 55 - 

3 AuCl3 - THF, –78 1 h 15 traces (±)-210 

4 PdCl2 - THF, rt 3 h 35 - 

5 PtCl2 - CH2Cl2, rt 16 h 55 - 

6 AuClPPh3 AgOTf CH2Cl2, rt 35 m 25 - 

7 AuClPPh3 PPTS* THF, 50 72 h 21 12 (±)-209 

8 AuClPPh3 PPTS Dioxane, 80 24 h Complex mixture 

9 AuClPPh3 PPTS DCE, 50 72 h  Complex mixture 

10 AuClPPh3  Dioxane, 50 96 h No Reaction 

11 AuClPPh3  CH3CN, 50 96 h No Reaction 

12 AuClPPh3  DCE, 50 10 h Only (±)-208a/b in crude 

13 AuClPPh3  Toluene, 50 96 h (±)-208a/b and (±)-210 in crude 

* Addition of PPTS in the last hour of the reaction. NB: The relative configuration of the stereocenters in (±)-208a/b 

or (±)-210 could not be determined. 
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Disappointingly, desired 6,6-spiroketal (±)-209 was not observed. 5,7-Spiroketal results from 

preferential 5-exo-dig cyclisation of the benzylic alcohol (Scheme 3.6). This was not entirely 

surprising due to the disfavoured steric bulk from the benzyloxy group around the secondary 

alcohol and 5-exo-dig cyclisations are favoured over 6-endo-dig as mentioned in the previous 

section (Scheme 2.19)Lowering the temperature further to –78 °C showed no improvement in 

regioselectivity and 5,7-spiroketals (±)-208a/b (2:1 d.r.) were only isolated in 15% yield (entry 3). 

Notably however, trace quantities of another product, tentatively assigned enol ether (±)-210, was 

also isolated from this reaction. The structure of enol ether (±)-210 was determined by analysis of 

the 1H NMR spectrum, which revealed a singlet resonance at δ 5.60 ppm, characteristic of the 

alkenyl proton present in the 1H-2-benzopyran ring system. Enol ether (±)-210 would result from 

6-endo-dig cyclisation and protodeauration of vinyl gold complex D (Scheme 3.6). 

 

 Competing catalytic cycles in the gold cyclisation of dihydroxyalkyne 197. 
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Cyclisation of (±)-197a/b (2:1 d.r.) was next attempted with a range of metal catalysts including 

palladium(II) chloride, platinum(II) chloride and chloro(triphenylphosphine) gold(I) in the 

presence of silver triflate but in these conditions 5,7-spiroketals (±)-208a/b (2:1 d.r.) were formed 

as the only product (entries 4-6).  

When (±)-197a/b was treated with chloro(triphenylphosphine) gold(I) in tetrahydrofuran, 

formation of enol ether (±)-210 and 5,7-spiroketals (±)-208a/b was observed when the reaction 

was monitored by thin layer chromatography. After 71 h the reaction mixture was treated with 

pyridinium p-toluenesulfonate furnishing 6,6-spiroketal (±)-209 in 12% yield together with 

5,7-spiroketals (±)-208a/b (2:1 d.r.) in 21% yield (entry 7). These results suggest that enol ether 

(±)-210 underwent acid-catalysed spirocyclisation to form 6,6-spiroketal (±)-209, although this 

species co-eluted with 5,7-spiroketals (±)-208a/b so prior formation of (±)-209 cannot be 

discounted. These conditions were then repeated in dioxane or dichloroethane with the addition of 

acid at the beginning of the reaction but no product was observed in the complex mixture by crude 

NMR spectroscopy (entries 8 and 9).  

Next, a range of solvents were screened to investigate the effect of 

chloro(triphenylphosphine)gold(I) on the cyclisation of (±)-197a/b in the absence of pyridinium 

p-toluenesulfonate. The use of dioxane or acetonitrile as solvents failed to effect any conversion 

of diols (±)-197a/b to desired 6,6-spiroketal (±)-209 (entries 10 and 11). Changing solvent to 

dichloroethane resulted in the formation of 5,7-spiroketals (±)-208a/b (2:1 d.r., entry 12). Use of 

toluene as the solvent gave a mixture of 5,7-spiroketals (±)-208a/b (2:1 d.r.) and enol ether (±)-

210 (entry 13). 

The formation of 5,7-spiroketals (±)-208a/b is favoured in almost all cases because 5-exo-dig 

cyclisation is kinetically favoured due to favourable ring strain and entropy (see introduction 

Section 1.5.3).77b Although 5-exo-dig cyclisation may be favoured, Deslongchamps et al. has 

reported a mercury-catalysed cyclisation of dihydroxyalkyne 211 using mercury triflate in aqueous 

acetonitrile for the regioselective formation 6,6-benzannulated spiroketal 212 (Scheme 3.7).100  
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 Regioselective mercury-catalysed cyclisation of dihydroxyalkyne 211 by Deslongchamps.100 

Deslongchamps et al. had also shown that mercury chloride has the same catalytic activity as 

mercury triflate, which was investigated to effect cyclisation of (±)-197a/b. Unfortunately, when 

dihydroxyalkynes (±)-197a/b (2:1 d.r.) were treated with mercuric chloride in aqueous acetonitrile 

only formation of 5,7-spiroketals (±)-208a/b (2:1 d.r.) was observed in the crude 1H NMR 

spectrum with no 6,6-spiroketal (±)-209 formed (Scheme 3.8). Again, electronics of the secondary 

alcohol and the steric bulk of the benzyloxy group may influence the regioselectivity of the 

cyclisation as dihydroxyalkyne 211 utilised by Deslongchamps possesses an unhindered primary 

alcohol. 

 

 Adaptation of the mercury-catalysed cyclisation by Deslongchamps100 for dihydroxyalkyne 197. 

Reagents and conditions: i) HgCl2, CH3CN/H2O (4:1), rt, 45 minutes.  
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3.4.2 Structural Assignments of Spiroketals (±)-209 and (±)-208a/b 

A. Structural Assignments of Spiroketal (±)-209 

The full structural assignment of spiroketal (±)-209 was determined by spectroscopic analysis, 

which is depicted in Figure 3.1. The successful formation of spiroketal (±)-209 was supported by 

a characteristic quaternary resonance observed at δ 97.0 ppm in the 13C NMR spectrum, assigned 

to the spiroketal carbon (C6ʹ). In the 1H NMR spectrum of (±)-209, H2ʹ of the tetrahydropyran 

ring resonates as a multiplet at δ 3.92–3.82 ppm. This resonance exhibits correlations in the COSY 

spectrum to the methyl protons at δ 1.17 ppm and the vicinal methylene protons (H3ʹ) resonating 

as multiplets at δ 2.12–2.08 ppm (H3a) and δ 1.74–1.66 ppm (H3b). The H4ʹ proton of (±)-209 

resonates at δ 4.05–3.98 ppm and exhibit correlations in the COSY spectrum to the H3ʹ methylene 

protons and multiplets at δ 2.30–2.26 ppm and δ 1.55–1.51 ppm, assigned to H5ʹa and H5ʹb, 

respectively. The benzylic protons in spiroketal (±)-209 showed a characteristic AB quartet (δ 3.81 

ppm, ABq, ΔδAB = 0.15, JAB = 16.5 Hz) in the 1H NMR spectrum and did not show any correlations 

in the COSY spectrum confirming the formation of the benzopyran ring present in 6,6-spiroketal 

(±)-209. 

 

Figure 3.1. 1H NMR (red) and 13C NMR (blue) assignments of spiroketal (±)-209 and its COSY (purple) and 

NOESY (green) correlations.  

Observation of a 1,3-diaxial NOE correlation between H2ʹ and H4ʹ in (±)-209 shown in Figure 3.2 

indicated that these protons are syn to each other. Furthermore H4ʹ in (±)-209 only showed 

correlations with the equatorial protons H5ʹeq and H3ʹeq and correlations with H5ʹax or H3ʹax were 

absent, which established that H2ʹ and H4ʹ are positioned axially, with the substituents on the 

tetrahydropyran ring therefore positioned equatorially. 

The NOE correlations of H4b with H5ʹax and H5ʹeq of (±)-209 suggested that the tetrahydropyran 

ring adopts the anomerically-stabilised chair conformation represented below whereby the lactone 
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oxygen adopts the axial position (Figure 2.5 and Figure 2.6). These correlations which are 

consistent with the ones observed for spiroketal (±)-188, established to exist in the same 

anomerically-stabilised chair conformation (see section 2.5.2). Additionally, the benzylic protons 

(H1) in spiroketal (±)-209 exhibit a correlation with H2ʹ, which suggests that the benzopyran ring 

adopts a twist chair like conformation whereby the tetrahydropyran oxygen is positioned 

pseudoaxially (Figure 3.1). The conformation of spiroketal (±)-209 may therefore be governed by 

a secondary partial anomeric effect. 

The requirement that H4ʹ in the tetrahydropyran ring occupies an axial position on the required 

anomerically-stabilised chair conformation establishes that the spiroketal centre in isomer (±)-209 

exists in the R-configuration. 

 

Figure 3.2. NOESY spectrum of 6,6-spiroketal (±)-209.  

B. Structural Assignments of Spiroketals (±)-208a/b. 

The successful formation of 5,7-spiroketals (±)-208a/b was supported by a characteristic 

quaternary resonance at δ 111.2 ppm for (±)-208a and δ 111.1 ppm for (±)-208b in the 13C NMR 

spectrum, corresponding to the spiroketal carbon (C6ʹ), which are consistent with other 5,7-

spiroketals reported in literature.101 In the 1H NMR spectrum of (±)-208a/b, H5ʹ of the 

H5ʹeq H3ʹeq H4a H4b 

H2ʹ 
H4ʹ 

H1 

H2ʹ H4ʹ 
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7-membered ring resonates as a multiplet at δ 1.31–1.95 ppm. This resonance exhibits correlations 

to peaks assigned to H6ʹ at δ 2.84–2.79 ppm in the COSY spectrum, indicating that they are vicinal 

to each other and confirming the 7-membered ring is present in spiroketals (±)-208a/b. 

Furthermore, the absence of benzylic resonances in the δ 2.5–3.5 ppm range in the 1H NMR 

spectrum for (±)-208a/b supports the formation of the isobenzofuranone subunit of the spiroketal. 

Although two of the four possible diastereomers of 5,7-spiroketal (±)-208 were formed as an 

inseparable mixture, the relative configuration of the stereocenters could not be determined. 

 

Figure 3.3. 1H NMR (red) and 13C NMR (blue) assignments of spiroketals (±)-208a/b. 

The 5,7-spiroketal ring system is present in lanostane-type triterpene natural products depicted 

in Figure 3.4.101-102 Fomefficinin (213)101 and officimalonic acid C (214)102a were independently 

isolated from the wood-rotting fungus Formes officinalis present in the coniferous trees in northern 

China, USA, Canada and Europe. In traditional Chinese medicine, F. officinalis was used as a 

remedy for coughs and asthma. Antrolactones A (215) and B (216) were recently isolated from a 

different wood-rotting fungus Antrodia heteromorpha and were found to exhibit inhibitory effects 

on RANKL-induced (receptor activator of nuclear factor-kappaβ ligand-induced) 

osteoclastogenesis, which suggests that these derivatives may play a role in the inhibition of 

osteoclast differentiation.102b 

 

Figure 3.4. Lanostane-type triterpenoid natural products containing a 5,7-spiroketal ring system. 
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3.4.3 Hydration of Alkyne 197 

Following the unsuccessful attempt of intramolecular gold-catalysed spiroketalisation of 

dihydroxyalkynes (±)-197a/b (2:1 d.r.), hydration of (±)-197a/b with water was investigated to 

examine the regioselectivity of the reaction using an external nucleophile. In 2011, Oh et al.103 

reported regioselective hydration of 1-arylalkynes using platinum or gold catalysts. Following the 

optimal conditions reported by Oh et al., alkynes (±)-197a/b (2:1 d.r.) were treated with 

chloro(triphenyphosphine)gold(I) and silver triflate in 5:1 dioxane/water. Analysis of the crude 

NMR spectrum revealed that the majority of the product was 5,7-spiroketals (±)-208a/b (2:1 d.r.) 

along with minor quantities of enol ether (±)-210 (entry 1, Scheme 3.8). Use of gold(III) chloride 

alone had the same effect (entry 2). When pyridinium p-toluenesulfonate was added to the gold(III) 

chloride catalytic system, only 5,7-spiroketals (±)-208a/b (2:1 d.r.) was obtained (entry 3). The 

observation of only 5,7-spiroketals (±)-208a/b and no formation of 6,6-spiroketal (±)-209 

indicated that cyclisation occurred at the undesired benzylic position of the alkyne. Hydration 

products 217 or 218 were not isolated therefore the mode of cyclisation (intramolecular or 

intermolecular) could not be determined. 

Table 3.6. Attempted hydration of dihydroxyalkyne (±)-197a/b. 

 

entry [M]a [Ag]/acid solvent T (°C), time (h) comments* 

1 AuClPPh3 AgOTf 5:1 Dioxane/H2O 50, 1 1:0.15 (±)-208a/b/(±)-210 

2 AuCl3 - 5:1 Dioxane/H2O 70, 6 1:0.06 (±)-208a/b/(±)-210 

3 AuCl3 PPTS 5:1 Dioxane/H2O 0, 2 only 208 

*analysis by crude NMR 
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3.4.3 Attempted Cyclisation of Hydroxyalkyne 204 

In an attempt to control the regioselectivity of the cyclisation, attention turned to the use of 

monoprotected dihydroxyalkynes (±)-204a/b (2:1 d.r.). In this case, cyclisation of the secondary 

alcohol in (±)-204a/b should be favoured resulting in the 6-exo-dig cyclisation to pyran (±)-

219a/b. Subequent hydrolysis should afford 6,6-spiroketal (±)-209. 

 

 Proposed cyclisation of monoprotected dihydroxyalkyne (±)-204a/b to pyran (±)-219a/b and 

subsequent hydrolysis to 6,6-spiroketal (±)-209. 

When hydroxyalkynes (±)-204a/b (2:1 d.r.) were treated with gold(III) chloride the mixture 

rapidly changed from yellow into brown indicating possible degradation of the catalyst (entry 1). 

There was no change in the reaction after one hour when the reaction was monitored by thin layer 

chromatography and when the reaction mixture was filtered, only starting material was recovered. 

When the reaction was carried out using chloro(triphenylphosphine)gold(I) as the catalyst in the 

presence of silver hexafluoroantimonate, the mixture turned orange after five minutes (entry 2). 

After 2.5 hours only trace quantities of starting material together with an unknown by-product 

were isolated. Numerous metal catalysts were investigated to effect cyclisation, however, the 

reactions showed complex mixtures and pyrans (±)-219a/b were never observed (entries 3–5). 

Table 3.7. Attempted cyclisation of hydroxyalkynes (±)-204a/b. 

 

entry [M]a [Ag]/acid solvent T (°C), time comments 

1 AuCl3  THF rt, 1 h Recovered (±)-204a/b 

2 AuClPPh3 AgSbF6 THF rt, 2.5 h Recovered (±)-204a/b and unknown by-product 

3 AuClPPh3 AgOTf CH2Cl2 rt, 2 h Complex mixture 

4 AuCl  CH2Cl2 rt, 2 h Complex mixture 

5 PdCl2  THF rt, 24 h Complex mixture incl. (±)-204a/b 
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3.5 Summary 

The second generation synthesis towards citreoviranol (1) focused on a key gold-catalysed 

cyclisation followed by a late stage benzylic oxidation to construct the spiroketal lactone core of 

citreoviranol (1) (Scheme 3.2). It was thought that a late stage oxidation would enable a gold-

catalysed double cyclisation of 197 and avoid the formation of highly stable isocoumarin 191. This 

strategy would generate the spiroketal in one pot and avoid epimerisation of the secondary alcohol 

previously encountered in the base-induced ketalisation. 

The key Sonogashira cross-coupling and metal-catalysed spiroketalisation proved to be more 

problematic than anticipated. Extensive screening of Sonogashira cross-coupling conditions 

revealed that the copper-free Sonogashira employing the 1,1ʹ-bis(di-tert-butylphosphino)ferrocene 

ligand was the optimum conditions and the cross-coupling was very substrate specific. A range of 

differentially protected coupling partners were investigated and it was found that coupling bromide 

198 with acetate protected alkynes (±)-206a/b (2:1 d.r.) afforded the coupled products in the best 

yield. In almost all cases, gold-catalysed spiroketalisation of (±)-197a/b (2:1 d.r.) favoured 

5,7-spiroketal (±)-208a/b. Although an extensive screen of conditions were carried out, 

6,6-spiroketal (±)-209 was not isolated in sufficient quantities to proceed with this synthetic 

strategy towards citreoviranol (1). 

 

 Overall second generation synthesis towards citreoviranol (1). Reagents and conditions: i) POCl3, 

DMF, rt, 30 min, then 100 °C, 4 h, 80%. ii) NaBH4, MeOH, 0 °C, 30 min, 98%. iii) EOMCl, DIPEA, CH2Cl2, 0 °C, 

1 h then rt, 16 h, 98%. iv) DIBAL, CH2Cl2, −78 °C, 1 h, 95%. v) propargyl bromide, Zn, THF, 0 °C, 1 h, 75%, 2:1 dr 

anti:syn. vi) 173a/b, NaH, THF, 0 °C, 40 min then BnBr, TBAI (10 mol%), 60 °C, 1 h, 92%. vii) Ac2O, Et3N, DMAP, 

CH2Cl2, 0 °C, 30 min, rt, 1.5 h, quant. viii) Pd(OAc)2 (10 mol%), dtbpf (15 mol%), K2CO3, NMP, 80 °C, 16 h, 78%. 

ix) K2CO3, MeOH, rt, 16 h, 86%. x) AuClPPh3 (10 mol%), THF, 50 °C, 72 h, then PPTS (10 mol%), 12% (±)-209, 

21% (±)-208 (2:1 d.r.).
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4.1 Third Generation Retrosynthetic Analysis of Citreoviranol (1) 

A third generation synthesis of citreoviranol (1) was developed based on the information gained 

during the course of the second generation synthesis. This retrosynthetic strategy aimed to utilise 

propargyl alkyne 220 as the substrate for the key gold-catalysed cyclisation followed by late-stage 

benzylic oxidation to construct the spiroketal lactone core of citreoviranol (1) (Scheme 4.1). In the 

second generation synthesis, regiochemical issues were encountered in the cyclisation of 

dihydroxyalkyne 197 due to preferential 5-exo-dig cyclisation of the benzylic alcohol. It was 

envisaged that shifting the alkyne to the propargylic position in alkyne 220 would direct 6-exo-dig 

cyclisation of the benzylic alcohol to the desired 6,6-spiroketal core in citreoviranol (1). 

 

Scheme 4.1. Third generation retrosynthetic strategy for the synthesis of citreoviranol (1) utilising dihydroxyalkyne 

220 compared to second generation strategy. 

The preparation of 220 could be achieved by various cross-couplings of Grignard reagents or 

organoalkali metals with the requisite electrophiles (Scheme 4.2). Disconnection I involves cross-

coupling of an aryl organometallic with a propargyl halide (coupling A) or a propargyl 

organometallic with an aryl halide (coupling B). Alternatively, disconnection II involves cross-

coupling of an alkynyl organometallic with a benzyl halide (coupling C) or a benzyl 

organometallic with an alkynyl halide (coupling D).  

There is some literature precedent for uncatalysed cross-couplings of type A and C but such 

reactions have limited scope. Cross-couplings of type B or D do not usually proceed because the 

Grignard or organoalkali metals are unable to undergo uncatalysed carbon-carbon bond formation 

with unsaturated electrophiles R2X such as aryl, alkenyl, or alkynyl.  
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Since the discovery of palladium-catalysed cross-couplings in the 1970s, the diversity of substrates 

for cross-coupling reactions has expanded.105 Although there has been extensive work on catalysed 

cross-couplings with sp and sp2 coupling partners, cross-coupling reactions involving sp3 coupling 

partners currently remain limited106 but will nevertheless be explored in the synthesis of alkyne 

220.  

 

Scheme 4.2. Various cross-couplings for the preparation of benzyl alkynes. 

In the following sections we will describe our efforts to prepare alkyne 221 via uncatalyzed aryl-

propargyl cross-couplings (coupling A, Section 4.2), uncatalysed alkynyl-benzyl cross-couplings 

(coupling C, Section 4.3), catalysed propargyl-aryl cross-couplings (coupling B, Section 4.4) and 

catalysed alkynyl-benzyl cross-couplings (coupling C, Section 4.5). The attempted gold-catalysed 

cyclisation of alkyne 220 will also be described. 



Chapter Four 

112 

4.2 Uncatalysed Aryl-Propargyl Cross-Coupling 

4.2.1 Attempted Grignard Reactions 

Initial work focused on disconnection I, which involved formation of an organometallic derivative 

of aryl bromide 222 for reaction with propargyl bromide 223 (Scheme 4.3). Firstly, Grignard 

reaction of aryl bromide 222 with propargyl bromide 223 was attempted. Formation of the 

Grignard derivative of aryl bromide 222 with magnesium powder and dibromoethane followed by 

addition of propargyl bromide 223 resulted in the isolation of protodehalogenated compound 225. 

The observation of three proton resonances in the aromatic region of the 1H NMR spectrum 

suggested that protodehalogenation of bromide 222 to 225 had occurred indicating that the 

Grignard reagent had formed but did not react with propargyl bromide 223. Similarly, copper(I) 

chloride catalysed Grignard reaction of the Grignard derivative of aryl bromide 222 and bromide 

223 also returned compound 225. 

 

Scheme 4.3. Attempted Grignard reaction of bromide 222 with TMS propargyl bromide 223. Reagents and 

conditions: i) a) 222, Mg, dibromoethane, THF, reflux, 2 h, b) 223, THF, reflux, 16 h. i) a) 222, Mg, dibromoethane, 

THF, reflux, 2 h, b) 223, CuI (10 mol%), THF, reflux, 16 h. 

4.2.2 Attempted Lithiations 

Attention then turned to the formation of the lithiate of aryl bromide 222. Lithium-halogen 

exchange of aryl bromide 222 with n-butyllithium in either tetrahydrofuran or diethyl ether 

followed by addition of propargyl bromide 223 returned a mixture of starting material 222 and 

protodehalogenated compound 225 (entries 1 and 2, Table 4.1). When two equivalents of 

n-butyllithium were used, HRMS analysis revealed that dimer 226 was formed together with 

compound 225 (entry 3). This suggested that lithium-halogen exchange of both aryl bromide 222 

and propargyl bromide 223 with n-butyllithium had occurred. However, only the lithiated 

derivative of propargyl bromide 223 reacted with propargyl bromide 223 to form dimer 226. Next, 
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lithiation of bromide 222 followed by transmetalation with magnesium bromide (generated in situ 

from the reaction of magnesium powder and dibromoethane) to form the Grignard derivative of 

bromide 222 was attempted. However, once more no reaction with propargyl bromide 223 took 

place and protodehalogenated compound 225 was recovered as the major product (entry 4). 

Attempted halogen-exchange of propargyl bromide 223 using sodium iodide in order to introduce 

a better leaving group prior to addition to the lithiate mixture only returned starting material 

(entry 5).  

Table 4.1. Attempted alkynylation of chloride 222 via lithium-halogen exchange. 

 

entry n-BuLi (eq.)   solvent, T (°C) result 

1 1.1  Et2O, −78 to rt 222 and 225 

2 1.1  THF, −78 to rt 222 and 225 

3 2  THF, −78 to rt 225 and 226 

4 1.2 MgBr2 THF, −78 to rt major 225, trace 222 

5 1.2 NaI THF, −78 to rt major 222 

All entries used 1.5 eq. alkyne and lithiation was performed for 1 h at −78 °C. Results are based on analysis of crude 

NMR spectra. 

From the results, it was clear that formation of the organometallic species had occurred but that 

the resultant nucleophile did not react with bromide 223. The lithiated derivative of bromide 222 

was then treated with paraformaldehyde, a highly reactive electrophile (Scheme 4.4). 

Unfortunately, once more, only protonated compound 225 was recovered. 

 

Scheme 4.4. Reaction of the lithiate of 222 with paraformaldehyde. Reagents and conditions: i) a) 222 n-BuLi, −78 

°C, 1 h, b) (CH2O)n, −78 °C, 2 h, rt, 16 h. 
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At this point it was deemed plausible that the lack of product formation was the result of a highly 

unstable lithiate species that decomposed rapidly upon formation. It was thought that lower 

reaction temperatures may inhibit degradation pathways. The reaction of the lithiate of aryl 

bromide 164 with propargyl bromide 223 was therefore performed at −100 °C (Scheme 4.5). It 

was thought that more information could be gained from the use of a simpler bromide such as 

3,5-dimethoxybromobenzene (164). However, no reaction with bromide 223 was observed and 

only protodehalogenated starting material 229 was recovered.107 

 

Scheme 4.5. Investigating the stability of the lithiated derivative of 164 at lower reaction temperatures. Reagents 

and conditions: i) a) n-BuLi, −100 °C, 1 h, b) 223, −100 °C, 1 h. 



Third Generation Synthesis 

115 

4.3 Uncatalysed Alkynyl-Benzyl Cross-Coupling 

4.3.1 Synthesis of Chloride 230 

Following the unsuccessful attempts to effect aryl-propargyl cross-coupling, attention turned to 

the alkynyl benzyl cross-coupling (disconnection II, coupling C). This cross-coupling features the 

use of well-known acetylide nucleophiles, although the use of sp3 chlorides as electrophiles are 

limited. In order to investigate the union of chloride 230 with trimethylsilylacetylene, initial 

attention focused on the synthesis of modified aromatic coupling partner 230. 

 

Scheme 4.6. Disconnection II: Coupling C – alkynyl benzyl cross-coupling of acetylide nucleophile with sp3 halide. 

Following literature procedures,108 synthesis of chloride 230 was achieved via Vilsmeier-Haack 

formylation of 3,5-dimethoxybenzyl alcohol (232) using phosphorous oxychloride and 

dimethylformamide with concurrent substitution of the alcohol by chloride. Spectroscopic data 

(1H and 13C NMR) of aldehyde 233 were in full agreement with the literature data.96,108 Reduction 

of the aldehyde 233 with sodium borohydride in methanol and subsequent protection of the alcohol 

furnished ethoxymethyl ether 230. Benzylic resonances at δ 4.73 and 4.70 ppm corresponding to 

ArCH2OEOM and ArCH2Cl in the 1H NMR spectrum and a peak for the molecular ion at m/z 

297.0866 for C13H19ClNaO4 [M+Na]+ confirmed the structure of chloride 230. 

 

Scheme 4.7. Synthesis of chloride 230. Reagents and conditions: i) POCl3, DMF, rt, 30 min then 232, 75 °C, 3 h. 

ii) NaBH4, MeOH, 0 °C, 10 min. iii) EOMCl, DIPEA, CH2Cl2, 0 °C, 2 h, 72% over 3 steps. 
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4.3.2 Alkynylation of Chloride 230 

With modified aromatic coupling partner 230 in hand, a series of reaction conditions were 

investigated in order to effect alkynylation of chloride 230 (Table 4.2). When chloride 230 was 

treated with ethynyl magnesium bromide, coupled product 234 was not observed. Instead, bromide 

235 was isolated as a result of halogen exchange of chloride 230. The formation of bromide 235 

was confirmed by HRMS analysis. Notably, the 1H NMR spectrum of bromide 235 was similar to 

that of chloride 230 but the benzylic resonance corresponding to ArCH2Br was shifted downfield 

slightly (δ 3.66 ppm for 235 vs. δ 3.65 ppm for 230) due to the presence of the more electron-rich 

bromine atom in 235. When the same reaction was conducted in the presence of catalytic copper(I) 

iodide (with or without sodium iodide) bromide 235 was again the only product (entries 2 and 3). 

A copper-catalysed Grignard reaction was also attempted using the Grignard derivative of 

trimethylsilylacetylene, generated in situ from trimethylsilylacetylene and isopropylmagnesium 

bromide. However, the major product was once again bromide 235 (entry 4). When chloride 230 

was treated with the lithiate of trimethylsilylacetylene or lithium acetylide-ethylene diamine 

complex, only starting material 230 was recovered (entry 6 and 7). 

Table 4.2. Attempted alkynylation of chloride 230. 

 

entry alkynylation conditions (eq.) solvent, T (°C) Result 

1 ethynyl MgBr (8.0) THF, 60 235 

2 ethynyl MgBr (4.0), CuI (0.5 eq) THF, 60 235 

3 ethynyl MgBr (8.0), CuI (0.1 eq), NaI (0.1) THF, 60 235 

5 TMS acetylene (4.0), i-PrMgBr (4.0), CuBr (0.6)  THF, reflux 230 : 235 (1 : 5) 

6 TMS acetylene (7.0), n-BuLi (6.0) THF, −78 to rt No reaction 

7 Lithium acetylide-ethylene diamine complex (2.0) THF, rt No reaction 

8 TMS acetylene (3.0), K2CO3 (4.0) CuI (1.0), TBAI (1.0) MeCN, 40 230 : unknown (2 : 1) 

9 ethynyl MgBr (2.0), FeCl3 (0.1), TMEDA (1.9) THF, 0 to rt No reaction 
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Copper-catalysed cross-couplings of terminal alkynes with benzylic halides for the formation of 

benzyl alkynes have been developed by Wulff et al.109 Following the conditions developed by 

Wulff et al., copper trimethylsilylacetylide was formed by treatment of trimethylsilylacetylene 

with potassium carbonate and copper iodide. Addition of copper trimethylsilylacetylide to chloride 

230 in the presence of tert-butylammonium iodide gave a mixture of an unknown by-product 

together with recovered starting material 230. Unfortunately, coupled product 224 was not 

observed (entry 8, Table 4.2). 

In 2007, Cossy and co-workers discovered an iron-catalysed cross-coupling of Grignard reagents 

with alkyl halides.110 Iron(0) generated in situ from ferric chloride could undergo radical oxidative 

addition with alkyl halide A. Transmetalation with Grignard reagent C followed by reductive 

elimination would then generate coupled product E (Scheme 4.8). Following the conditions 

reported by Cossy et al., a solution of ethynyl magnesium bromide and N,N,N′,N′-

tetramethylethylenediamine were added to a solution of chloride 230 and catalytic ferric chloride 

(10 mol%) in tetrahydrofuran at 0 °C. Disappointingly, no coupled product 234 was observed 

resulting only in recovered starting material 230 (entry 9, Table 4.2) 

 

Scheme 4.8. Proposed catalytic cycle of iron-catalysed cross-coupling of ethynyl magnesium bromide and chloride 

230 adapted from Cossy et al.110  
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4.3.3 Synthesis of Chloride 237 

Following the unsuccessful attempts to alkynylate 230, it was proposed that the use of a less 

electron rich aromatic coupling partner would be more suitable for cross-coupling. Chloride 237 

was thought to be a suitable substrate for alkynylation due to the presence of an electron 

withdrawing ortho-ester group (Scheme 4.9). Lindgren oxidation of aldehyde 233 with sodium 

chlorite and sulfamic acid afforded acid 236. Conversion of acid 236 to the acid chloride using 

oxalyl chloride in dimethylformamide followed by a methanol quench furnished methyl ester 237 

in excellent yield. The structure of methyl ester 237 was confirmed by complete spectral analysis 

(1H and 13C NMR, IR and HRMS). A distinct quaternary carbon resonating at δ 167.4 ppm in the 

13C NMR spectrum was assigned to the ester carbonyl carbon and a benzylic resonance at δ 4.60 ppm 

in the 1H NMR spectrum corresponded to ArCH2Cl. Furthermore a peak for the molecular ion at 

m/z 267.0401 for C11H13ClNaO3 [M+Na]+ confirmed the structure of chloride 237. 

 

Scheme 4.9. Synthesis of chloride 237. Reagents and conditions: i) NaClO2, HSO3NH2, H2O:THF:DMSO 

(20:10:1), 0 °C, 30 min, rt, 15 min. ii) (COCl)2, DMF, 0 °C to rt, 1 h then MeOH, 12 h, 99% over 2 steps.  

4.3.4 Alkynylation of Chloride 237 

With chloride 237 in hand, the key alkynylation reaction was investigated. When ethynyl 

magnesium bromide was added to a solution of chloride 237 in tetrahydrofuran, analysis of the 

crude 1H NMR spectrum revealed that starting material was recovered (entry 1, Table 4.3). 

Addition of catalytic quantities of copper(I) bromide in the reaction mixture had the same effect 

(entry 2). When chloride 237 was treated with ethynyl magnesium bromide in the presence of 

catalytic quantities of copper(I) bromide and tert-butylammonium iodide, an unknown byproduct 

was isolated (entry 3). 

Attention then turned to reaction of a lithium acetylide with chloride 237. The lithium acetylide 

was generated by treatment of trimethylsilylacetylene with n-butyllithium. However, upon 

addition of lithiated trimethylsilylacetylene to chloride 237, no product was observed and only 
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starting material was recovered (entry 4). Similarly, treatment of chloride 237 with lithium 

acetylide-ethylene diamine complex resulted in no reaction (entry 5). 

Table 4.3. Attempted alkynation of chloride 237 

 

entry alkynylation conditions (eq.) solvent, T (°C) comments 

1 ethynyl MgBr (8.0),  THF, 60 recovered 237 

2 ethynyl MgBr (8.0), CuBr (0.2) THF, 60 recovered 237 

3 ethynyl MgBr (8.0), CuBr (0.2) TBAI (0.2) THF, 60 unknown byproduct 

4 trimethylsilylacetylene (2.0) , n-BuLi (2.0) THF, rt recovered 237 

5 lithium acetylide-ethylene diamine complex (2.0) THF, rt recovered 237 

6 trimethylsilylacetylene (4.0), K2CO3 (2.0), CuI (2.0), TBAI (2.0) MeCN, 65 recovered 237 

7 trimethylsilylacetylene (4.0), Cs2CO3 (2.0), CuI (2.0), TBAI (2.0) MeCN, 65 lactone 239 

All reactions were conducted for 24 hours. 

Wulff et al.109 has developed methodology for the formation of benzyl alkynes via 

copper-catalysed coupling of a terminal alkyne with a benzyl halide. Following the conditions 

developed by Wulff, a solution of trimethylsilylacetylene in acetonitrile was treated with 

potassium carbonate or cesium carbonate in the presence of two equivalence of copper iodide and 

tert-butylammonium iodide at 65 °C. Analysis of the reaction by thin layer chromatography 

showed no observable change (entries 6 and 7). Surprisingly, upon workup lactone 239 was 

isolated from the cesium carbonate mixture. In contrast only starting material was recovered from 

the potassium carbonate mixture. The absence of a third methoxy resonance in the 1H NMR of 

lactone 239 suggested that saponification of the methyl ester had occurred. Interestingly, the 

benzylic protons were significantly shifted downfield to 5.15 ppm in comparison to chloride 237 

(4.60 ppm), indicating that the benzylic protons were more deshielded. These results suggest that 

cyclisation of the carboxylic acid had occurred, resulting in deshielding of the benzylic protons by 

the lactone oxygen. Spectroscopic data (1H and 13C NMR) of lactone 239 were in full agreement 

with the literature data.111 Lactone 239 is postulated to be generated from the hydrolysis of ester 

237 followed by cyclisation of carboxylate B with the loss of chloride to generate lactone 239. 
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Scheme 4.10. Proposed mechanism for cyclisation of chloride 237 to lactone 239. 
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4.4 Transition Metal-Catalysed Propargyl-Aryl Cross-Coupling 

Since uncatalysed cross-couplings had proved unsuccessful, attention then turned to the use of 

transition metal-catalysed cross-couplings for the formation of benzyl alkyne 224. There have been 

numerous reviews on transition metal-catalysed cross couplings with mild conditions and high 

functional group tolerance, such as the Suzuki (B), Stille (Sn), Kumada (Mg), Negishi (Zn/Zr) and 

Hiyama (Si(OR)3) cross-couplings.43,112 However, these methods are only broadly applicable for 

sp2-sp2, sp-sp2 and sp-sp cross-couplings. Sp3-sp2 cross-couplings are limited by undesired 

β-hydride elimination (path B, Scheme 4.11). In 1980 Negishi demonstrated palladium-catalysed 

sp3-sp2 cross-couplings of homopropargylic zinc nucleophiles with alkenyl halides for the 

preparation of 1,5-enynes.78a This methodology was then extended to homobenzyl-aryl, 

homobenzyl-alkenyl, homoallyl-aryl and homopropargyl-aryl cross-couplings,113 where the latter 

is of interest for the preparation of benzyl alkyne 224. 

 

Scheme 4.11. Competing reductive elimination (path A) and β-hydride elimination (path B) pathways adapted from 

Negishi et al.78a 

The palladium-catalysed Negishi cross-coupling follows a similar catalytic cycle to other 

palladium cycles (such as the Sonogashira cross-coupling which was discussed extensively in the 

previous chapter). The reaction begins with oxidative addition of palladium(0) to alkyl halide 230, 

followed by transmetalation with the organozinc derivative of bromide 223 and then reductive 

elimination to regenerate the palladium catalyst and produce coupled product 224 (Scheme 4.12). 
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Scheme 4.12. Proposed catalytic cycle of the palladium-catalysed Negishi cross-coupling. 

We were interested to employ the Negishi cross-coupling to unite aryl bromide 230 and bromide 

223 (Scheme 4.13). Bromide 223 has been commonly used in organozinc couplings and 

importantly it cannot undergo β-hydride elimination in the catalysed cross-coupling. Recently, 

Storch et al. utilised a copper-catalysed Negishi cross-coupling to unite homopropargylic zinc 

bromide with an aryl iodide for the preparation of homopropargylarenes.114 Following these 

conditions, the organozinc derivative of bromide 223 was prepared by treatment of 3-bromo-1-

(trimethylsilyl)-1-propyne (223) in dimethylacetamide with zinc powder. A mixture of 1,1′-

bis(diphenylphosphino)ferrocene dichloropalladium(II) (Pd(dppf)Cl2) and copper(I) iodide was 

added to the reaction and the mixture was stirred at 80 °C for 2 days affording coupled product 

240, albeit in low yield with concomitant loss of the ethoxymethyl group. The structure of coupled 

240 product was tentatively assigned based on key resonances observed in the 1H NMR spectrum. 

The doublets at δ 6.72 ppm (J = 2.4 Hz) and δ 6.40 ppm (J = 2.4 Hz) were assigned to the aromatic 

protons and the singlets resonating at δ 4.71 ppm and δ 4.20 ppm were assigned to the two sets of 

benzylic protons. Additionally a singlet with an integral corresponding to nine protons was 

observed at δ 0.19 ppm, which indicated the presence of a trimethylsilyl group and confirmed the 

successful synthesis of coupled product 240. Minor quantities of starting material 230 were also 

recovered together with deprotected starting material 198. 
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Scheme 4.13. Attempted Negishi cross-coupling of aryl bromide 230 with propargyl bromide 223. Reagents and 

conditions: i) Zn, I2, DMA, 80 °C, 3 h then PdCl2(dppf) (10 mol%), CuI (10 mol%), DMA, 80 °C, 48 h. 

Because the ethoxymethyl was prone to cleavage when using Storch’s conditions, which could 

cause complications in the Negishi coupling, the reaction was then attempted with aromatic 

bromides on hand from the second generation synthesis. Disappointingly, neither acetate 202 nor 

silyl ether 201 could be successfully coupled with bromide 223 under Storch’s conditions.  

 

Scheme 4.14. Attempted Negishi cross-coupling of bromide 201 or 202 with TMS propargyl bromide 223. Reagents 

and conditions: i) Zn, I2, DMA, 80 °C, 3 h then PdCl2(dppf) (10 mol%), CuI (10 mol%), DMA, 80 °C, 48 h. 

The Negishi cross-coupling of propargyl organometallics with aryl halides has proven 

unsuccessful as a means of accessing benzyl alkyne 224. Upon further investigation of the 

literature, we discovered that Ma et al.115 had demonstrated that palladium catalysed propargyl-

aryl cross-coupling predominately results in allene products. For example the palladium-catalysed 

reaction of phenylpropargylzinc bromide, formed in situ from phenylpropyne n-butyllithium and 

zinc bromide, with phenyl iodide predominately formed allene 248 (Scheme 4.15). 
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Scheme 4.15. Palladium-catalysed propargyl-aryl cross-couplings to allene products reported by Ma et al.115 

Reagents and conditions: i) n-BuLi, ZnBr2. ii) Pd(PPh3)4, 23 °C, 20 h. 

In addition, Negishi had reported that the preparation of benzyl alkynes via palladium-catalysed 

propargyl-aryl cross-couplings is low yielding and underdeveloped.116 For example, coupling of 

simple phenyl iodide 246 with phenylpropargylzinc bromide 243 using Pd(dppf)Cl2 afforded 

coupled product 247 in less than 16% yield. Negishi had established that palladium-catalysed 

benzyl alkynyl cross-couplings is the most attractive disconnection for the preparation of benzyl 

alkynes. Consequently, our attention turned to alkynyl-benzyl Negishi cross-couplings. 

 

Scheme 4.16. Palladium-catalysed propargyl-aryl cross-coupling reported by Negishi.116 Reagents and conditions: 

i) a) n-BuLi, ZnBr2. b) Pd(dppf)4, 23 °C, 20 h. 
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4.5 Transition Metal-Catalysed Alkynyl-Benzyl Cross-Coupling 

Following the disappointing results of the attempted palladium-catalysed propargyl aryl 

cross-coupling, we turned to the investigation of palladium-catalysed benzyl alkyne 

cross-couplings. Palladium-catalysed cross-couplings with sp3
 electrophilic coupling partners 

(C-X) are quite limited due to slow oxidative addition of palladium to the sp3 hybridised C-X 

bond,117 resulting in a sluggish catalytic cycle (Scheme 4.17). Furthermore, transmetalation is 

usually slower than the β-hydride elimination process mentioned in the previous section (Scheme 

4.11). 

 

Scheme 4.17. Proposed catalytic cycle of palladium-catalysed Negishi cross-coupling of chloride 237 with 

trimethylsilylacetylene. 

Negishi et al. had reported palladium-catalysed Negishi cross-couplings using 

dichloro[bis(2-(diphenylphosphino)phenyl)ether]palladium(II) (Pd(DPEphos)Cl2) as a catalyst to 

successfully prepare benzyl alkynes.116 Following the conditions reported by Negishi, the 

alkynyl-benzyl Negishi cross-coupling of chloride 230 with trimethylsilylacetylene was attempted 

using Pd(DPEphos)Cl2, generated in situ from palladium(II) chloride and DPEphos (Scheme 4.18). 

Trimethylsilylacetylene was deprotonated using n-butyllithium and transmetalated with zinc 

bromide to form the organozinc nucleophile. A mixture of chloride 230, palladium chloride, and 

bis(2-(diphenylphosphino)phenyl)ether in tetrahydrofuran was added to the organozinc mixture 
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and the resultant mixture stirred at room temperature for 16 hours. Disappointingly, slow 

degradation of the starting material was observed when the reaction was monitored by thin layer 

chromatography. The reaction was unable to be heated and none of the desired product 224 was 

isolated upon work-up. 

 

Scheme 4.18. Attempted Negishi cross-coupling of chloride 230 with TMS acetylene 231. Reagents and conditions: 

i) a) TMS acetylene 231, n-BuLi, THF, −78 °C, 1 h, ZnBr2, −78 °C, 15 min., 0 °C, 30 min. b) 230, PdCl2, DPEphos, 

THF, rt, 16 h. 

Attention then turned to the use of a less electron-rich chloride coupling partner, chloride 237. 

Under the same conditions, chloride 237 was stable in refluxing tetrahydrofuran and coupled 

product 238 was obtained in 40% yield (entry 1, Table 4.4). A screen of reaction solvents 

demonstrated that N-methyl-2-pyrrolidinone as the solvent afforded the same yield of the desired 

product 238 as tetrahydrofuran but drastically reduced the reaction time (entry 2). However, use 

of dimethylacetamide or dimethylformamide produced the best yields ranging from 63-64% 

(entries 3-4). Increasing the temperature to 120 °C resulted in no improvement when using 

dimethylacetamide as the solvent (entry 5). 

Table 4.4. Negishi cross-coupling of chloride 237 with TMS acetylene 231. 

 

entry solvent T (°C) time yield 

1 THF reflux 16 h 40% 

2 NMP 80 30 m 41% 

3 DMF 80 30 m 64% 

4 DMA 80 30 m 63% 

5 DMA 120 30 m 60% 

Reagents and conditions: a) TMS acetylene 231, n-BuLi, THF, −78 °C, 1 h, ZnBr2, −78 °C, 15 min., 0 °C, 30 min. b) 

237, PdCl2, DPEphos. 
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4.6 Synthesis of Elaborated Alkyne 252 

With the Negishi cross-coupling conditions established, elaborated alkyne fragment 252 was 

synthesised to enable late stage Negishi cross-coupling resulting in a more convergent synthesis 

of cyclisation precursor 220. Synthesis of alkyne (±)-252 began from commercially available (±)-

ethyl 3-hydroxybutyrate. Aldehyde (±)-173 was prepared using procedures established in the first 

generation synthesis (see Scheme 2.6, Section 2.2.2). Acetylide addition to aldehyde (±)-173 using 

ethynyl magnesium bromide in tetrahydrofuran for 30 minutes furnished propargyl alcohol 

(±)-250 in 78% yield as a 1:1 mixture of (±)-anti-250a: (±)-syn-250b diastereomers. The 

diastereomers were separable by column chromatography and the relative stereochemistry of 

(±)-anti-250a and (±)-syn-250b were confirmed by conversion to known diols (±)-anti-251a and 

(±)-syn-251b followed by comparison of the NMR spectra for our synthetic material with the 

literature data.118 (±)-Anti-250a was then protected as a benzyl ether using sodium hydride, benzyl 

bromide and catalytic tert-butylammonium iodide to afford the desired alkyne coupling partner 

(±)-anti-252a. For ease of synthesis, a 1:1 mixture of (±)-anti-252a:(±)-syn-252b diastereomers 

was used in subsequent steps. 

 

Scheme 4.19. Synthesis of alkyne coupling partner (±)-252. Reagents and conditions: i) ) EOMCl, DIPEA, CH2Cl2, 

0 °C, 1 h then rt, 16 h, 98%. iv) DIBAL, CH2Cl2, −78 °C, 1 h, 95%. iii) ethynyl magnesium bromide, THF, 0 °C, 

30 min, 78%, d.r. 1:1. iv) PTSA, EtOH, 60 °C, 16 h, 38% ((±)-anti-251a) or 54% ((±)-syn-265b). v) 3,5-anti-250a, 

NaH, THF, 0 °C, 10 min then BnBr, TBAI (10 mol%), 60 °C, 1 h, 90%. 
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4.7 Negishi Coupling of Chloride and Elaborated Alkyne 

Negishi cross-coupling of chloride 237 was conducted using a diastereomeric mixture of alkynes 

(±)-anti-252a and (±)-syn-252b (1:1 d.r., Table 4.5). Following the conditions previously 

established for the Negishi cross-coupling of 237 with trimethylsilylacetylene (see Section 4.5), 

the organozinc derivatives of alkynes (±)-252a/b were prepared by deprotonation of (±)-252a/b 

with n-butyllithium at −78 °C for one hour followed by transmetalation with zinc bromide at −78 

°C for 15 minutes, then 0 °C for 30 minutes. A mixture of chloride 237, palladium(II) chloride and 

bis(2-(diphenylphosphino)phenyl) ether was then added to the resultant organozinc mixture. The 

reaction mixture was warmed to 40 °C for one hour and then further increased to 60 °C for three 

hours. As no decomposition of starting materials was observed, the temperature was further 

increased to reflux and the reaction mixture left to stir for a further 16 hours. Upon work-up and 

purification of the reaction mixture, an inseparable mixture of alkynes (±)-253a/b (1:1 d.r.) and 

allenes (±)-254a–d (1:1:1:1 d.r.) were obtained (entry 1, Table 4.5). Alkynes (±)-253a/b and 

allenes (±)-254a–d were formed in a 1:5 ratio. 

The presence of alkynes (±)-253a/b (1:1 d.r.) was confirmed by 1H and 13C NMR spectroscopy. 

The 1H NMR spectrum exhibited doublets at δ 3.69 and 3.68 ppm (J = 1.9 Hz), which were 

assigned to the benzylic protons (H1) of (±)-253a and (±)-253b, respectively. Furthermore, the 

13C NMR spectrum exhibited resonances at δ 81.6 and 81.9 ppm and δ 83.2 and 82.6 ppm, which 

were assigned to the quaternary alkyne carbons (C2 and C3, respectively). These characteristic 

resonances for alkynes (±)-253a/b (1:1 d.r.) observed in the 1H and 13C NMR spectrum indicated 

that the Negishi cross-coupling was successful. 

The presence of allenes (±)-254a–d (1:1:1:1 d.r.) was confirmed by 1H and 13C NMR spectroscopy. 

In the 1H NMR spectrum a multiplet at δ 5.60–5.53 ppm was observed, which corresponded to 

both allenic protons (H1 and H3) of all four isomers of allenes (±)-254a–d. Furthermore, four 

distinct quaternary allene carbon resonances were observed in the 13C NMR spectrum (δ 206.5, 

206.2, 206.2, 206.9 ppm), which were assigned to C2 of allenes (±)-254a–d, respectively. These 

characteristic resonances of allenes (±)-254a–d (1:1:1:1 d.r.) indicated that partial isomerisation 

of alkynes (±)-252a/b to allenes (±)-254a–d had occurred. The observation of allenes (±)-254a–d 

(1:1:1:1 d.r.) was not particularly surprising as isomerisation to the conjugated allene in (±)-254a–

d would be thermodynamically more favoured.  
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Interestingly, carrying out the reaction at reflux temperature from the beginning of the reaction 

gave a reversal in selectivity to afford a mixture of alkynes (±)-253a/b (1:1 d.r.) to allenes (±)-

254a–d (1:1:1:1 d.r.) in a 2:1 ratio with an improved yield of 68% (entry 2). Use of 

dimethylformamide as the solvent produced allenes (±)-254a–d (1:1:1:1 d.r.) alone in 66% yield 

with a shorter reaction time (entry 3). While the use of dioxane as the solvent resulted in a lower 

yield, the reaction was almost completely selective for the desired alkynes (±)-253a/b (1:1 d.r.) 

(entry 4). The order of addition also had an important impact on the selectivity of the reaction. 

Addition of the organozinc mixture to the palladium mixture in tetrahydrofuran resulted in reversal 

of the selectivity of the reaction giving alkynes (±)-253a/b (1:1 d.r.) and allenes (±)-254a–d in a 

1:2 ratio (entry 5) as opposed to the 2:1 ratio obtained when the palladium mixture was added to 

the organozinc mixture (entry 2). When the reaction was performed in dioxane as the solvent using 

this order of addition, the reaction was completely selective for the formation of the desired 

alkynes (±)-253a/b (1:1 d.r.) with an improved yield (entry 6). 

Table 4.5. Optimisation of Negishi cross-coupling of chloride 237 and alkynes (±)-252a/b. 

 

entry solvent T (°C) time (h) yield alkyne:allene addition order 

1 THF 40-60-reflux 20 34% 1:5 Pd mix  RZn 

2 THF reflux 20 68% 2:1 Pd mix  RZn 

3 DMF 80 2 66% 0:1 Pd mix  RZn 

4 dioxane 80 2 37% 20:1 Pd mix  RZn 

5 THF reflux 20 54% 1:2 RZn  Pd mix 

6 dioxane reflux 3 67% 1:0 RZn  Pd mix 

Reagents and conditions: (±)-252a/b (1:1), n-BuLi, THF, −78 °C, 1 h, ZnBr2, −78 °C, 15 min., 0 °C, 30 min then 237, 

PdCl2, DPEphos. Alkynes (±)-253a/b (1:1) could not be unambiguously assigned as (±)-4,6-anti or (±)-4,6-syn. 

Allenes (±)-254a–d (1:1:1:1) could not be unambiguously assigned as isomer (±)-(2R)-4,6-anti, (±)-(2S)-4,6-anti, (±)-

(2R)-4,6-syn, or (±)-(2S)-4,6-syn (1:1:1:1). 
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4.8 Elaboration to Cyclisation Precursor 220 

Following the successful coupling of chloride 237 with a diastereomeric mixture of alkynes 

(±)-anti-252a and (±)-syn-252b (1:1 d.r.), the diastereomeric mixture of coupled products 

(±)-anti-253a and (±)-syn-253b (1:1 d.r.) were elaborated to cyclisation precursor 220 (Scheme 

4.20). The ethoxymethyl protecting groups in alkynes (±)-253a/b (1:1 d.r.) were easily cleaved by 

treatment with p-toluenesulfonic acid in ethanol at 60 °C to yield a diastereomeric mixture of 

alkynol esters (±)-255a/b (1:1 d.r.) in excellent yield. Subsequent reduction of esters (±)-255a/b 

(1:1 d.r.) using diisobutylaluminium hydride in dichloromethane afforded a diastereomeric 

mixture of cyclisation precursors (±)-220a/b (1:1 d.r.) in 93% yield. The 1H NMR spectrum of 

dihydroxyalkynes (±)-220a/b exhibited a characteristic singlet at δ 4.73 ppm for each isomer, 

which was assigned to the newly formed benzylic protons (ArCH2OH). Furthermore, the IR 

spectrum of dihydroxyalkynes (±)-220a/b (1:1 d.r.) indicated the presence of hydroxyl groups with 

an absorption at 3476 cm-1.  

 

Scheme 4.20. Elaboration of coupled products (±)-253a/b to cyclisation precursors (±)-220a/b. Reagents and 

conditions: i) pTSA, EtOH, 60 °C, 16 h, 94%. ii) DIBAL (1 M in toluene), CH2Cl2, −78 °C, 1 h, 93%. 
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4.9 Gold-Catalysed Cyclisation 

With a diastereomeric mixture of cyclisation precursors (±)-anti-220a and (±)-syn-220b (1:1 d.r.) 

in hand, attention turned to the gold-catalysed cyclisation of (±)-220a/b (Table 4.6). When 

dihydroxyalkynes (±)-220a/b were treated with chloro(triphenylphosphine)gold(I) in the presence 

of silver hexafluoroantimonate in dichloromethane at room temperature, rapid degradation of the 

starting material was observed (entry 1). The temperature was then lowered to −78 °C, however, 

at this temperature the reaction did not proceed. The reaction mixture was therefore slowly warmed 

to 0 °C then to room temperature. Following purification of the reaction mixture, a 5:5:1 mixture 

of 7,5-spiroketal (±)-256, 6,6-unsaturated spiroketal (±)-257 and desired 6,6-spiroketal (±)-209 

was obtained, albeit in moderate yield (entry 2). Unfortunately, 7,5-spiroketal (±)-256 could not 

be separated from 6,6-unsaturated spiroketal (±)-257. However, structural assignment of 

spiroketals (±)-256 and (±)-257 in the isomeric mixture will be discussed in the following section. 

Cyclisation of dihydroxyalkynes (±)-220a/b with chloro(triphenylphosphine)gold(I) in the 

presence of silver triflate at −10 °C afforded 7,5-spiroketal (±)-256 as the major product together 

with minor quantities of 6,6-spiroketals (±)-257 and (±)-68-6 (entry 3). Similarly, use of gold 

trichloride as a catalyst also afforded a mixture of spiroketals (±)-256, (±)-257, and (±)-209 with 

a higher proportion of 7,5-spiroketal (±)-256 (entry 4). Addition of silver hexafluoroantimonate to 

the gold-trichloride catalysed reaction led to the formation of a complex mixture (entry 5). 

Palladium-catalysed spiroketalisation of dihydroxyalkynes (±)-220a/b (entry 6) gave a mixture of 

spiroketals (±)-256, (±)-257, and (±)-209 (entry 3) in a 4:2:1 ratio. 

Even though a diastereomeric mixture of alkynes (±)-220a/b (1:1 d.r.) was used in the 

gold-catalysed cyclisation, the 1H NMR spectrum indicated that only one diastereoisomer of 

6,6-spiroketal (±)-209 was formed. The resonances in the 1H NMR spectrum arising from 

6,6-spiroketal (±)-209 were identical to those observed for diastereomerically pure (±)-209, which 

had been prepared during the second generation synthesis. This similarity suggested that 

6,6-spiroketal (±)-209 has the same relative configuration, namely ±-2S,4R,6R (see section 3.4.2 

for structural analysis of spiroketal (±)-209). 
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Table 4.6. Metal-catalysed cyclisation of (±)-220a/b. 

 

entry [Au] [Ag] solvent T (°C), time 
ratio  

(±)-(256:257: 209) 
comments 

1 AuClPPh3 AgSbF6 CH2Cl2 rt, 30 m - complex mixture** 

2 AuClPPh3 AgSbF6 THF −78 to 0, 16 h 5:5:1 42% yield of mixture 

3 AuClPPh3 AgOTf CH2Cl2 −10, 5 m 4:2:1 25% yield of mixture 

4 AuCl3 - THF 0, 10 m 8:3:1 mixture of spiroketals** 

5 AuCl3 AgSbF6 THF 0, 5 m - complex mixture** 

6 PdCl2 - CH3CN rt, 16 h 4:2:1 mixture of spiroketals** 

*Although only a single diastereomer of 7,5-spiroketal (±)256 and 6,6-unsaturated spiroketal (±)257 were formed, 

the configuration of the stereocenters could not be determined. ** Analysis of crude product mixture by NMR 

spectroscopy. 

Although 7,5-spiroketal (±)-256 could not be separated from 6,6-unsaturated spiroketals (±)-257, 

the presence of 7,5-spiroketal (±)-256 was confirmed by 1H and 13C NMR spectroscopy. The 

successful formation of 7,5-spiroketal (±)-256 was supported by a characteristic quaternary carbon 

resonance at δ 110.4 ppm in the 13C NMR spectrum, which was attributed to the spirocenter 

(*, Scheme 4.21). This assignment is consistent with other 7,5-spiroketals reported in literature.101 

The 1H NMR spectrum of (±)-256 exhibited multiplets at δ 3.19–3.12 ppm and δ 2.69–2.65 ppm, 

which were assigned to the diastereotopic protons at C5. These resonances exhibited correlations 

to signals assigned to H4 (δ 2.35–2.29 ppm) in the COSY spectrum thus confirming the presence 

of a 7-membered compound. Furthermore, no correlation was observed between H4 (δ 2.35–2.29 

ppm) and H4′ (δ 3.84–3.80 ppm) suggesting that these protons are separated by the spirocarbon 

(*). Once more, only one diastereoisomer was formed as indicated by a single set of signals for 

7,5-spiroketal (±)-256 in the 1H NMR spectrum. However, the relative configuration of the 

stereocenters could not be determined as (±)-256 was inseparable from spiroketal (±)-257. 

We were surprised to observe 7,5-spiroketal (±)-256 as the major product as the second generation 

synthesis had established that the benzylic alcohol cyclised preferentially. Even in cases where the 

benzylic alcohol was protected, the secondary alcohol would not cyclise (see Section 3.4.2). In 

this case, 5-exo-dig cyclisation of the secondary alcohol appears to be the favoured mode of 
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cyclisation over 6-exo-dig cyclisation of the benzylic alcohol despite possible steric hinderance 

from the nearby benzyloxy group (Scheme 4.21). Although a significant amount of research has 

gone into controlling the regioselectivity of intramolecular alkyne hydroalkoxylations, this issue 

is yet to be resolved.119 

 

Scheme 4.21. 5-Exo-dig is the favoured mode of cyclisation vs 6-exo-dig. 

On the other hand, the observation of 6,6-unsaturated spiroketal (±)-257 was not surprising as both 

Aponick74,120 and Trost59 reported the formation of unsaturated spiroketals via gold-catalysed 

dehydrative cyclisation of monopropargylic triols. In work by Aponick et al., gold-catalysed 

dehydrative cyclisation of monopropargylic triols 258 regioselectively gave the 6,6-unsaturated 

spiroketal products 259 (Scheme 4.22). Use of an acetonide as a protecting group temporarily 

masked one alcohol to promote initial cyclisation of the free alcohol. Extrusion of acetone 

generated allenol A, which underwent cyclisation to generate 6,6-unsaturated spiroketal 259. 

 

Scheme 4.22. Gold-catalysed dehydrative cyclisation of monopropargylic triols to 6,6-unsaturated spiroketals 

adapted from Aponick.74,120 

Trost also observed elimination in work directed towards the total synthesis of ushikulide A (93) 

(Scheme 4.23).59 However, this issue was overcome by protection of the propargylic alcohol as a 

benzoate. In both substrates A and B, the C27 alcohol cyclises preferentially via a 6-exo-dig 

pathway. In the case of A possessing a free C21 alcohol, the vinyl gold species C formed is 

susceptible to elimination and loss of gold hydroxide generates allenyl enol ether D. Protonation 

and cyclisation of the C19 alcohol in E then affords unsaturated spiroketal F. However, in the case 

of B in which the C21 alcohol is protected, coordination of the carbonyl moiety in the benzoyl 

group to gold forms a 6-membered chelate G. The σ* orbital of the C21-O bond in intermediate G 

is orthogonal to both the Au-C σ bond and the π-system, which prevents elimination from 
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occurring. Protodeauration of G and cyclisation of the C19 alcohol in H generates the desired 6,6-

spiroketal I. 

 

Scheme 4.23. Circumventing the elimination pathway by benzoyl group coordination adapted from Trost.59 

As mentioned previously, 6,6-unsaturated spiroketal (±)-257 could not be separated from 

7,5-spiroketal (±)-256. However, the presence of 6,6-unsaturated spiroketal (±)-257 was 

confirmed by 1H and 13C NMR spectroscopy. The successful formation of 6,6-unsaturated 

spiroketal (±)-257 was supported by the presence of a characteristic quaternary carbon resonance 

at δ 93.8 ppm in the 13C NMR spectrum assigned to the spirocenter (*), which is consistent with 

other 6,6-spiroketals reported in the literature (Scheme 4.24).100 The 1H NMR spectrum of (±)-257 

exhibited multiplets at δ 6.06–6.01 ppm and δ 5.77–5.73 ppm corresponding to vinylic protons 

H4′ and H5′, respectively. These resonances indicated the presence of a double bond. Furthermore, 

the loss of the benzyl group signals suggested that elimination had taken place. The characteristic 

AB quartet (δ 2.86 ppm, ΔδAB = 0.24, JAB = 16.5 Hz) due to the benzylic protons (H4) did not show 

any correlations in the COSY spectrum confirming the formation of the benzopyran present in 6,6-

spiroketal (±)-257. Once more, only one diastereoisomer of (±)-257 was formed, as indicated by 

one set of signals for unsaturated spiroketal (±)-257 in the 1H NMR spectrum. The relative 

configuration of the stereocenters could not be determined as (±)-257 was produced as an 

inseparable mixture with spiroketal (±)-256. 

Formation of 6,6-unsaturated spiroketal (±)-257 is presumed to proceed either via path A or path 

B as initial cyclisation of either alcohol may be possible (Scheme 4.24). Initial cyclisation of the 

benzylic alcohol in complex A via a 6-exo-dig process would generate vinyl gold complex B. 
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Elimination of B would form gold-complexed allenol C. Tautomerisation of C followed by 

6-exo-trig cyclisation of oxonium D and protodeauration would generate unsaturated spiroketal 

(±)-257. If the secondary alcohol in complex A cyclises first, 6-endo-dig cyclisation would 

generate vinyl gold complex E. Protonation and elimination of the benzyloxy group would 

generate oxonium G, which is susceptible to attack by the benzylic alcohol to furnish unsaturated 

spiroketal (±)-257. 

 

Scheme 4.24. Proposed mechanisms for the formation of unsaturated spiroketal (±)-257 adapted from Aponick. 74,120 
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4.10 Benzoyl Protecting Group Third Generation Synthesis 

Following the regiochemical and elimination issues encountered in the gold-catalysed cyclisation 

of dihydroxyalkynes (±)-220a/b, a modified synthesis was developed. The modified route was 

adapted from the work of Trost,59 whereby a coordinating benzoyl group was employed to prevent 

the formation of undesired elimination products. It was thought that by employing a benzoyl 

protecting group in our synthesis, the benzoyl-gold coordinated transition state A would be more 

favoured. It was hoped that preferential cyclisation of the benzyl alcohol followed by the secondary 

alcohol would generate the desired 6,6-spiroketal 261 (Scheme 4.25). 

 

Scheme 4.25. Proposed pathway of cyclisation of 260 to desired 6,6-spiroketal 209. 

Changing the propargyl alcohol protecting group from a benzyl to benzoyl group in our synthesis 

required rearranging the order of the reactions (Scheme 4.26). The benzoyl protecting group would 

not survive the Negishi cross-coupling conditions so the alkyne would need to be elaborated post-

Negishi cross-coupling. For that reason, cyclisation precursor 260 would be prepared via the key 

cross-coupling of alkyne 263 with aldehyde 264. Alkyne 263 would be prepared from Negishi 

product 238 via silyl cleavage, reduction of the ester and subsequent protection as a silyl ether. On 

the other hand, aldehyde 264 could be prepared using literature procedures from commerically 

available ester (167). 

 

Scheme 4.26. Benzoyl protecting group strategy retrosynthetic analysis. 
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4.11 Synthesis of Alkyne Coupling Partner 263 

4.11.1 Optimisation of Negishi Cross-Coupling 

Preparation of alkyne coupling partner 263 began by palladium-catalysed Negishi cross-coupling 

of chloride 237 and trimethylsilylacetylene (Scheme 4.27). Coupling of these fragments was 

achieved using our optimised Negishi cross-coupling conditions (see Section 4.7). Firstly, the 

alkynyl zinc nucleophile was prepared by deprotonation of trimethylsilylacetylene with 

n-butyllithium at −78 °C followed by transmetalation with zinc bromide at −78 °C for 15 minutes 

then 0 °C for 30 minutes. The organozinc solution was added to a mixture of chloride 237, 

palladium(II) chloride and bis(2-(diphenylphosphino)phenyl)ether in dioxane at 80 °C for 4.5 

hours. To our delight, coupled product 238 was isolated in near quantitative yield, a remarkable 

improvement on our previous attempts (Table 4.4). 

 

Scheme 4.27. Optimised Negishi cross-coupling for the preparation of alkyne 238. Reagents and conditions: 

i) a) trimethylsilylacetylene, n-BuLi, THF, −78 °C, 1 h, ZnBr2, −78 °C, 15 min., 0 °C, 30 min. b) 237, PdCl2, DPEphos, 

dioxane, 80 °C, 4.5 h, 95%. 

4.11.2 TMS cleavage 

Following the successful synthesis of alkyne 238, cleavage of the silyl group was then necessary 

to expose the alkyne for coupling. Benzylic alkynes are known to readily isomerise to their allene 

counterparts. Tron et al. observed this isomerisation during trimethylsilyl cleavage of silylated 

benzyl alkynes with tert-butylammonium fluoride.121 Notably, the basicity of the fluoride ion 

could be buffered with acetic acid to inhibit isomerisation. Cleavage of alkyne 238 was then 

attempted using buffered tert-butylammonium fluoride, however, no product was observed even 

upon warming the reaction mixture to 60 °C (entry 1, Table 4.7). Treatment of alkyne 238 with 

potassium fluoride in methanol also exhibited no product formation (entry 2). An acidic cleavage 

with p-toluenesulfonic acid in methanol was also unsuccessful (entry 3). The use of 

silver-catalysed desilylations using silver nitrate is well known for cleavage of silylated benzyl 
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alkynes.122 Accordingly, treatment of alkyne 238 with silver nitrate in ethanol/water (4:1) for 1.5 

hours generated a silver acetylide in situ. Addition of potassium iodide then furnished free alkyne 

265 in 99% yield. The free alkyne proton in 265 was observed at δ 2.17 ppm in the 1H NMR 

spectrum, confirming the successful cleavage of the silyl group. 

Table 4.7. Conditions for cleavage of silyl group in 238. 

 

entry conditions comments 

1 TBAF, AcOH, THF, 60 °C, 16 h no reaction 

2 KF, MeOH, 60 °C, 48 h no reaction 

3 PTSA, MeOH, 60 °C, 16 h no reaction 

4 AgNO3, EtOH/ H2O (4:1), rt, 1.5 h, KI, 16 h 99% yield of 265 

4.11.3 Elaboration to Alkyne Coupling Partner 263 

Elaboration of alkyne 265 to alkyne coupling partner 263 began by reduction of ester 265 with 

diisobutylaluminum hydride in dichloromethane at −78 °C for 20 minutes then 0 °C for 20 minutes 

followed by subsequent silyl protection with tert-butyldimethylsilyl chloride and imidazole in 

dichloromethane. Alkyne coupling partner 263 was isolated in a combined 84% yield over two 

steps. 

 

Scheme 4.28. Elaboration to alkyne coupling partner 263. Reagents and conditions: i) DIBAL (1 M in cyclohexane), 

CH2Cl2, −78 °C, 20 min, 0 °C, 20 min. ii) TBSCl, imidazole, CH2Cl2, 0 °C, 30 min, rt, 16 h, 84% over 2 steps. 
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4.12 Synthesis of Aldehyde Coupling Partner 

Although a triethylsilyloxy group is the desired protecting group for the preparation of cyclisation 

precursor (±)-260, due to the instability and volatility of TES protected aldehyde (±)-264 initial 

coupling was attempted with TBDPS protected aldehyde (±)-269 as it was thought that aldehyde 

(±)-269 would display a similar reactivity to (±)-264. Synthesis of the aldehyde coupling partners 

(±)-269 and (±)-264 began from commercially available (±)-ethyl 3-hydroxybutyrate (±)-167, 

which was readily protected as a silyl ether using tert-butyldimethylsilyl chloride or triethylsilyl 

chloride in the presence of imidazole in dichloromethane (Scheme 4.29). Reduction of protected 

ester (±)-267 or (±)-268 using diisobutylaluminium hydride (1.0 M in toluene) at −78 °C in 

dichloromethane afforded aldehyde (±)-269 or (±)-264, respectively. The spectroscopic data (1H 

and 13C NMR) for aldehydes (±)-269 and (±)-264 were in full agreement with those reported in 

the literature.123 

 

Scheme 4.29. Synthesis of aldehyde (±)-269 or (±)-264. Reagents and conditions: i) TESCl, imidazole, CH2Cl2, 0 

°C, 30 min, rt, 2 h.. ii) DIBAL (1.0 M in toluene), CH2Cl2, –78 °C, 1 h, 90% over 2 steps. 
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4.13 Synthesis of Cyclisation Precursor 

4.13.1 Coupling Alkyne 263 with Aldehyde 269 

A. Organometallic Additions using nBuLi 

With alkyne 263 and aldehyde (±)-264 in hand, the key cross-coupling was attempted. Initial 

attempts at coupling alkyne 263 with aldehyde (±)-269 proved challenging (Table 4.8). 

Deprotonation of alkyne 263 at −78 °C with n-butyllithium for one hour followed by addition of 

aldehyde (±)-269 and gradual warming to room temperature overnight led to a complex mixture 

of degradation products as observed by crude 1H NMR spectroscopy (entry 1). When the 

deprotonation time was reduced to 20 minutes, aldehyde (±)-269 was consumed immediately after 

its addition leading to the appearance of a complex mixture of degradation products (entry 2). 

Further reduction in the deprotonation time to 10 minutes and monitoring the reaction by thin layer 

chromatography revealed that aldehyde (±)-269 was consumed within 10 minutes, also leading the 

formation of a complex mixture of degradation products (entry 3). Quenching the lithium acetylide 

with deuterium oxide after 5 minutes without addition of any electrophile and analysis of the crude 

1H NMR spectrum showed an indeterminable mixture of products, which suggested that 

deprotonation of 263 with n-BuLi resulted in undesirable side reactions (entry 4). Consequently, 

alternative bases for the deprotonation of alkyne 263 were investigated. 

Table 4.8. Coupling of alkyne 263 with aldehyde 269. 

 

entry conditions 
deprotonation 

T (°C), t (min) 

reaction  

T (°C), t 
comments 

1 n-BuLi −78 °C, 60 −78 °C to rt, 16 h complex mixture 

2 n-BuLi −78 °C, 10 −78 °C, 10 min 
degradation after 10min, 

recovered alkyne 263 

3 n-BuLi −78 °C, 20 −78 °C, 10 min 
degraded before aldehyde 

addition, recovered alkyne 263  

4 n-BuLi −78 °C, 5* - multiple deprotonation products 

*D2O quench showed complete deprotonation of alkyne 263. 
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B. Organometallic Additions using [M]HMDS 

A screen of bases for the deprotonation of alkyne 263 revealed that the use of hexamethyldisilazide 

(HMDS) as a base demonstrated diverse results with the different counterions. Potassium 

hexamethyldisilazide showed complete conversion of alkyne 263 to allene 271 within 40 minutes 

(entry 1, Table 4.9). On the other hand, sodium hexamethyldisilazide resulted in a slower reaction 

rate and alkyne starting material 263 and allene 271 were isolated in a 1:1 ratio (entry 2). Use of 

lithium hexamethyldisilazide only returned alkyne 263 (entry 3). The crude 13C NMR spectrum 

for the reaction mixtures using potassium and sodium salts exhibited a distinct quaternary allene 

carbon resonating at δ 210 ppm indicating that isomerisation of alkyne 263 to allene 271 had 

occurred. Furthermore, the crude 1H NMR spectrum exhibited a triplet resonating at δ 6.67 ppm 

(J = 6.8 Hz) assigned to the benzylic allenic proton and a doublet resonating at δ 5.12 ppm (J = 

6.8 Hz) assigned to the terminal allenic protons. 

Table 4.9. Coupling of alkyne 263 with aldehyde (±)-269. 

 

entry conditions 
deprotonation 

T (°C), t (min) 

reaction  

T (°C), t 
comments 

1 KHMDS −78 °C, 30 −78 °C , 40 min allene 271 only 

2 NaHMDS −78 °C, 30 −78 °C to rt, 16 h  263:271 (1:1) 

3 LiHMDS −78 °C, 30 −78 °C to rt, 16 h recovered 263 

 

Mechanistically, we propose that allene 271 was formed by isomerisation of alkyne 263 via 

coordination of the metal cation to the alkyne functionality in 263, followed by removal of one of 

the benzylic protons by hexamethyldisilazide (Scheme 4.30). The basicity of hexamethyldisilazide 

complexes increases in the order LiHMDS<NaHMDS<KHMDS. It was observed that the rate of 

isomerisation depended on the ability of the hexamethyldisilazide complexes to abstract the 

weakly acidic benzylic proton. Consequently, the fastest rate of isomerisation was observed when 

potassium hexamethyldisilazide was used (entry 1, Table 4.9). 
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Scheme 4.30. Proposed allene isomerisation facilitated by metal coordination. 

C. Organometallic Additions: Successful Deprotonation of Alkyne 263 

A range of other bases were screened to investigate the deprotonation of alkyne 263. Alkyne 263 

was deprotonated using lithium diisopropylamide (generated in situ from diisopropylamine and n-

butyllithium) followed by quenching the reaction mixture with deuterium oxide after 30 minutes 

(entry 1, Table 4.9). Analysis of the crude 1H NMR spectrum revealed that complete deprotonation 

had occurred as indicated by the disappearance of the triplet corresponding to the alkyne proton at 

δ 2.19 ppm (J = 2.7 Hz). Similarly, deprotonation with sodium amide or sodium hydride also 

resulted in complete conversion to the deuterated alkyne following quenching with deuterium 

oxide (entries 2 and 3). Having demonstrated that successful deprotonation of alkyne 263 had 

taken place, the lithium acetylide generated from alkyne 263 and lithium diisopropylamine was 

next treated with an electrophile. Unfortunately, reaction of the lithium acetylide of alkyne 263 

with aldehyde (±)-269 was not successful and only returned starting material (entry 4). Similarly, 

reaction of the lithium acetylide of alkyne 263 with paraformaldehyde also resulted in no reaction 

(entry 5). 

Table 4.10. Coupling of alkyne 263 with aldehyde (±)-269. 

 

entry conditions 
deprotonation 

T (°C), t (min) 

aldehyde 

T (°C), t 
comments 

1 LDA −78 °C, 30* - - 

2 NaNH2 −78 °C, 30* - - 

3 NaH  −78 °C, 30* - - 

4 LDA −78 °C, 30* (±)-269, −78 °C to rt, 16 h Only alkyne in crude NMR 

5 LDA −78 °C, 30 (CH2O)n Only alkyne in crude NMR 

*D2O quench showed complete deprotonation of alkyne 263. 
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D. Organometallic Additions: Organozinc and Grignard Derivatives of Alkyne 263 

Over the last decade there has been extensive work on alkynyl zinc additions to aldehydes. Pu et 

al.124 have comprehensively studied the addition of alkynyl zincs to aldehydes in the presence of 

titanium isopropoxide-1,1'-bi-2-naphthol(BINOL) complexes (Scheme 4.31).  

 

Scheme 4.31. Acetylene additions to aldehydes adapted from Pu et al.124 

Following the work by Pu et al., formation of the alkynyl zinc derivative of alkyne 263 involved 

treatment of 263 with diethylzinc in refluxing toluene for 1.5 hours. The reaction mixture was then 

cooled to room temperature before the addition of a solution of titanium isopropoxide and BINOL 

in diethyl ether followed by a solution of aldehyde (±)-269 in diethyl ether. Disappointingly, only 

alkyne starting material was recovered after 24 hours (entry 1, Table 4.11). 

Table 4.11. Coupling of alkyne 263 with aldehyde (±)-269. 

 

entry conditions 
deprotonation 

T (°C), t (min) 

reaction  

T (°C), t (h) 
comments 

1 
Et2Zn, Ti(OiPr)4, 

BINOL 
reflux, 90 rt, 16 recovered alkyne 263 

2 
Et2Zn, NMI, 

Ti(OiPr)4, BINOL 
rt, 120 rt, 16 recovered alkyne 263 

3 EtMgBr (2.0 eq.) 40 C 1 h rt 16 recovered 263 and (±)-269 

4 EtMgBr (2.0 eq.) rt, 60* rt, 1 68% (±)-270a/b 

5 EtMgBr (1.1 eq.) rt, 60 rt, 1 89% (±)-270a/b 

*D2O quench showed complete deprotonation of alkyne 263. 

Recently, You et al.125 and Pu et al.126 reported conditions whereby alkynyl zinc nucleophiles add 

to aldehydes using a titanium-BINOL/N-methylimidazole dual catalysis system generating 

propargylic alcohol products (Scheme 4.32). Addition of N-methylimidazole as a base enables the 

generation of the alkynyl zinc under milder conditions. Marshall et al.127 utilised this methodology 

for the synthesis of fragments of polyketide natural products.  
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Scheme 4.32. Enantioselective alkynylzinc addition to aldehydes by BINOL/N-methylimidazole dual catalysis 

adapted from You et al.125 

Following these modified conditions the formation of the alkynyl zinc derivative of alkyne 263 

was achieved by treatment of a solution of alkyne 263 in dichloromethane with N-methylimidazole 

and diethylzinc for two hours. Titanium isopropoxide was then added and the mixture was allowed 

to stir for a further hour before the addition of aldehyde (±)-269. The reaction was then left to stir 

at room temperature overnight. Following work-up of the reaction, analysis of the crude 1H NMR 

spectrum indicated that only alkyne starting material 263 was recovered (entry 2, Table 4.11). 

We next attempted Grignard additions following the work by Liang et al.128 whereby a range of 

alkyl alkynes including benzyl alkynes were added to aldehydes and ketones. Preparation of the 

Grignard reagent began with the treatment of a solution of alkyne 263 in tetrahydrofuran with 

ethylmagnesium bromide at 40 °C for 0.5 hours. After cooling to room temperature, a solution of 

aldehyde (±)-269 in tetrahydrofuran was added to the Grignard mixture and the resultant mixture 

stirred at room temperature overnight. Analysis of the crude 1H NMR spectrum indicated that both 

starting materials 263 and (±)-269 remained unreacted (entry 3). Upon consultation of the 

literature, we discovered that the Grignard reagent can be prepared at room temperature so it was 

possible that either the Grignard did not form or was destroyed at 40 °C. The reaction was then 

repeated at room temperature (entry 4). Quenching an aliquot of the Grignard mixture with 

deuterium oxide after one hour confirmed that formation of the Grignard reagent was successful 

as indicated by the disappearance of the alkynyl proton resonance at δ 2.19 ppm in the 1H NMR 

spectrum. Addition of aldehyde (±)-269 to the Grignard mixture delightfully afforded a 

diastereomeric mixture of alkynes (±)-270a/b (2:1 d.r.) in 68% yield. A mixture of unknown by-

products were also isolated. Consequently, the molar equivalents of ethylmagnesium bromide 

were reduced from 2 to 1.1. A cleaner reaction was observed by thin layer chromatography and a 

remarkable improvement in yield to 89% was obtained (entry 5). 
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4.13.2. Coupling Alkyne 263 to Aldehyde 264 

With appropriate coupling conditions established, union of alkyne 263 with TES protected 

aldehyde (±)-264 was attempted (Scheme 4.33). Unfortunately, employing the optimised 

conditions identified for aldehyde (±)-269 resulted in a lower yield (67%) when applied to 

aldehyde (±)-264. The coupled products (±)-272a and (±)-272b were formed in a 2:3 

diastereomeric ratio and were separable by column chromatography. However, the relative 

stereochemistry of (±)-272a or (±)-272b could not be determined at this stage. The lower reaction 

yield in this instance was thought to be caused by the unstable TES protected aldehyde (±)-264 

participating in undesired side reactions. Notably, three equivalents of aldehyde (±)-264 were 

required for complete consumption of alkyne 263.  

 

Scheme 4.33.  Synthesis of coupled products (±)-272a/b. Reagents and conditions: i) a) 263, EtMgBr, rt, 1 h, b) 264, 

rt, 5.5 h, 27% (±)-272a, 40% (±)-272b. 

It was anticipated that TES protected aldehyde (±)-264 would demonstrate an analogous reactivity 

pattern to the corresponding TBDPS protected aldehyde (±)-269. Therefore cross-couplings 

conditions explored for TBDPS protected aldehyde (±)-269 were not investigated for TES 

protected aldehyde (±)-264. We therefore proceeded with the preparation of cyclisation precursor 

(±)-260 using a diastereomeric mixture of (±)-272a/b (2:3 d.r.). 

4.13.3 Elaboration to Cyclisation Precursor 260 

With a diastereomeric mixture of alkynes (±)-272a/b (2:3 d.r.) in hand, the fragments were 

elaborated to the desired cyclisation precursors, dihydroxyalkynes (±)-260a/b (2:3 d.r.). Benzoyl 

protection of the propargyl alcohol in alkynes (±)-272a/b using benzoyl chloride and 

diisopropylethylamine in the presence of N,N-dimethylaminopyridine in dichloromethane 

furnished protected alcohols (±)-262a/b (2:3 d.r.). Cleavage of silyl ethers (±)-262a/b (2:3 d.r.) 

using p-toluenesulfonic acid in aqueous tetrahydrofuran at 40 C cleanly removed the silyl groups 

in 1.5 hours to afford dihydroxyalkynes (±)-260a/b (2:3 d.r.) in 79% yield. 
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Scheme 4.34. Synthesis of cyclisation precursors (±)-260a/b. Reagents and conditions: i) BzCl, DIPEA, DMAP, 

CH2Cl2, 0 °C 15 min then rt 18 h, 88%. ii) PTSA, THF/H2O (4:1), rt, 22 h, 79%. 

4.14 Attempted Gold-Catalysed Cyclisation 

With cyclisation precursors (±)-260a/b (2:3 d.r.) in hand, the gold-catalysed cyclisation was 

attempted. Following Trost’s conditions,59 gold chloride and pyridinium p-toluenesulfonate were 

added to a solution of dihydroxyalkynes (±)-260a/b in tetrahydrofuran at 0 °C. The starting 

material was consumed within 15 minutes as indicated by thin layer chromatography. However, 

analysis of the crude NMR spectra showed a complex mixture of products and it could not be 

determined whether 6,6-spiroketal (±)-261 was present in the mixture. When the reaction was 

carried out without pyridinium p-toluenesulfonate, a complex mixture of products was also 

obtained. 

 

Scheme 4.35. Attempted gold-catalysed cyclisation of dihydroxyalkynes (±)-260a/b. Reagents and conditions: i) 

AuCl (10 mol%), PPTS (10 mol%), THF, 0 °C, 15 mins. ii) AuCl (10 mol%), THF, 0 °C, 15 mins. 

The preliminary results obtained from the cyclisation of dihydroxyalkynes (±)-260a/b were not 

promising. Furthermore, the intermediates in this synthetic route are relatively unstable due to the 

benzyl alkyne unit present in these compounds. In light of these observations this route is unlikely 

to produce a more efficient synthesis than the first generation synthesis of citreoviranol (1). Efforts 

for further optimisation of the cyclisation of (±)-260a/b for application in the synthesis of 

citreoviranol (1) was therefore discontinued. 
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4.15 Summary 

In the third generation synthesis towards citreoviranol (1), it was envisaged that shifting the alkyne 

to the propargylic position in alkyne 220 would direct 6-exo-dig cyclisation of the benzylic alcohol 

to the desired 6,6-spiroketal core in citreoviranol (1). This strategy would prevent the formation 

of the undesired 5,7-spiroketal 208 via 5-exo-dig cyclisation of the benzylic alcohol encountered 

in the second generation synthesis. 

Initial preparation of cyclisation precursor (±)-220 proved to be more problematic than anticipated. 

Extensive screening of the key cross-coupling revealed that the palladium-catalysed alkynyl-

benzyl Negishi cross-coupling of organozinc nucleophiles to chloride 237 was the only viable 

route to benzyl alkynes (±)-253a/b. Initially, palladium-catalysed Negishi cross-coupling between 

chloride 237 and alkynes (±)-252a/b (1:1 d.r.) using PdCl2DPEphos as the catalyst resulted in a 

mixture of the desired alkyne products (±)-253a/b (1:1 d.r.) together with allenes (±)-254a–d 

(1:1:1:1 d.r.). However, optimisation of the reaction conditions led to the selective formation of 

alkynes (±)-253a/b (1:1 d.r.) using dioxane as solvent.  

 
Scheme 4.36. Overall third generation synthesis towards citreoviranol using a benzyl protecting group (1). Reagents 

and conditions: i) POCl3, DMF, rt, 30 min then 232, 75 °C, 3 h, 91%. ii) NaClO2, HSO3NH2, H2O:THF:DMSO 

(20:10:1), 0 °C, 30 min, rt, 15 min. iii) (COCl)2, DMF, 0 °C to rt, 1 h then MeOH, 12 h, 99% over 2 steps. iv) EOMCl, 

DIPEA, CH2Cl2, 0 °C, 1 h then rt, 16 h. v) DIBAL, CH2Cl2, −78 °C, 1 h, 92% over 2 steps. vi) ethynylmagnesium 

bromide, THF, 0 °C, 1 h, 89%, 1:1 dr. vii) NaH, THF, 0 °C, 10 min then BnBr, TBAI (10 mol%), 60 °C, 1 h, 90%. 

viii) a) (±)-252a/b (1:1 d.r.), nBuLi, THF, −78 °C, 1 h, ZnBr2, −78 °C, 15 min., 0 °C, 30 min. b) 237, PdCl2, DPEphos, 

dioxane, reflux, 16 h. 67%. ix) (±)-253a/b (1:1 d.r.), pTSA, EtOH, 60 °C, 16 h, 94%. x) DIBAL (1 M in toluene), 

CH2Cl2, −78 °C, 1 h, 93%. xi) AuClPPh3, AgSbF6, THF, −78 °C to 0 °C, 16 h, 42% (±)-256/(±)-257/(±)-209 mixture 

(5:5:1). 
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Surprisingly, gold catalysed cyclisation of dihydroxyalkynes (±)-220a/b (1:1 d.r.) resulted in a 

mixture of 7,5-spiroketal (±)-256, 6,6-unsaturated spiroketal (±)-257, and desired 6,6-spiroketal 

(±)-209. 7,5-Spiroketal (±)-256 was favoured in almost all cases, which was presumed to result 

from preferential 5-exo-dig cyclisation of the secondary alcohol despite possible steric hindrance 

from the benzyloxy group. 

Following the work by Trost et al., whereby the formation of elimination products was disfavoured 

when a coordinating benzoyl protecting group was employed, a new strategy was developed. 

However, synthesis of cyclisation precursor (±)-260 with a benzoyl protected propargyl alcohol 

proved more challenging than anticipated. The implementation of a different protecting group 

required rearranging the order of reactions. Addition of alkyne 263 to aldehyde (±)-269 proved to 

be challenging. After extensive screening of conditions, preparation of the Grignard derivative of 

alkyne 263 and addition to aldehyde (±)-269 successfully generated alkynes (±)-270a/b in a 2:1 

diastereomeric ratio. Following successful coupling of alkyne 263 and aldehyde (±)-269, 

triethylsilyl analogues (±)-272a/b were prepared using the optimised conditions in a 2:3 

diastereomeric ratio. Despite the moderate yield, elaboration to cyclisation precursor (±)-260a/b 

was nevertheless continued. Preliminary results from the gold-catalysed cyclisation were 

unsuccessful and further optimisation was discontinued. 

 

Scheme 4.37. Overall third generation benzoyl protecting group synthesis towards citreoviranol (1). Reagents and 

conditions: i) TMS-acetylene, nBuLi, THF, −78 °C, 1 h, ZnBr2, −78 °C, 15 min., 0 °C, 30 min. b) 230, PdCl2, 

DPEphos, dioxane, reflux, 4.5 h. 95%. ii) AgNO3, EtOH/ H2O (4:1), rt, 1.5 h, KI, 16 h, 99%. iii) DIBAL (1 M in 

cyclohexane), CH2Cl2, −78 °C, 20 min, 0 °C, 20 min. iv) TBSCl, imidazole, 0 °C, 30 min, rt, 16 h, 84% over 2 steps. 

v) a) 263, EtMgBr, rt, 1 h, b) (±)-269, rt, 1 h, 89% (±)-270a/b (2:1 d.r.) or (±)-264, rt, 5.5 h, 27% (±)-272a, 40% (±)-
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272b. vi) (±)-272a/b (2:3 d.r.), BzCl, DIPEA, DMAP, CH2Cl2, 0 °C 15 min then rt 18 h, 88%. vii) PTSA, THF/H2O 

(4:1), 40 C, 1.5 h, 79%. viii) AuCl (10 mol%), PPTS (10 mol%), THF, 0 °C, 5 mins, complex mixture. 
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5.1 Overall Summary 

The total synthesis of citreoviranol (1) has been achieved and extensive optimisation has been 

carried out. The first generation synthesis featured a Sonogashira cross-coupling between bromide 

161 and alkyne 184, regioselective gold catalysed cyclisation of alkynol ester 185 to isocoumarin 

191 using gold trichloride in the presence of pyridinium p-toluenesulfonate and silver 

hexafluoroantimonate, and an unprecedented base-induced ketalisation of isocoumarin 191. One 

of the drawbacks of this synthesis was the epimerisation of the C4ʹ alcohol during the base-induced 

ketalisation of isocoumarin 191 to form spiroketal epimers 188a, 188b and 188c. Extensive NMR 

studies were carried out to confirm the stereochemical assignments and conformation of 

spiroketals 188a, 188b, and 188c. Upon final demethylation of epimer 188a, citreoviranol (1) was 

obtained and the absolute stereochemistry of the natural product was confirmed by NMR 

spectroscopy and X-ray crystallography.  

 

Scheme 5.1. Overall synthesis of citreoviranol (1). Reagents and conditions: i) POCl3, DMF, rt, 30 min, then 100 

°C, 4 h, 80%. ii) NaClO2, NaH2PO4, 2-methyl-2-butene, t-BuOH/H2O (5:1), rt, 15 min. iii) K2CO3, MeI, DMF, 80 °C, 

15 min, 84% over 2 steps. iv) EOMCl, DIPEA, CH2Cl2, 0 °C, 1 h then rt, 16 h, 98%. v) DIBAL, CH2Cl2, −78 °C, 1 h, 

95%. vi) propargyl bromide, Zn, THF, 0 °C, 1 h, 75%, 2:1 dr anti:syn. vii) 173a/b, NaH, THF, 0 °C, 40 min then 

BnBr, TBAI (10 mol%), 60 °C, 1 h, 54% 183a, 38% 183b. viii) 183a, pTSA (20 mol%), EtOH, 60 °C, 5 h, 98%. ix) 

Pd(OAc)2 (10 mol%), dtbpf (15 mol%), K2CO3, NMP, 80 °C, 30 min, 70%. x) AuCl3 (10 mol%), AgSbF6 (30 mol%), 

PPTS (10 mol%), THF, 50 °C, 30 min, 75%. xi) aq. KOH (1.0 M), dioxane, rt, 1 h, then 1.0 M HCl, 20% 188a, 16% 

188b. xii) BCl3, CH2Cl2, −78 °C then rt, 30 min, 84%.  
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In the second generation synthesis towards citreoviranol (1), the strategy involved a key 

gold-catalysed cyclisation of dihydroxyalkynes 197 followed by a late stage benzylic oxidation to 

construct the spiroketal lactone core of citreoviranol (1) (Scheme 3.2). It was thought that a late 

stage oxidation would enable a gold-catalysed double cyclisation of 197 and avoid the formation 

of highly stable isocoumarin 191. This would generate the spiroketal in one pot and avoid 

epimerisation of the secondary alcohol previously encountered in the base-induced ketalisation. 

The key Sonogashira cross-coupling to prepare cyclisation precursor 197 proved to be more 

problematic than anticipated. Extensive screening of Sonogashira cross-coupling conditions 

revealed that the copper-free Sonogashira employing the 1,1ʹ-bis(di-tert-butylphosphino)ferrocene 

ligand were the optimum conditions and the cross-coupling was very substrate specific. A range 

of differentially protected coupling partners were investigated and it was found that coupling 

bromide 198 with acetate protected alkynes (±)-206a/b (2:1 d.r.) afforded the coupled products in 

the best yield. In almost all cases, gold-catalysed spiroketalisation of (±)-197a/b (2:1 d.r.) favoured 

the 5-exo-dig cyclisation of the benzylic alcohol with subsequent attack of the secondary alcohol 

to produce 5,7-spiroketals (±)-208a/b. Although an extensive screen of conditions were carried 

out, 6,6-spiroketal (±)-209 could not be isolated in sufficient quantities to proceed with this 

synthetic strategy towards citreoviranol (1). 

 

Scheme 5.2. Overall second generation synthesis towards citreoviranol (1). Reagents and conditions: i) POCl3, 

DMF, rt, 30 min, then 100 °C, 4 h, 80%. ii) NaBH4, MeOH, 0 °C, 30 min, 98%. iii) EOMCl, DIPEA, CH2Cl2, 0 °C, 

1 h then rt, 16 h, 98%. iv) DIBAL, CH2Cl2, −78 °C, 1 h, 95%. v) propargyl bromide, Zn, THF, 0 °C, 1 h, 75%, 2:1 

d.r. anti:syn. vi) NaH, THF, 0 °C, 40 min then BnBr, TBAI (10 mol%), 60 °C, 1 h, 92%. vii) Ac2O, Et3N, DMAP, 

CH2Cl2, 0 °C, 30 min, rt, 1.5 h, quant. viii) Pd(OAc)2 (10 mol%), dtbpf (15 mol%), K2CO3, NMP, 80 °C, 16 h, 78%. 

ix) K2CO3, MeOH, rt, 16 h, 86%. x) AuClPPh3 (10 mol%), THF, 50 °C, 72 h, then PPTS (10 mol%), 12% (±)-209, 

21% (±)-208. 
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The third generation synthesis towards citreoviranol (1) aimed to utilise propargyl alkyne 220 as 

the substrate for the key gold-catalysed cyclisation followed by late-stage benzylic oxidation to 

construct the spiroketal lactone core of citreoviranol (1). It was envisaged that shifting the alkyne 

to the propargylic position in alkyne 101 would direct 6-exo-dig cyclisation of the benzylic alcohol 

to the desired 6,6-spiroketal core in citreoviranol (1). Initial preparation of cyclisation precursor 

(±)-220 proved to be more problematic than anticipated. Extensive screening of the key cross-

coupling revealed that the palladium-catalysed alkynyl-benzyl Negishi cross-coupling of 

organozinc nucleophiles to chloride 237 was the only viable route to benzyl alkynes (±)-253a/b. 

Initially, palladium-catalysed Negishi cross-coupling between chloride 237 and alkynes 

(±)-252a/b (1:1 d.r.) using PdCl2DPEphos as the catalyst resulted in a mixture of the desired alkyne 

products (±)-253a/b (1:1 d.r.) together with allenes (±)-254a–d (1:1:1:1 d.r.). However, 

optimisation of the reaction conditions led to the selective formation of alkynes (±)-253a/b (1:1 

d.r.) using dioxane as a solvent. Surprisingly, gold catalysed cyclisation of dihydroxyalkynes (±)-

220a/b (1:1 d.r.) resulted in a 5:5:1 mixture of 7,5-spiroketal (±)-256, 6,6-unsaturated spiroketal 

(±)-257, and desired 6,6-spiroketal (±)-209 in 42% yield. 

 

Scheme 5.3. Overall third generation benzyl protecting group synthesis towards citreoviranol (1). Reagents and 

conditions: i) POCl3, DMF, rt, 30 min then 232, 75 °C, 3 h, 91%. ii) NaClO2, HSO3NH2, H2O:THF:DMSO (20:10:1), 

0 °C, 30 min, rt, 15 min. iii) (COCl)2, DMF, 0 °C to rt, 1 h then MeOH, 12 h, 99% over 2 steps. iv) EOMCl, DIPEA, 

CH2Cl2, 0 °C, 1 h then rt, 16 h. v) DIBAL, CH2Cl2, −78 °C, 1 h, 92% over 2 steps. vi) ethynylmagnesium bromide, 

THF, 0 °C, 1 h, 89%, 1:1 dr. vii) NaH, THF, 0 °C, 10 min then BnBr, TBAI (10 mol%), 60 °C, 1 h, 90%. viii) a) 

(±)-252a/b (1:1 d.r.), nBuLi, THF, −78 °C, 1 h, ZnBr2, −78 °C, 15 min., 0 °C, 30 min. b) 237, PdCl2, DPEphos, 

dioxane, reflux, 16 h. 67%. ix) (±)-253a/b (1:1 d.r.), pTSA, EtOH, 60 °C, 16 h, 94%. x) DIBAL (1 M in toluene), 

CH2Cl2, −78 °C, 1 h, 93%. xi) AuClPPh3, AgSbF6, THF, −78 °C to 0 °C, 16 h, 42% (±)-256/(±)-257/(±)-209 mixture 

(5:5:1). 
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7,5-Spiroketal 256 was favoured in almost all cases, which presumed to be a result of preferential 

5-exo-dig cyclisation of the secondary alcohol even with possible steric hinderance from the 

benzyloxy group (Scheme 5.4). 

 

Scheme 5.4. Favoured and disfavoured modes of cyclisation of dihydroxyalkynes (±)-220a/b. 

Following the work by Trost et al., whereby the formation of elimination products was disfavoured 

when a coordinating benzoyl protecting group was employed, a new strategy was developed. 

However, synthesis of cyclisation precursor (±)-260 with a benzoyl protected propargyl alcohol 

proved more challenging than anticipated. The implementation of a different protecting group 

required rearranging the order of reactions. Addition of alkyne 263 to aldehyde (±)-269 proved to 

be challenging. After extensive screening of conditions, preparation of the Grignard derivative of 

alkyne 263 and addition to aldehyde (±)-269 successfully generated alkynes (±)-270a/b in a 2:1 

diastereomeric ratio. Following successful coupling of alkyne 263 and aldehyde (±)-269, 

triethylsilyl analogues (±)-272a/b were prepared using the optimised conditions in a 2:3 

diastereomeric ratio. Despite the moderate yield, elaboration to cyclisation precursor (±)-260a/b 

was nevertheless continued. Preliminary results from the gold-catalysed cyclisation were 

unsuccessful and further optimisation was discontinued. 
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Scheme 4.38. Overall third generation benzoyl protecting group synthesis towards citreoviranol (1). Reagents and 

conditions: i) TMS-acetylene, nBuLi, THF, −78 °C, 1 h, ZnBr2, −78 °C, 15 min., 0 °C, 30 min. b) 230, PdCl2, 

DPEphos, dioxane, reflux, 4.5 h. 95%. ii) AgNO3, EtOH/ H2O (4:1), rt, 1.5 h, KI, 16 h, 99%. iii) DIBAL (1 M in 

cyclohexane), CH2Cl2, −78 °C, 20 min, 0 °C, 20 min. iv) TBSCl, imidazole, 0 °C, 30 min, rt, 16 h, 84% over 2 steps. 

v) a) 263, EtMgBr, rt, 1 h, b) (±)-269, rt, 1 h, 89% (±)-270a/b (2:1 d.r.) or (±)-264, rt, 5.5 h, 27% (±)-272a, 40% (±)-

272b. vi) (±)-272a/b (2:3 d.r.), BzCl, DIPEA, DMAP, CH2Cl2, 0 °C 15 min then rt 18 h, 88%. vii) PTSA, THF/H2O 

(4:1), 40 C, 1.5 h, 79%. viii) AuCl (10 mol%), PPTS (10 mol%), THF, 0 °C, 5 mins, complex mixture. 

In conclusion, the most viable route to citreoviranol (1) thus far is the first generation synthesis 

involving gold-catalysed cyclisation of alkynol ester 185 followed by a base-induced ketalisation 

(Scheme 5.1). In all other attempts to optimise the synthesis of citreoviranol (1) issues with 

regioselectivity and stability of intermediates were encountered. Overall, optimisation of the initial 

synthetic route to citreoviranol (1) were deemed unsuccessful (Scheme 5.5). 
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Scheme 5.5. Overall summary of gold-catalysed cyclisations in all generations towards citreoviranol (1). 
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5.2 Future Work 

For the synthesis of citreoviranol (1), the gold-catalysed spiroketalisation has been studied 

extensively in the work reported herein. A key issue encountered in our optimisation studies for 

the synthesis of 1 was the lack of regiocontrol during the spiroketalisation. Future work towards 

this natural product will therefore require an alternative regioselective cyclisation strategy to 

prepare the 6,6-spiroketal ring system. During the course of our work towards citreoviranol (1), 

we utilised a Negishi cross-coupling of chloride 237 with alkynes (±)-252a/b to prepare cyclisation 

precursors (±)-220a/b. An alternative strategy to synthesise citreoviranol (1) could involve Negishi 

cross-coupling of chloride 237 with the organozinc derivative of dihydropyran 274 to set up the 

framework of 273 for cyclisation (Scheme 5.6).129 Subsequent cyclisation will result in the 

regioselective formation of spiroketal lactone 1. Chloride 237 has been prepared on a large scale 

in the course of this work (see Section 4.3.3). On the other hand, dihydropyran 274 could be 

prepared by a hetero-Diels Alder reaction of Danishefsky’s diene 276130 and dienophile 277 

following procedures reported for similar substrates.131  

 

Scheme 5.6. Future work for the synthesis of citreoviranol (1). 
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The resorcyclic acid lactone and spiroketal motifs in citreoviranol have been shown to possess a 

broad range of interesting biological activity. Once a scalable synthesis of citreoviranol (1) has 

been achieved, biological testing could be conducted to reveal the bioactivity of this unique 

spiroketal lactone natural product.  
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6.1 General Procedures 

Unless otherwise noted, all reactions were performed under an oxygen-free atmosphere of nitrogen 

using standard techniques. Tetrahydrofuran (THF) and diethyl ether were freshly distilled over 

sodium/benzophenone ketyl. CH2Cl2 was freshly distilled from calcium hydride. All other reagents 

were used as received unless otherwise noted. Yields refer to chromatographically and 

spectroscopically (1H NMR) homogeneous materials, unless otherwise stated. Reactions were 

monitored by thin-layer chromatography (TLC) carried out on silica gel plates using UV light as 

the visualizing agent and an ethanolic solution of vanillin and ammonium molybdate and heat as 

developing agents. Silica gel (60, 230−400 mesh) was used for flash column chromatography. 

NMR spectra were recorded at room temperature in CDCl3 solution on either a spectrometer 

operating at 500 MHz for 1H nuclei and 125 MHz for 13C nuclei or a spectrometer operating at 

400 MHz for 1H nuclei and 100 MHz for 13C nuclei. Chemical shifts are reported in parts per 

million on the δ scale, and coupling constants, J, are in hertz. Multiplicities are reported as “s” 

(singlet), “br s” (broad singlet), “d” (doublet), “dd” (doublet of doublets), “ddd” (doublet of 

doublets of doublets), “t” (triplet), and “m” (multiplet). Where distinct from those due to the major 

diastereomer, resonances due to minor diastereomers are denoted by an asterisk. 1H and 13C NMR 

resonances were assigned using a combination of DEPT 135, COSY, HSQC, HMBC, and NOESY 

spectra. Infrared (IR) spectra were recorded using a thin film on a composite of zinc selenide and 

diamond crystal on an FT-IR system transform spectrometer. Melting points are uncorrected. High 

resolution mass spectrometry (HRMS) was performed using a spectrometer operating at a nominal 

accelerating voltage of 70 eV or a TOF-Q mass spectrometer. All values reported at 3sf except 

when V < 10mL, n < 1 mmol, m <100 mg, then reported at 2sf. 

 

  



Chapter Six 

166 

6.2 First Generation Compounds 

 

2-Bromo-4,6-dimethoxybenzaldehyde (163)  

To a stirred solution of 3,5-dimethoxybromobenzene (164) (8.00 g, 36.8 mmol) in DMF (17.2 mL, 

221 mmol) at 0 °C was added POCl3 (10.3 mL, 110 mmol) dropwise. The resultant mixture was 

stirred at rt for 30 min then heated to 100 °C and continued stirring for 4 h. The reaction mixture 

was poured onto crushed ice (100 mL), warmed to rt and left to sit at rt for 16 h. The crystals were 

collected by filtration and recrystallised from 3:1 hexanes/EtOAc (100 mL) to afford 163 (7.20 g, 

80%) as yellow crystals. 

1H-NMR (400 MHz, CDCl3) δ 10.30 (1H, s, CHO), 6.77 (1H, d, J = 2.4 Hz, ArH), 6.43 (1H, d, J 

= 2.2 Hz, ArH), 3.88 (3H, s, OCH3), 3.86 (3H, s, OCH3); 

13C-NMR (100 MHz, CDCl3) δ 189.1 (q, C=O), 164.4 (q, ArC), 163.6 (q, ArC), 127.3 (q, ArC), 

116.9 (q, ArC), 111.6 (CH, ArCH), 98.1 (CH, ArCH), 56.1 (CH3, OCH3), 55.8 (CH3, OCH3); 

MP 150–152 °C (lit. 89–90 °C);132 

The spectroscopic data were in agreement with those reported in the literature.76,132 
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Methyl 2-bromo-4,6-dimethoxybenzoate (161) 

To a stirred mixture of 163 (4.00 g, 16.3 mmol), NaClO2 (6.30 g, 65.3 mmol) and NaH2PO4 (2.94 

g, 24.5 mmol) was added a solution of t-BuOH/H2O (5:1, 66 mL), followed by 2-methyl-2-butene 

(10.4 mL, 97.9 mmol). The resultant mixture was stirred at rt for 15 min and then the reaction was 

quenched with 2 M HCl (15 mL). The organic layer was separated and the aq layer was further 

extracted with EtOAc (2 × 100 mL). The combined organic extracts were washed with sat. aq 

NaCl (100 mL), dried over Na2SO4 and concentrated in vacuo yielding acid 168 (4.46 g) as a pale 

yellow solid, which was used directly in the next step. To a stirred mixture of crude acid 168 (4.46 

g) and K2CO3 (3.38 g, 24.5 mmol) in DMF (160 mL) was added MeI (1.52 mL, 24.5 mmol) 

dropwise. The resultant mixture was warmed to 80 °C and stirred for 45 min and then the reaction 

was quenched by the addition of sat. aq NH4Cl (100 mL). The organic layer was separated and the 

aq layer was further extracted with EtOAc (2 × 200 mL). The combined organic extracts were 

washed with water (100 mL) and then sat. aq NaCl (100 mL), dried over Na2SO4 and concentrated 

in vacuo. Purification by flash column chromatography on silica (10:1 hexanes/EtOAc) afforded 

161 (3.37 g, 75% over 2 steps) as an off white solid. 

IR (neat) νmax 2951, 1722, 1597, 1566, 1432, 1265, 1219, 1145, 1100, 1000, 943 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 6.67 (1H, d, J = 2.0 Hz, ArH), 6.40 (1H, d, J = 2.1 Hz, ArH), 3.91 

(3H, s, OCH3), 3.80 (3H, s, OCH3), 3.79 (3H, s, OCH3); 

13C-NMR (100 MHz, CDCl3) δ 166.7 (q, C=O), 161.6 (q, ArC), 158.3 (q, ArC), 120.5 (q, ArC), 

118.9 (q, ArC), 108.8 (CH, ArCH), 98.0 (CH, ArCH), 56.0 (CH3, OCH3), 55.7 (CH3, OCH3), 52.5 

(CH3, OCH3);  

HRMS (ESI+) for C10H11BrNaO4 [M+Na]+ requires 296.9733, found 296.9737; 

MP 42-43 °C 
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(S)-Ethyl 3-(ethoxymethoxy)butanoate (169) 

To a stirred solution of ethyl (S)-3-hydroxybutyrate (167) (1.00 g, 7.57 mmol) in CH2Cl2 (15 mL) 

at 0 °C was added DIPEA (9.84 mL, 56.8 mmol) followed by dropwise addition of EOMCl (1.54 

mL, 16.6 mmol). The resultant mixture was stirred at 0 °C for 1 h, then warmed to rt for 16 h. The 

reaction was quenched by the addition of sat. aq NH4Cl (20 mL). The organic layer was separated 

and the aq layer further extracted with CH2Cl2 (2 × 30 mL). The combined organic extracts were 

washed with 0.5 M aq citric acid solution (3 × 100 mL), dried over Na2SO4 and concentrated in 

vacuo. Purification by flash column chromatography on silica (6:1 pentane-Et2O) afforded 169 

(1.41 g, 98%) as a colourless oil. 

𝜶𝑫
𝟐𝟐 +8.0 (c 1.01 in CHCl3); 

IR (neat) νmax 2977, 1735, 1447, 1378, 1298, 1256, 1195, 1172, 1096, 1029 cm-1. 

1H-NMR (400 MHz; CDCl3) δ 4.71 (2H, ABq, ΔδAB = 0.02, JAB = 7.1 Hz, OCH2O), 4.20–4.12 

(1H, m, H-3), 4.13 (2H, q, J = 7.2 Hz, CH2CH3), 3.58 (2H, q, J = 7.1 Hz, CH2OCH2CH3), 2.49 

(2H, ABX, ΔδAB = 0.18, JAB = 15.2, JAX = 7.6, JBX = 5.6 Hz, H-2), 1.26 (3H, t, J = 7.1 Hz, CH3CH2), 

1.24 (3H, d, J = 6.2 Hz, H-4), 1.20 (3H, t, J = 7.1 Hz, CH2OCH2CH3); 

13C-NMR (100 MHz, CDCl3) δ 171.3 (q, C=O), 93.8 (CH2, OCH2O), 70.2 (CH, C-3), 63.2 (CH2, 

CH2OCH2CH3), 60.4 (CH2, CH2CH3), 42.4 (CH2, C-2), 20.5 (CH3, C-4), 15.0 (CH3, 

CH2OCH2CH3), 14.2 (CH3, CH2CH3); 

HRMS (ESI+) for C9H18NaO4 [M+Na]+ requires 213.1097, found 213.1105; 
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(S)-3-(Ethoxymethoxy)butanal (170) 

To a stirred solution of 169 (1.32 g, 6.93 mmol) in CH2Cl2 (75 mL) at –78 °C was added DIBAL-

H (1 M in toluene, 7.62 mL, 7.62 mmol) dropwise over 1 h. The reaction was quenched by the 

addition of MeOH (10 mL) at –78 °C followed by sat. aq potassium sodium tartrate (100 mL). The 

resultant mixture warmed to rt and continued stirring vigorously for 1 h. The organic layer was 

separated and the aq layer further extracted with CH2Cl2 (2 × 150 mL). The combined organic 

extracts were washed with sat. aq NaCl (100 mL), dried over Na2SO4 and concentrated in vacuo. 

Purification by flash column chromatography on silica (4:1 pentane-Et2O) afforded 170 (957 mg, 

95%) as a colourless oil. 

𝛂𝐃
𝟐𝟑 +31.7 (c 1.02 in CHCl3), lit. +30.2 (c 1.15 in CHCl3);

133 

1H-NMR (500 MHz, CDCl3) δ 9.79 (1H, dd, J = 2.7, 1.8 Hz, CHO), 4.71 (2H, ABq, ΔδAB = 0.05, 

JAB = 7.2 Hz, OCH2O), 4.26 (1H, dqd, J = 12.4, 6.3, 4.9 Hz, H-3), 3.58 (2H, ABX3, ΔδAB = 0.03, 

JAB = 9.6, JAX = 7.1, JBX = 7.1 Hz, CH2CH3), 2.58 (2H, ABXY, ΔδAB = 0.15, JAB = 16.4, JAX = 7.5, 

JAY = 2.7, JBX = 4.9, JBY = 1.8 Hz, H-2) 1.27 (3H, d, J = 6.3 Hz, H-4), 1.20 (3H, t, J = 7.1 Hz, 

CH2CH3); 

13C-NMR (125 MHz, CDCl3) δ 201.2 (q, CHO), 93.6 (CH2, OCH2O), 68.5 (CH, C-3), 63.4 (CH2, 

CH2CH3), 50.8 (CH2, C-2), 20.6 (CH3, C-4), 15.0 (CH2CH3); 

The spectroscopic data were in agreement with those reported in the literature.133 
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(±)-(syn/anti)-6-(Ethoxymethoxy)hept-1-yn-4-ol (173a/b) 

To a stirred suspension of zinc powder (2.04 g, 31.2 mmol) in THF (10 mL) at 0 °C was added 

propargyl bromide (2.78 mL, 31.2 mmol). The resultant mixture was stirred at 0 °C for 1.5 h then 

a solution of 170 (2.28 g) in THF (6 mL) was added dropwise. The resultant mixture was stirred 

at 0 °C for 15 min and then the reaction was quenched with sat. aq NH4Cl (50 mL). The solid 

residue was removed by filtration and 2 M HCl (5 mL) was added to the filtrate. The filtrate was 

extracted with EtOAc (3 × mL) and the combined organic extracts were washed with sat. aq 

NaCl (100 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography on silica (5:1 PE-EtOAc) afforded a diastereotopic mixture of 173a/b (2.18 g, 

75%, d.r. = 2:1) as a yellow oil. 

IR (neat) νmax 3451, 3296, 2974, 1378, 1139, 1097, 1027 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 4.78–4.66 (2H, m, OCH2O), 4.07–3.90 (2H, m, H-4, H-6), 3.68–

3.52 (2H, m, CH2CH3), 2.43–2.31 (2H, m, H-3), 2.03–2.01 (1H, m, H-1), 1.81–1.68 (2H, m, H-5), 

1.23–1.19 (6H, m, H-7, CH2CH3); 

13C-NMR (100 MHz, CDCl3) δ 93.8 (CH2, OCH2O), 92.9* (CH2, OCH2O), 81.0 (q, C-2), 80.9 

(q, C-2), 73.1* (CH, C-4 or C-6), 71.1 (CH, C-4 or C-6), 70.4 (CH, C-1), 70.3* (CH, C-1), 69.5* 

(CH, C-4 or C-6), 66.5 (CH, C-4 or C-6), 63.7* (CH2, OCH2CH3), 63.6 (CH2, OCH2CH3), 42.8* 

(CH2, C-5), 42.5 (CH2, C-5), 27.1 (CH, C-3), 27.1* (CH, C-3), 20.3 (CH3, C-7), 20.3* (CH3, C-

7), 15.0* (CH3, CH2CH3), 15.0 (CH3, CH2CH3); 

HRMS (ESI+) for C10H18NaO3 [M+Na]+ requires 209.1148, found 209.1153; 

*denotes syn-isomer 
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(±)-Ethyl 3-(p-methoxybenzyloxy)butanoate (176) 

To a stirred suspension of NaH (92 mg, 0.230 mmol) in Et2O (10 mL) at rt was slowly added 4-

methoxybenzyl alcohol (2.86 mL, 23.0 mmol) and stirred for 30 min. The resulting mixture was 

then cooled to 0 °C and trichloroacetonitrile (2.31 mL, 23.0 mmol) was added. The reaction 

mixture was allowed to warm to rt and stirred for 4 h. The solvent was removed in vacuo and the 

residue dissolved in MeOH (0.2 mL) and hexanes (8 mL). The suspension was filtered over Celite 

and the filtrate was concentrated in vacuo to afford the imidate as a yellow oil (6.5 g), which was 

used without further purification. To a stirred solution of (±)-ethyl 3-hydroxybutyrate (167) (2.0 

g, 15 mmol) in CH2Cl2 (30 mL) was added the crude imidate (6.4 g, 2.3 mmol) and CSA (350 mg, 

1.5 mmol). The reaction mixture was stirred at rt for 24 h and quenched by the addition of water 

(15 mL). The organic layer was separated and then the aq layer was further extracted with CH2Cl2 

(2 × 30 mL). The combined organic extracts were washed with sat. aq NaCl, dried over Na2SO4 

and concentrated in vacuo. Purification by flash column chromatography on silica (10:1 hexanes-

EtOAc) afforded 176 (1.92 g, 51%) as a colourless oil. 

1H-NMR (400 MHz; CDCl3) δ 7.24 (2H, d, J = 8.6 Hz, ArH), 6.86 (2H, d, J = 8.6 Hz, ArH), 4.47 

(2H, ABq, ΔδAB = 0.06, JAB = 11.2 Hz, CH2Ar), 4.14 (2H, ddd, J = 14.3, 7.2, 1.7 Hz, OCH2CH3), 

4.03-3.97 (1H, m, H-3), 3.79 (3H, s, OCH3), 2.63 (2H, ABX, ΔδAB = 0.27, JAB = 15.0, JAX = 7.3, 

JBX = 5.8 Hz, H-2), 1.25 (3H, t, J = 7.1 Hz, OCH2CH3), 1.24 (3H, d, J = 6.1 Hz, H-4); 

13C-NMR (100 MHz;CDCl3) δ 171.6 (q, C=O), 159.2 (q, ArC), 130.8 (q, ArC), 129.3 (2  CH, 

ArCH), 113.8 (2  CH, ArCH), 71.8 (CH, C-3), 70.6 (CH2, CH2Ar), 60.5 (CH2, OCH2CH3), 55.3 

(CH3, OCH3), 42.2 (CH2, C-2), 20.0 (CH3, C-4), 14.3 (CH3, OCH2CH3); 

The spectroscopic data were in agreement with those reported in the literature.33 
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(±)-3-(p-Methoxybenzyloxy)butanal (174) 

To a stirred solution of aldehyde 176 (500 mg, mmol) in CH2Cl2 (20 mL) was added DIBAL-H (1 

M in toluene, 2.2 mL, 2.2 mmol) at −78 °C dropwise over 1 h. The reaction was quenched at −78 

°C with MeOH (5 mL) and Rochelle’s salt (10 mL) then stirred at rt for 1 h. The organic layer was 

separated and then the aq layer was further extracted with CH2Cl2 (2 × 50 mL). The combined 

organic extracts were washed with sat. aq NaCl, dried over Na2SO4 and concentrated in vacuo. 

Purification by flash column chromatography on silica (10:1 hexanes-ethyl acetate) afforded 174 

(250 mg, 60%) as a colourless oil  

1H-NMR (400 MHz; CDCl3) δ 9.77 (1H, t, J = 2.2 Hz, CHO), 7.24 (2H, d, J = 8.7 Hz, ArH), 6.87 

(2H, d, J = 8.7 Hz, ArH), 4.47 (2H, ABq, ΔδAB = 0.12, JAB = 2.2 Hz, CH2Ar), 4.10–4.02 (1H, m, 

H-3), 3.80 (3H, s, OCH3), 2.58 (2H, ABXY, ΔδAB = 0.18, JAB = 16.3, JAX = 7.4, JAY = 2.5, JBX = 

5.0, JBY = 1.8 Hz, H-2), 1.28 (3H, d, J = 6.2 Hz, H-4); 

13C-NMR (100 MHz; CDCl3) δ 201.5 (CH, CHO), 159.2 (q, ArC), 130.3 (q, ArC), 129.3 (2 × CH, 

ArCH), 113.8 (2 × CH, ArCH), 70.2 (CH2, CH2Ar), 69.8 (CH, C-3), 55.2 (CH3, OCH3), 50.5 (CH2, 

C-2), 19.8 (CH3, C-4). 

The spectroscopic data were in agreement with those reported in the literature.51a 
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(±)-(syn/anti)-(p-Methoxybenzyloxy)hept-1-yn-4-ol (175a/b) 

To a stirred suspension of zinc (157 mg, 2.40 mmol) in THF (2 mL) was added propargyl bromide 

(86 μL, 0.96 mmol) at 0 °C and stirred for 1 h. A solution of 174 (100 mg) in THF (1 mL) was 

added dropwise to the mixture at 0 °C. The reaction mixture was stirred at 0 °C for 5 min and 

quenched by the addition of sat. NH4Cl (5 mL), filtered and 2 M HCl (1 mL) was added. The 

organic layer was separated and then the aq layer was further extracted with CH2Cl2 (3 × 50 mL). 

The combined organic extracts were washed with sat. aq NaCl, dried over Na2SO4 and 

concentrated in vacuo. Purification by flash column chromatography on silica (4:1 hexanes-ethyl 

acetate) yielded a diastereotopic mixture of 175a/b (112 mg, 95%, d.r. = 2:1) as a colourless oil. 

IR (neat) νmax 3436, 3292, 2936, 2909, 1612, 1513, 1302, 1245, 1174, 1092, 1031 cm-1. 

1H-NMR (500 MHz; CDCl3) δ 7.25–7.23 (2H, m, ArH), 6.87–6.85 (2H, m, ArH), 4.46* (2H, 

ABq, ΔδAB = 0.24, JAB = 11.0 Hz, CH2Ar), 4.45 (2H, ABq, ΔδAB = 0.17, JAB = 11.2 Hz, CH2Ar), 

4.07–4.03* (1H, m, H-4), 3.94–3.90 (1H, m, H-4), 3.89–3.84 (1H, m, H-6), 3.83–3.74* (1H, m, 

H-6), 3.77 (3H, s, OCH3), 2.39–2.25 (1H, m, H-3), 2.02 (1H, t, J = 2.7 Hz, H-1), 2.00* (1H, t, J = 

2.7 Hz, H-1), 1.80–1.67 (2H, m, H-5), 1.25–1.23 (3H, m, H-7); 

13C-NMR (125 MHz; CDCl3) δ 159.2* (q, ArCOCH3), 159.1 (q, ArCOCH3), 130.3 (q, ArC), 

129.8* (q, ArC), 129.3* (2 × CH, ArCH), 129.2 (2 × CH, ArCH), 113.8* (2 × CH, ArCH), 113.7 

(2 × CH, ArCH), 81.0 (q, C-2), 75.1* (CH, C-6), 72.0 (CH, C-6), 70.3 (2 × CH, C-1, C-1*), 70.1 

(CH2, CH2Ar), 69.9* (CH, C-4), 69.8* (CH2, CH2Ar), 66.9 (CH, C-4), 55.1 (2 × CH3, OCH3, 

OCH3*), 42.4* (CH2, C-5), 41.6 (CH2, C-5), 27.1 (CH2, C-3), 27.0* (CH2, C-3), 19.5* (CH3, C-

7), 19.1 (CH3, C-7). 

HRMS (ESI+) for C15H20NaO3 [M+Na]+ requires 271.1305, found 271.1303; 

*denotes minor isomer where distinguishable. 
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(±)-6-(Ethoxymethoxy)-hepta-1,2-dien-4-one (180) 

A solution of IBX (510 mg, 1.8 mmol) in DMSO (2 mL) was stirred at rt for 30 min then a solution 

of 173 (230 mg, 1.2 mmol) in CH2Cl2 (4 mL) was added. The reaction mixture was stirred at rt for 

16 h and filtered. Water (5 mL) was added to the filtrate and extracted with CH2Cl2 (3 × 10 mL). 

The combined organic extracts were washed with sat. aq NaCl (20 mL), dried over Na2SO4 and 

concentrated in vacuo. Purification by flash column chromatography on silica (10:1 hexanes-ethyl 

acetate) afforded 180 as a yellow oil (22 mg, 10%) and recovered starting material (77 mg, 77%). 

IR (neat) νmax 2974, 2931, 1936, 1681, 1627, 1377, 1295, 1097, 1029 cm-1; 

1H-NMR (400 MHz, CDCl3) δ 5.78 (1H, t, J = 6.5 Hz, H-3), 5.25 (2H, ABX, ΔδAB = 0.02, JAB = 

15.8, JAX = 14.7, JBX = 6.5 Hz, H-1), 4.67 (2H, ABq, ΔδAB = 0.01, JAB = 7.1 Hz, OCH2O), 4.21 (1H, 

m, H-6), 3.55 (2H, q, J = 7.1 Hz, OCH2CH3), 2.78 (2H, ABX, ΔδAB = 0.40, JAB = 15.5, JAX = 7.3, 

JBX = 5.7 Hz, H-5), 1.20 (3H, d, J = 6.2 Hz, H-7), 1.18 (3H, t, J = 7.1 Hz, OCH2CH3); 

13C-NMR (100 MHz, CDCl3) δ 217.0 (q, C-4), 198.3 (q, C-2), 97.3 (CH, C-3), 93.7 (CH2, 

OCH2O), 79.6 (CH2, C-1), 69.9 (CH, C-6), 63.2 (CH2, OCH2CH3), 46.4 (CH2, C-5), 20.6 (CH3, 

C-7), 15.0 (CH3, OCH2CH3); 

HRMS (ESI+) for C10H16NaO3 [M+Na]+ requires 207.0992, found 207.0985; 
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NaH (60% in mineral oil, 600 mg, 15.1 mmol) was washed twice with hexanes and dried in vacuo. 

To a stirred suspension of NaH in THF (12 mL) at 0 °C was added a solution of 173 (936 mg, 5.02 

mmol) in THF (5.0 mL). The mixture was stirred for 40 min then BnBr (1.20 mL, 10.0 mmol) was 

added dropwise followed by TBAI (185 mg, 0.50 mmol). The resultant mixture was heated to 60 

°C and stirred for 1 h. The mixture was then cooled to 0 °C and the reaction was quenched by the 

addition of water (5 mL) and EtOAc. The organic layer was separated and then the aq layer was 

further extracted with EtOAc (2 × 20 mL). The combined organic extracts were washed with sat. 

aq NaCl, dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography on silica (20:1 hexanes-Et2O) afforded 183a (757 mg, 54%) and 183b (526 mg, 

38%) as pale yellow oils. 

 

(4S,6S)-4-Benzyloxy-6-(ethoxymethoxy)hept-1-yne (183a) 

𝜶𝑫
𝟐𝟐 +62.8 (c 1.00 in CHCl3); 

IR (neat) νmax 3293, 2973, 1455, 1377, 1111, 1071, 1039 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 7.38–7.27 (5H, m, Bn), 4.64 (2H, ABq, ΔδAB = 0.11, JAB = 7.0 Hz, 

OCH2O), 4.59 (2H, ABq, ΔδAB = 0.21, JAB = 11.2 Hz, OCH2Ar), 3.97–3.89 (1H, m, H-6), 3.83–

3.77 (1H, m, H-4), 3.59 (2H, ABX3, ΔδAB = 0.05, JAB = 9.5, JAX = 7.1, JBX = 7.1 Hz OCH2CH3), 

2.49 (1H, d, J = 2.7 Hz, H-3a), 2.47 (1H, d, J = 2.7 Hz, H-3b), 2.02 (1H, t, J = 2.7 Hz, H-1), 1.77 

(2H, ABXY, ΔδAB = 0.06, JAB = 14.5, JAX = 9.4, JAY = 3.2, JBX = 9.4, JBY = 3.3 Hz, H-5), 1.20 (3H, 

d, J = 6.2 Hz, H-7), 1.18 (3H, t, J = 7.1 Hz, OCH2CH3); 

13C-NMR (100 MHz, CDCl3) δ 138.3 (q, ArC), 128.4 (2 × CH, ArCH), 127.9 (2 × CH, ArCH), 

127.7 (CH, ArCH), 94.2 (CH2, OCH2O), 80.9 (q, C-2), 74.1 (CH, C-4), 71.5 (CH2, OCH2Ar), 70.8 

(CH, C-6), 70.3 (CH, C-1), 63.3 (CH2, OCH2CH3), 42.8 (CH2, C-5), 24.0 (CH2, C-3), 21.3 (CH3, 

C-7), 15.1 (CH3, OCH2CH3); 

HRMS (ESI+) for C17H24NaO3 [M+Na]+ requires 299.1618, found 299.1621; 
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(4R,6S)-4-Benzyloxy-6-(ethoxymethoxy)hept-1-yne (183b) 

𝜶𝑫
𝟐𝟓 –10.6 (c 1.04 in CHCl3); 

IR (neat) νmax 3307, 2973, 1455, 1377, 1111, 1071, 1039 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 7.37–7.27 (5H, m, Bn), 4.68 (2H, ABq, ΔδAB = 0.05, JAB = 7.1 Hz, 

OCH2O), 4.59 (2H, ABq, ΔδAB = 0.14, JAB = 11.7 Hz, OCH2Ar), 3.90–3.83 (1H, m, H-6), 3.68 

(1H, ddt, J = 6.8, 5.7, 5.6 Hz, H-4), 3.59–3.54 (2H, m, OCH2CH3), 2.51 (2H, dd, J = 5.4, 2.7 Hz, 

H-3), 2.03–1.96 (1H, m, H-5a), 2.01 (1H, t, J = 2.7 Hz, H-1), 1.79–1.72 (1H, m, H-5b), 1.19 (3H, 

t, J = 7.1 Hz, OCH2CH3), 1.16 (3H, d, J = 6.2 Hz, H-7) 

13C-NMR (100 MHz, CDCl3) δ 138.3 (q, ArC), 128.3 (2 × CH, ArCH), 127.8 (2 × CH, ArCH), 

127.6 (CH, ArCH), 93.3 (CH2, OCH2O), 80.9 (q, C-2), 74.2 (CH, C-4), 71.1 (CH2, OCH2Ar), 70.2 

(CH, C-6), 70.2 (CH, C-1), 63.3 (CH2, OCH2CH3), 41.2 (CH2, C-5), 23.7 (CH2, C-3), 20.3 (CH3, 

C-7), 15.1 (CH3, OCH2CH3); 

HRMS (ESI+) for C17H24NaO3 [M+Na]+ requires 299.1618, found 299.1624; 
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(2S,4S)-4-(Benzyloxy)hept-6-yn-2-ol (184) 

To a stirred solution of 183a (104 mg, 0.37 mmol) in EtOH (2 mL) was added PTSA (14 mg, 0.75 

mmol). The resultant solution was stirred at 60 °C for 6 h and then diluted by the addition of EtOAc 

(10 mL) and water (2 mL). The organic layer was separated and the aq layer was further extracted 

with EtOAc (2 × 20 mL). The combined organic extracts were washed with sat. aq NaCl (20 mL), 

dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography on 

silica (5:1 hexanes-EtOAc) afforded 184 (81 mg, 98%) as a yellow oil. 

𝜶𝑫
𝟐𝟐 +67.4 (c 1.02 in CHCl3); 

IR (neat) νmax 3416, 3295, 2965, 2915, 1497, 1455, 1352, 1091, 1072 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 7.37–7.28 (5H, m, Bn), 4.62 (2H, ABq, ΔδAB = 0.17, JAB = 11.5 Hz, 

OCH2Ar), 4.12–4.05 (2H, m, H-2), 3.90–3.84 (1H, m, H-4), 2.52 (ABXY, ΔδAB = 0.07, JAB = 16.8, 

JAX = 4.9, JAY = 2.7, JBX = 7.2, JBY = 2.6 Hz, 2H, H-5), 2.03 (1H, t, J = 2.7 Hz, H-7), 1.78 (ABXY, 

ΔδAB = 0.07, JAB = 14.5, JAX = 7.8, JAY = 2.9, JBX = 9.0, JBY = 3.6 Hz, 2H, H-3), 1.19 (3H, d, J = 6.3 

Hz, H-1); 

13C-NMR (100 MHz, CDCl3) δ 138.9 (q, ArC), 128.5 (2 × CH, ArCH), 128.0 (2 × CH, ArCH), 

127.9 (CH, ArCH), 80.8 (q, C-6), 74.7 (CH, C-4), 71.6 (CH2, OCH2Ar), 70.4 (CH, C-7), 64.4 (CH, 

C-2), 42.2 (CH2, C-3), 23.7 (CH3, C-1), 23.5 (CH2, C-5); 

HRMS (ESI+) for C14H18NaO2 [M+Na]+ requires 241.1199, found 241.1200; 
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 (2S,4S)-Heptane-2,4-diol (185) 

To a stirred solution of 184 (50 mg, 0.23 mmol) in MeOH (2 mL) was added Pd/C (10 wt%, 24 

mg, 0.023 mmol). Hydrogen gas was bubbled through the mixture for 30 min. The reaction mixture 

was filtered through Celite ®, washed with MeOH and concentrated in vacuo to afford 185 (27 mg, 

92%) as a colourless oil 

𝜶𝑫
𝟐𝟔 +16.7 (80% de, c 1.03 in CHCl3) (lit.

84 𝜶𝑫
𝟐𝟐 –21.7 (c 1.15 in CHCl3); 

IR (neat) νmax 3343, 2961, 2932, 1458, 1376, 1148, 1120, 1055, 1023 cm-1; 

1H-NMR (500 MHz, CDCl3) δ 4.42 (1H, d, J = 4.8 Hz, H-2), 3.92 (1H, br s, H-4), 3.07 (1H, d, J 

= 2.6 Hz, OH), 2.96 (1H, d, J = 3.8 Hz, OH), 1.56 (2H, dd, J = 5.8, 5.5 Hz, H-3), 1.53-1.30 (4H, 

m, H-5 and H-6), 1.21 (3H, d, J = 6.4 Hz, H-1), 0.91 3H, (3H, t, J = 7.1 Hz, H-7), 

13C-NMR (125 MHz, CDCl3) δ 68.9 (CH, C-4), 65.3 (CH, C-2), 44.0 (CH2, C-3), 39.5 (CH2, C-

5), 23.4 (CH3, C-1), 18.9 (CH2, C-6), 14.0 (CH3, C-7); 

HRMS (ESI+) for C7H16NaO2 [M+Na]+ requires 155.1043, found 155.1037; 

The spectroscopic data were in agreement with those reported in the literature.84 
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(±)-(syn/anti)-6-(Ethoxymethoxy)-1-(3,5-dimethoxy-2-(methylcarboxy)phenyl)hept-1-yn-4-

ol (181a/b) 

To a stirred mixture of 161a/b (2:1 d.r., 100 mg, 0.364 mmol), Pd(OAc)2 (12.2 mg, 0.055 mmol), 

dtbpf (31.0 mg, 0.065 mmol) and K2CO3 (251 mg, 1.82 mmol) was added NMP (10 mL). The 

reaction mixture was degassed over 5 min by bubbling a stream of argon through the mixture. A 

solution of 173 (81 mg, 0.436 mmol) in NMP (2 mL) was added dropwise, heated to 100 °C then 

continued stirring for 1.5 h. The resultant mixture was filtered through a short plug of silica and 

washed with EtOAc. The filtrate was washed with water (3 × 100 mL), sat. aq NaCl (100 mL), 

dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography on 

silica (3:2 hexanes/EtOAc) afforded 181a/b (106 mg, 77%, 2:1 d.r.) as a yellow oil. 

IR (neat) νmax 3476, 2971, 2933, 1730, 1600, 1576, 1456, 1342, 1267, 1203, 1100, 1024 cm-1; 

1H-NMR (400 MHz, CDCl3) δ 6.54 (1H, d, J = ArH), 6.42 (2H, d, J = 2.1 Hz, ArH), 4.74 (2H, 

ABq, ΔδAB = 0.09, JAB = 7.0 Hz, OCH2O), 4.73* (2H, ABq, ΔδAB = 0.04, JAB = 6.9 Hz, OCH2O), 

4.11–3.97 (2H, m, H-6, H-4), 3.88 (3H, s, OCH3), 3.80 (3H, s, OCH3), 3.80 (3H, s, OCH3), 3.70–

3.54 (2H, m, OCH2CH3), 3.47 (1H, d, J = 3.0 Hz, OH), 3.15* (1H, d, J = 4.7 Hz, OH) 2.64–2.52 

(2H, m, H-3), 1.82–1.71 (2H, m, H-5), 1.24 (3H, d, J = 1.2 Hz, H-7), 1.23* (3H, d, J = 1.3 Hz, H-

7), 1.23 (3H, t, J = 7.1 Hz, OCH2CH3), 1.22* (3H, t, J = 7.1 Hz, OCH2CH3); 

13C-NMR (100 MHz, CDCl3) δ 167.7 (q, C=O), 161.4 (q, ArC), 158.0 (q, ArC), 123.8 (q, ArC), 

118.9 (q, ArC), 108.0 (CH, ArH), 99.3 (CH, ArH), 93.8 (CH2, OCH2O), 93.0* (CH2, OCH2O), 

90.5 (q, C-2), 90.4* (q, C-2), 80.2 (q, C-1), 80.1* (q, C-1), 72.6* (CH, C-4), 70.9 (CH, C-4), 69.3* 

(CH, C-6), 66.8 (CH, C-6), 63.6* (CH2, OCH2CH3), 63.4 (CH2, OCH2CH3), 56.0 (CH3, OCH3), 

55.5 (CH3, OCH3), 52.3 (CH3, OCH3), 43.1 (CH2, C-5), 42.9* (CH2, C-5), 28.4 (CH2, C-3), 28.2* 

(CH2, C-3), 20.5 (CH3, C-7), 20.2* (CH3, C-7), 15.0* (CH3, OCH2CH3), 15.0 (CH3, OCH2CH3); 

HRMS (ESI+) for C20H28NaO7 [M+Na]+ requires 403.1727, found 403.1725. 

*denotes minor isomer where distinguishable.  
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(±)-(syn/anti)-4-Benzyloxy-6-(ethoxymethoxy)-1-(3,5-dimethoxy-2-

(methylcarboxy)phenyl)hept-1-yne (182a/b) To a stirred suspension of NaH (8.4 mg, 

0.21 mmol) in THF (0.2 mL) at 0 °C was added a solution of alcohol 181a/b (2:1 d.r., 40 mg, 0.11 

mmol) in THF (0.1 mL). The mixture was stirred for 30 min then BnBr (0.020 mL, 0.16 mmol) 

was added dropwise followed by TBAI (0.39 mg, 0.011 mmol). The resultant mixture was allowed 

to warm to rt, stirred for 16 h and quenched by the addition of water (2 mL) and CH2Cl2 (10 mL). 

The organic layer was separated and then the aq layer was further extracted with CH2Cl2 (2 × 5 

mL). The combined organic extracts were washed with sat. aq NaCl, dried over Na2SO4 and 

concentrated in vacuo. Purification by flash column chromatography (1:1 hexanes-EtOAc) 

afforded 182 (20 mg, 40%) as a yellow oil. 

IR (neat) νmax 2971, 2943, 1731, 1597, 1578, 1455, 1417, 1343, 1266, 1204, 1100, 1035 cm-1; 

1H-NMR (400 MHz, CDCl3) δ 7.38–7.25 (5H, m, Bn), 6.53 (1H, s, ArH), 6.42 (2H, d, J = 2.1 Hz, 

ArH), 4.74–4.48 (4H, m, OCH2Ar, OCH2O), 3.99–3.87 (1H, m, H-6), 3.85 (3H, s, OCH3), 3.79 

(3H, s, OCH3), 3.78 (3H, s, OCH3), 3.82–3.69 (1H, m, H-4), 3.66–3.52 (2H, m, OCH2CH3), 2.72–

2.67 (2H, m, H-3), 2.05–1.72 (2H, m, H-5), 1.22–1.16 (6H, m, OCH2CH3, H-7); 

13C-NMR (100 MHz, CDCl3) δ 167.5 (q, C=O), 161.2 (q, ArC), 157.8 (q, ArC), 138.5 (q, Bn), 

128.4 (2 × CH, Bn), 128.4* (2 × CH, Bn), 127.9 (2 × CH, Bn), 127.8* (2 × CH, Bn), 127.7 (CH, 

Bn), 127.6* (CH, Bn), 123.7 (q, ArC), 119.2 (q, ArC), 119.2* (q, ArC), 108.2 (CH, ArH), 99.2 

(CH, ArH), 94.2 (CH2, OCH2O), 93.4* (CH2, OCH2O), 90.4* (q, C-1), 90.4 (q, C-1), 79.7 (q, C-

2), 79.7* (q, C-2), 74.6* (CH, C-4), 74.4 (CH, C-4), 71.6 (CH2, OCH2Ar), 71.2* (CH2, OCH2Ar), 

70.8 (CH, C-6), 70.3* (CH, C-6), 63.3 (CH2, OCH2CH3), 56.0 (CH3, OCH3), 55.6 (CH3, OCH3), 

52.4 (CH3, OCH3), 43.1 (CH2, C-5), 41.5* (CH2, C-5), 25.2 (CH2, C-3), 24.9* (CH2, C-3), 21.3 

(CH3, C-7), 20.3* (CH3, C-7), 15.1* (CH3, OCH2CH3), 15.1 (CH3, OCH2CH3); 

HRMS (ESI+) for C27H34NaO7 [M+Na]+ requires 493.2197, found 493.2208; 

*denotes minor isomer where distinguishable.  
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(2S,4S)-4-(Benzyloxy)-7-(3,5-dimethoxy-2-(methylcarboxy)phenyl)hept-6-yn-2-ol (185) 

To a stirred mixture of 161 (280 mg, 1.02 mmol), Pd(OAc)2 (21 mg, 0.093 mmol), dtbpf (66 mg, 

0.14 mmol) and K2CO3 (639 mg, 4.63 mmol) was added NMP (6 mL). The reaction mixture was 

degassed over 5 min by bubbling a stream of argon through the mixture. A solution of 184 (202 

mg, 0.93 mmol) in NMP (4 mL) was added dropwise, heated to 80 °C then continued stirring for 

2 h. The resultant mixture was filtered through a short plug of silica and washed with EtOAc. The 

filtrate was washed with water (3 × 100 mL), sat. aq NaCl (100 mL), dried over Na2SO4 and 

concentrated in vacuo. Purification by flash column chromatography on silica (2:1 hexanes-

EtOAc) afforded 185 (268 mg, 70%) as a yellow oil. 

𝜶𝑫
𝟐𝟏 +27.1 (c 1.04 in CHCl3); 

IR (neat) νmax 3493, 2940, 1729, 1597, 1578, 1455, 1229, 1269, 1204, 1161, 1046 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 7.38–7.27 (5H, m, Bn), 6.53 (1H, d, J = 2.2 Hz, ArH), 6.42 (1H, 

d, J = 2.2 Hz, ArH), 4.64 (2H, ABq, ΔδAB = 0.15, JAB = 11.6 Hz, OCH2Ar), 4.13–4.05 (1H, m, H-

2), 3.95–3.89 (1H, m, H-4), 3.86 (3H, s, OCH3), 3.79 (3H, s, OCH3), 3.79 (3H, s, OCH3), 2.72 

(2H, ABX, ΔδAB = 0.17, JAB = 16.9, JAX = 4.8, JBX = 7.8 Hz, H-5), 2.38 (1H, br s, OH), 1.84-1.81 

(2H, m, H-3), 1.22 (3H, d, J = 6.3 Hz, H-1);  

13C-NMR (100 MHz, CDCl3) δ 167.6 (q, C=O), 161.3 (q, ArC), 157.8 (q, ArC), 138.0 (q, 

CH2ArC), 128.5 (2 × CH, ArCH), 127.9 (2 × CH, ArCH), 127.8 (CH, ArCH), 123.5 (q, ArC), 

119.1 (q, ArC), 108.1 (CH, ArCH), 99.3 (CH, ArCH), 90.2 (q, C-6), 79.8 (q, C-7), 75.3 (CH, C-

4), 71.7 (CH2, OCH2Ar), 64.6, (CH, C-2), 56.0 (CH3, OCH3), 55.5 (CH3, OCH3), 52.4 (CH3, 

OCH3), 42.7 (CH2, C-3), 24.6 (CH2, C-5), 23.9 (CH3, C-1); 

HRMS (ESI+) for C24H28NaO6 [M+Na]+ requires 435.1778, found 435.1780; 

1,1ʹ-bis-(di-tert-butylphosphino)ferrocene = dtbpf   
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(2S,4S)-4-(Benzyloxy)-7-(3,5-dimethoxy-2-(carboxy)phenyl)hept-6-yn-2-ol (186) 

To a stirred solution of 185 (8 mg, 0.020 mmol) in MeOH (0.50 mL) was added 2M KOH (0.5 

mL), stirred under reflux for 4 h and quenched with 1 M HCl (1 mL). The organic layer was 

separated and then the aq layer was further extracted with Et2O (5 mL), washed with sat. aq NaCl 

(20 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography on silica (1:2 hexanes-EtOAc) afforded 186 (6.2 mg, 80%) as a white oil. 

IR (neat) νmax 3395, 2965, 2928, 1707, 1596, 1577, 1455, 1418, 1337, 1228, 1203, 1163, 1110, 

1045 cm-1. 

1H-NMR (300 MHz, CDCl3) δ 7.36–7.27 (5H, m, Bn), 6.56 (1H, d, J = 2.2 Hz, ArH), 6.43 (1H, 

d, J = 2.2 Hz, ArH), 4.60 (2H, ABq, ΔδAB = 0.13, JAB = 11.5 Hz, OCH2Ar), 4.16–4.06 (1H, m, H-

2), 3.99–3.91 (1H, m, H-4), 3.82 (3H, s, OCH3), 3.80 (3H, s, OCH3), 2.69 (2H, ABX, ΔδAB = 0.37, 

JAB = 16.8, JAX = 3.9, JBX = 9.2 Hz, H-5), 1.90 (2H, ABXY, ΔδAB = 0.36, JAB = 14.6, JAX = 9.8, JAY 

= 2.4, JBX = 9.1, JBY = 2.5 Hz, H-3), 1.25 (3H, d, J = 6.3 Hz, H-1); 

13C-NMR (75 MHz, CDCl3) δ 168.15 (q, C=O), 162.3 (q, ArC), 161.6 (q, ArC), 158.0 (q, ArC), 

138.2 (q, Bn), 128.5 (2 × CH, Bn), 127.9 (2 × CH, Bn), 127.8 (CH, Bn), 124.8(q, ArC), 108.5 (CH, 

ArH), 99.2 (CH, ArH), 91.6 (q, C-6), 80.6 (q, C-7), 75.6 (CH, C-4), 71.8 (CH2, OCH2Ar), 65.3 

(CH, C-2), 56.1 (CH3, OCH3), 55.6 (CH3, OCH3), 43.0 (CH2, C-3), 24.8 (CH2, C-5), 23.8 (CH3, 

C-1); 

HRMS (ESI+) for C23H27O6 [M+H]+ requires 399.1802, found 399.1801; 

 

  



Experimentals 

183 

General Procedure for gold-catalysed cyclisations 

To a stirred solution of alkynol acid 186 or alkynol ester 185 (20 mg) in solvent (1 mL) was added 

gold catalyst (10 mol%) and/or silver catalyst (10 mol%) and/or acid/base catalyst (10 mol%). The 

reaction mixture was stirred until the reaction was completed as indicated by thin layer 

chromatography, then concentrated in vacuo. Purification by flash column chromatography (1:1 

to 1:2 hexanes-EtOAc) afforded cyclised products 187, 190 and/or 191.  

 

(±)-(syn/anti)-3-(3-(Benzyloxy)-5-hydroxyhexylidene)-5,7-dimethoxy-3H-2-benzofuran-1-

one (187a/b) 

To a stirred solution of 186 (20 mg, 0.050 mmol) in THF (1 mL) was added Et3N (25 μL, 

0.18 μmol) followed by PdCl2 (0.89 mg, 5.0 μmol). The reaction mixture was stirred at rt for 1 h 

and then the solvent was removed in vacuo. Purification by flash column chromatography on silica 

(1:1 hexanes-EtOAc, 1% Et3N) afforded 187a/b (10 mg, 50%, 2:1 d.r.) as a yellow oil. 

IR (neat) νmax 3455, 2925, 1751, 1601, 1495, 1455, 1431, 1335, 1207, 1158, 1027 cm-1; 

1H-NMR (500 MHz, CDCl3) δ* 7.38–7.28 (5H, m, Bn), 6.63 (1H, d, J = 1.7 Hz, ArH), 6.44 (1H, 

d, J = 1.7 Hz, ArH), 5.60 (1H, dd, J = 8.3, 7.2 Hz, H-1), 4.63 (2H, ABq, ΔδAB = 0.21, J = 11.5 Hz, 

OCH2Ar), 4.03–3.97 (1H, m, H-5), 3.96–3.89 (1H, m, H-3), 3.95 (3H, s, OCH3), 3.91 (3H, s, 

OCH3), 2.88–2.68 (2H, m, H-2), 1.83–1.54 (2H, m, H-4), 1.14 (3H, d, J = 6.2 Hz, H-6); 

1H-NMR (500 MHz, CDCl3) δ 7.38–7.28 (5H, m, Bn), 6.60 (1H, d, J = 1.7 Hz, ArH), 6.43 (1H, 

d, J = 1.7 Hz, ArH), 5.57 (1H, t, J = 7.85 Hz, H-1), 4.62 (2H, ABq, ΔδAB = 0.12, J = 11.3 Hz, 

OCH2Ar), 4.16–4.06 (1H, m, H-5), 3.96–3.89 (1H, m, H-3), 3.95 (3H, s, OCH3), 3.90 (3H, s, 

OCH3), 2.88–2.68 (2H, m, H-2), 1.83–1.54 (2H, m, H-4), 1.18 (3H, d, J = 6.2 Hz, H-6); 

13C-NMR (125 MHz, CDCl3) δ 167.0 (q), 166.9 (q), 164.8 (2 × q), 159.3 (2 × q), 147.1* (q), 

146.8 (q), 143.5 (q), 143.4* (q), 138.0 (q), 137.5 (q), 128.6* (2 × CH, Bn), 128.5 (2 × CH, Bn), 

128.1 (2 × CH, Bn), 128.0* (2 × CH, Bn), 128.0* (CH, Bn), 127.9 (CH, Bn), 105.7 (2 × q, Bn), 



Chapter Six 

184 

104.1 (CH, C-1), 103.2* (CH, C-1), 100.1 (CH, ArH), 100.0 (CH, ArH), 94.9 (CH, ArH), 94.9 

(CH, ArH), 78.4* (CH, C-3), 75.4 (CH, C-3), 71.3 (CH2, OCH2Ar), 70.9* (CH2, OCH2Ar), 67.5* 

(CH, C-5), 64.7 (CH, C-5), 56.1 (2 × CH3, OCH3), 56.0* (CH3, OCH3), 56.0* (CH3, OCH3), 42.7* 

(CH2, C-4), 42.5 (CH2, C-4), 29.7 (CH2, C-2), 29.3* (CH2, C-2), 23.7 (CH3, C-6), 23.5* (CH3, C-

6). 

HRMS (ESI+) for C23H26NaO6 [M+Na]+ requires 421.1622, found 421.1620; 

* denotes minor isomer wher4e distinguishible 
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(±)-(anti/syn)-6-(3,5-Dimethoxy-2-(methylcarboxy)benzylidene)-2-methyl-3,6-dihydro-2H-

pyran (190) 

To a stirred solution of 185 (20 mg, 0.050 mmol) in THF (1 mL) was added Et3N (25 μL, 

0.18 μmol) followed by PdCl2 (0.89 mg, 5.0 μmol). The reaction mixture was stirred at rt for 1 h 

and then the solvent was removed in vacuo. Purification by flash column chromatography on silica 

(1:1 hexanes-EtOAc, 1% Et3N) afforded 190 (10 mg, 50%) as a yellow oil. 

IR (neat) νmax 2925, 1726, 1631, 1593, 1578, 1456, 1422, 1394, 1325, 1295, 1269, 1237, 1205, 

1156, 1100, 1050 cm-1; 

1H-NMR (500 MHz, CDCl3) δ 7.51 (1H, d, J = 2.2 Hz, ArH), 6.30 (1H, d, J = 2.2 Hz, ArH), 6.07–

6.04 (1H, m, H-5), 6.00–5.95 (1H, m, H-4), 5.26 (1H, s, HC=C) 4.18–4.10 (1H, m, H-2), 3.89 (3H, 

s, OCH3), 3.82 (3H, s, OCH3), 3.78 (3H, s, OCH3), 2.25–2.24 (2H, m, H-3), 1.43 (3H, d, J = 6.2 

Hz, 2-CH3); 

13C-NMR (125 MHz, CDCl3) δ 161.1 (q, C=O), 160.9 (q, ArC), 157.5 (q, ArC), 152.3 (q, ArC), 

135.7 (q, ArC), 126.9 (CH, C-4), 125.6 (CH, C-5), 110.0 (q, C-6), 104.8 (CH, ArH), 103.5 (CH, 

C=CH), 96.9 (CH, ArH), 71.4 (CH, C-2), 55.9 (CH3, OCH3), 55.2 (CH3, OCH3), 52.2 (CH3, 

OCH3), 31.7 (C-3), 21.1 (CH3, 2-CH3). 

HRMS (ESI+) for C17H20NaO5 [M+Na]+ requires 327.1203, found 327.1213. 
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3-((2R,4S)-2-(Benzyloxy)-4-hydroxypentyl)-6,8-dimethoxy-1H-isochromen-1-one (191) 

To a stirred solution of 185 (135 mg, 0.33 mmol) in THF (3.5 mL) was added PPTS (8.22 mg, 

0.033 mmol) followed by AuCl3 (9.93 mg, 0.033 mmol) and AgSbF6 (34 mg, 0.098 mmol). The 

reaction mixture was heated to 50 °C for 1 h and then the solvent was removed in vacuo. 

Purification by flash column chromatography on silica (1:2 hexanes-EtOAc) afforded 191 (93 mg, 

72%) as a yellow oil. 

𝜶𝑫
𝟐𝟏 –21.0 (c 0.85 in CHCl3); 

IR (neat) νmax 3470, 2930, 1710, 1664, 1600, 1570, 1456, 1373, 1166, 1059 cm-1.  

1H-NMR (500 MHz, CDCl3) δ 7.27–7.21 (5H, m, Bn), 6.44 (1H, d, J = 2.3 Hz, ArH), 6.31 (1H, 

d, J = 2.3 Hz, ArH), 6.16 (1H, s, H-4), 4.55 (2H, s, OCH2Ar), 4.20–4.15 (1H, m, H-4ʹ), 4.12–4.06 

(1H, m, H-2ʹ), 3.95 (3H, s, OCH3), 3.88 (3H, s, OCH3), 2.73 (2H, ABX, ΔδAB = 0.18, JAB = 14.4, 

JAX = 7.1, JBX = 5.7 Hz, H-1ʹ), 1.70 (2H, ABXY, ΔδAB = 0.08, JAB = 14.6, JAX = 9.3, JAY = 3.7, JBX 

= 7.1, JBY = 2.6 Hz, H-3ʹ), 1.18 (3H, d, J = 6.3 Hz, H-5ʹ); 

13C-NMR (125 MHz, CDCl3) δ 165.4 (q, C=O), 163.2 (q, ArC), 159.2 (q, ArC), 155.4 (q, ArC), 

142.0(q, C-3), 137.7 (q, CH2ArC), 128.4 (2 × CH, ArCH), 128.0 (2 × CH, ArCH), 127.8 (CH, 

ArCH), 105.3 (CH, C-4), 103.0 (q, ArC), 99.7 (CH, ArCH), 98.4 (CH, ArCH), 74.5 (CH, C-4ʹ), 

72.1 (CH2, OCH2Ar), 64.5 (CH, C-2ʹ), 56.2 (CH3, OCH3), 55.6 (CH3, OCH3), 42.3 (CH2, C-3ʹ), 

38.5 (CH2, C-1ʹ), 23.7 (CH3, C-5ʹ); 

HRMS (ESI+) for C23H26NaO6 [M+Na]+ requires 421.1622, found 421.1607; 
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(±)-3-(2-Hydroxy-4-hydroxypentyl)-6,8-dimethoxyisochroman-1-one (192a/b) 

To a stirred solution of 191a/b (2:1 d.r., 30 mg, 75 μmol) in MeOH: EtOAc (1:1, 1.5 mL) was 

added Pd/C (10 wt%, 8.0 mg, 7.7 μmol) then flushed with N2. H2 was bubbled through the mixture 

for 20 min then stirred at rt for 16 h under an atmosphere of H2. The mixture was filtered through 

a plug of celite and washed with MeOH (20 mL) to yield a mixture of alkene and alkane 

deprotected products. The above procedure was repeated to the resultant mixture to yield 192a/b 

as a yellow oil (21 mg, 90%, 2:1 d.r.). 

IR (neat) νmax 3414, 2927, 1697, 1601, 1580, 1458, 1340, 1243, 1219, 1160, 1084, 1040 cm-1. 

1H-NMR (500 MHz, CDCl3) δ 6.38 (1H, d, J = 2.4 Hz, ArH), 6.37* (1H, d, J = 2.4 Hz, ArH), 

6.30 (1H, d, J = 2.4 Hz, ArH), 6.29* (1H, d, J = 2.4 Hz, ArH), 4.70–4.63* (2H, m, H-3), 4.62–

4.55 (2H, m, H-3), 4.29–4.22* (1H, m, H-2ʹ), 4.20–4.14 (1H, m, H-2ʹ), 4.12–4.03 (1H, m, H-4ʹ), 

3.89 (3H, s, OCH3), 3.88* (3H, s, OCH3), 3.84 (1H, s, OCH3), 3.04 (1H, br s, OH), 2.98–2.78 (2H, 

m, H-4), 2.08–1.68 (2H, m, H-1ʹ), 1.61–1.54 (2H, m, H-3ʹ), 1.20 (3H, d, J = 6.2 Hz, H-5ʹ); 

13C-NMR (125 MHz, CDCl3) δ 164.5 (q, C=O), 163.1* (q, ArC), 163.1 (q, ArC), 162.8* (q, ArC), 

162.5 (q, ArC), 144.0* (q, ArC), 143.8 (q, ArC), 106.7(q, ArC), 106.6* (q, ArC), 104.0 (CH, ArH), 

103.9* (CH, ArH), 97.8 (CH, ArH), 75.5 (CH, H-3), 74.0* (CH, H-3), 69.8 (CH, H-2ʹ), 68.9 (CH, 

H-4ʹ), 68.2* (CH, H-2ʹ), 56.1 (CH3, OCH3), 55.5 (CH3, OCH3), 45.0* (CH2, H-1ʹ), 44.4 (CH2, H-

1ʹ), 42.8* (CH2, H-3ʹ), 42.2 (CH2, H-3ʹ), 35.3 (CH2, H-4), 34.9* (CH2, H-4), 24.3* (CH3, C-5ʹ), 

24.2* (CH3, C-5ʹ); 

HRMS (ESI+) for C16H22NaO6 [M+Na]+ requires 331.1309, found 331.1320. 

NB: the relative stereochemistry of 192a and 192b could not be determined. 
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(±)-3-(2-Hydroxy-4-hydroxypentyl)-7-iodo-6,8-dimethoxyisochroman-1-one (193) 

To a stirred solution of 192a/b (2:1 d.r., 10 mg, 0.032 mmol) in CH2Cl2 (1 ml) at rt was added 

PhI(OAc)2 (20.8 mg, 0.064 mmol) and I2 (8.2 mg, 0.064 mmol). The mixture was cooled to 0 °C 

and irradiated with a desk lamp (60 W) for 3.5 h. The reaction was diluted with Et2O (5 mL) and 

Na2S2O3 (1 mL) and mixed until the pink solution went colourless. The aqueous layer was 

extracted with Et2O (3 × 5 mL). The combined organic extracts were washed with sat. aq NaCl, 

dried over Na2SO4, filtered and concentrated in vacuo. Purification by flash column 

chromatography (40:1 hexanes-EtOAc) yielded 193a/b as a yellow oil (8.8 mg, 89%). 

IR (neat) νmax 3414, 2925, 1697, 1579, 1456, 1433, 1339, 1241, 1214, 1187, 1097, 1064 cm-1. 

1H-NMR (500 MHz, CDCl3) δ 6.42* (1H, s, ArH), 6.42 (1H, s, ArH), 4.67–4.53 (1H, m, H-3, H-

3*), 4.32–4.17 (1H, m, H-2ʹ, H-2ʹ*), 4.15–4.08 (1H, m, H-4ʹ, H-4ʹ*), 3.97 (3H, s, OCH3), 3.96 

(3H, s, OCH3), 3.24–3.15 (1H, m, H-4a), 2.90–2.77 (1H, m, H-4b), 2.20–1.76 (2H, m, H-1ʹ), 1.70–

1.56 (2H, m, H-4ʹ), 1.23 (3H, d, J = 6.2 Hz, H-5ʹ), 1.22* (3H, d, J = 6.2 Hz, H-5ʹ); 

HRMS (ESI+) for C16H21INaO6 [M+Na]+ requires 459.0275, found 459.0274. 

* denotes minor isomer where distinguishible 

NB: Could not obtained 13C-NMR spectrum on the minor amount of compound isolated. The 

structure of 193a/b was tentatively assigned using 1H-NMR spectroscopy and HRMS. The relative 

stereochemistry of 193a and 193b could not be determined. 
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Procedure for Base-induced cyclisation: 

To a stirred solution of 191 (20 mg, 50 μmol) in dioxane (0.7 mL) was added KOH (1 M, 1.0 mL, 

1.0 mmol). The resultant solution was stirred at rt for 1 h and then the reaction was quenched with 

HCl (1 M, 1.0 mL) and EtOAc (2 mL). The organic layer was separated and the aq layer further 

extracted with EtOAc (2 × 2 mL). The combined organic extracts were washed with sat. aq NaCl, 

dried over Na2SO4 and concentrated in vacuo. Purification by preparative TLC on silica (3 × 1:3 

hexanes-EtOAc) afforded 188a (3.3 mg, 11%) and 188b (2.3 mg, 7%) as colourless oils. 

 

 (2ʹS,4ʹR,6ʹS)-Spiro[6,8-dimethoxyisochroman-1-one-3,6ʹ-2ʹ-methyloxan-4ʹ-ol] (188a) 

𝜶𝑫
𝟐𝟔 –77.4 (c 0.23 in CHCl3); 

IR (neat) νmax 3428, 2923, 1702, 1603, 1582, 1459, 1325, 1263, 1220, 1160, 1068, 1033 cm-1. 

1H-NMR (500 MHz, CDCl3) δ 6.40 (1H, d, J = 2.3 Hz, ArH), 6.31 (1H, d, J = 2.2 Hz, ArH), 4.38 

(1H, tt, J = 11.2, 4.8 Hz, H-4ʹ), 4.08 (1H, dqd, J = 11.5, 6.3, 2.1, H-2ʹ), 3.93 (3H, s, OCH3), 3.86 

(3H, s, OCH3), 3.08 (2H, ABq, ΔδAB = 0.19, JAB = 16.3 Hz, H-4), 2.37 (1H, ddd, J = 12.7, 4.8, 1.9 

Hz, H-5ʹa), 2.04–1.99 (1H, m, H-3ʹa), 1.47 (1H, dd, J = 12.7, 11.2 Hz, H-5ʹb), 1.28 (1H, m, H-3ʹb), 

1.09 (3H, d, J = 6.3 Hz, 2ʹ-CH3);  

13C-NMR (125 MHz, CDCl3) δ 164.6 (q, C=O), 163.1 (q, ArC), 160.9 (q, ArC), 141.1 (q, ArC), 

105.9 (q, ArC), 104.9 (CH, ArCH), 102.4 (q, C*), 97.7 (CH, ArCH), 66.9 (CH, C-2ʹ), 63.7 (CH, 

C-4ʹ), 56.2 (CH3, OCH3), 55.5 (CH3, OCH3), 42.8 (CH2, C-5ʹ), 41.8 (CH2, C-3ʹ), 40.0 (CH2, C-4), 

21.3 (CH3, 2ʹ-CH3); 

HRMS (ESI+) for C16H20NaO6 [M+Na]+ requires 331.1152, found 331.1144; 
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(2ʹS,4ʹS,6ʹS)-Spiro[6,8-dimethoxyisochroman-1-one-3,6ʹ-2ʹ-methyloxan-4ʹ-ol] (188b) 

𝜶𝑫
𝟐𝟔 –76.3 (c 0.097 in CHCl3); 

IR (neat) νmax 3442, 2923, 1716, 1604, 1583, 1459, 1324, 1265, 1221, 1159, 1082, 1029 cm-1. 

1H-NMR (500 MHz, CDCl3) δ 6.40 (1H, d, J = 2.3 Hz, ArH), 6.30 (1H, d, J = 2.0 Hz, ArH), 4.41–

4.35 (1H, m, H-2ʹ), 4.18–4.16 (1H, m, H-4ʹ), 3.93 (3H, s, OCH3), 3.86 (3H, s, OCH3), 3.05 (2H, 

ABq, ΔδAB = 0.27, JAB = 16.2 Hz, H-4), 2.25 (1H, ddd, J = 14.5, 2.2, 2.2 Hz, H-5ʹa), 1.92–1.87 

(1H, m, H-3ʹa), 1.81 (1H, dd, J = 14.5, 3.9 Hz, H-5ʹb), 1.50–1.45 (1H, ddd, J = 14.0, 12.0, 3.0 Hz, 

H-3ʹb), 1.09 (3H, d, J = 6.3 Hz, 2ʹ-CH3); 

13C-NMR (125 MHz, CDCl3) δ 164.7 (q, C=O), 163.3 (q, ArC), 159.8 (q, ArC), 141.2 (q, ArC), 

105.5 (q, ArC), 105.0 (CH, ArCH), 102.7 (q, C*), 97.6 (CH, ArCH), 64.3 (CH, C-4ʹ), 62.6 (CH, 

C-2ʹ), 56.2 (CH3, OCH3), 55.5 (CH3, OCH3), 40.1 (CH2, C-5ʹ), 39.2 (CH2, C-3ʹ), 39.1 (CH2, C-4), 

21.3 (CH3, 2ʹ-CH3); 

HRMS (ESI+) for C16H20NaO6 [M+Na]+ requires 331.1152, found 331.1148; 

 

To a stirred solution of 191 (20 mg, 50 μmol) in dioxane (0.7 mL) was added KOH (1 M, 1.0 mL, 

1.0 mmol). The resultant solution was stirred at rt for 1 h and then the reaction was quenched with 

aq. citric acid (1.0 M, 1.0 mL) and EtOAc (2 mL). The organic layer was separated and the aq 

layer further extracted with EtOAc (2 × 2 mL). The combined organic extracts were washed with 

sat. aq NaCl, dried over Na2SO4 and concentrated in vacuo. Purification by preparative TLC on 

silica (3 × 1:3 hexanes-EtOAc) afforded 188c (1.9 mg, 7.4%) as a colourless oil and an inseparable 

mixture of 188a and 188d (2:1 d.r., 2.2 mg, 6.7%) as a colourless oil. 
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(2ʹS,4ʹR,6ʹR)-Spiro[6,8-dimethoxyisochroman-1-one-3,6ʹ-2ʹ-methyloxan-4ʹ-ol] (188c) 

𝜶𝑫
𝟐𝟑 –64.3 (c 0.014 in CHCl3); 

IR (neat) νmax 3430, 2924, 1709, 1605, 1459, 1430, 1327, 1262, 1203, 1163, 1068, 1020 cm-1. 

1H-NMR (500 MHz, CDCl3) δ 6.41 (1H, d, J = 2.3 Hz, ArH), 6.27 (1H, d, J = 2.3 Hz, ArH), 4.05–

4.00 (1H, m, H-4ʹ), 3.93 (3H, s, OCH3), 3.86 (3H, s, OCH3), 3.68–3.62 (1H, m, H-2ʹ), 3.10 (2H, 

ABq, ΔδAB = 0.03, JAB = 16.2 Hz, H-4), 2.28 (1H, ddd, J = 13.1, 5.1, 1.2 Hz, H-5ʹa), 2.08–2.02 

(1H, m, H-3ʹa), 1.81 (1H, dd, J = 13.1, 9.0 Hz, H-5ʹb), 1.50–1.43 (1H, m, H-3ʹb), 1.15 (3H, d, J = 

6.2 Hz, 2ʹ-CH3); 

13C-NMR (125 MHz, CDCl3) δ 164.6 (q, C=O), 163.1 (q, ArC), 160.4 (q, ArC), 140.5 (q, ArC), 

106.5 (q, ArC), 104.9 (CH, ArCH), 101.9 (q, C*), 97.6 (CH, ArCH), 68.1 (CH, C-2ʹ), 64.9 (CH, 

C-4ʹ), 56.5 (CH3, OCH3), 55.5 (CH3, OCH3), 42.6 (CH2, C-5ʹ), 40.9 (CH2, C-3ʹ), 36.9 (CH2, C-4), 

21.9 (CH3, 2ʹ-CH3); 

HRMS (ESI+) for C16H20NaO6 [M+Na]+ requires 331.1152, found 331.1153; 

 

188d: Tentatively identified as (2ʹS,4ʹS,6ʹR)-isomer based on 1H NMR, however, it was not 

possible to obtain full characterisation of the trace amount present in the mixture. 
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Spiro[6,8-dimethoxyisochromanan-1-one-3,6ʹ-4ʹ-ethoxy-2ʹ-methyloxane] (278) 

To a stirred solution of 191 (20 mg, 50 μL) in EtOH (0.7 mL) was added KOH (37 mg, 0.65 mmol) 

in H2O (0.7 mL). The reaction mixture was stirred at rt for 45 min, quenched with 1 M HCl (0.7 

mL) and extracted with EtOAc (2 × 2 mL). The combined organic extracts were washed with sat. 

aq NaCl, dried over Na2SO4, filtered and concentrated in vacuo. Purification by flash column 

chromatography (1:1 hexanes-EtOAc) afforded 278 (10 mg, 59%) as a yellow oil. 

IR (neat) νmax 2927, 1719, 1603, 1583, 1459, 1322, 1238, 1220, 1202, 1160, 1099, 1065 cm-1. 

1H-NMR (500 MHz, CDCl3) δ 6.39 (1H, d, J = 2.2 Hz, ArH), 6.30 (1H, d, J = 2.2 Hz, ArH), 4.08–

3.97 (2H, m, H-4ʹ, H-2ʹ), 3.92 (3H, s, OCH3), 3.85 (3H, s, OCH3), 3.62–3.48 (2H, m, OCH2CH3), 

3.07 (2H, ABq, ΔδAB = 0.19, JAB = 16.2 Hz, H-4), 2.40 (1H, ddd, J= 12.8, 4.7, 1.8 Hz, H-5ʹa,), 

2.10–2.04 (1H, m, H-3ʹa,), 1.44 (1H, dd, J = 12.7, 11.2 , H-5ʹb), 1.22–1.13 (1H, m, H-3ʹb), 1.19 

(3H, t, J = 7.0 Hz, OCH2CH3), 1.08 (3H, d, J = 6.3 Hz, 2ʹ-CH3); 

13C-NMR (125 MHz, CDCl3) δ 181.4 (q, C=O), 164.6 (q, ArC), 163.1 (q, ArC), 161.0 (q, ArC), 

141.5 (q, ArC), 104.8 (CH, ArH), 102.5 (q, C*), 97.7 (CH, ArH), 70.5 (CH, C-2ʹ or C-4ʹ), 66.9 

(CH, C-2ʹ or C-4ʹ), 63.4 (CH2, OCH2CH3), 56.2 (CH3, OCH3), 55.5 (CH3, OCH3), 40.4 (CH2, C-

5ʹ), 40.2 (CH2, C-4), 39.1 (CH2, C-3ʹ), 21.3 (CH3, 2ʹ-CH3), 15.6 (CH3, OCH2CH3); 

HRMS (ESI+) for C18H24NaO6 [M+Na]+ requires 359.1465, found 359.1458; 

NB: the relative stereochemistry was not determined. 
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Citreoviranol - (2ʹS,4ʹR,6ʹS)-Spiro[6,8-dimethoxyisochroman-1-one-3,6ʹ-2ʹ-methyloxan-4ʹ-

ol] (1) 

To a stirred solution of 188a (3.0 mg, 9.9 μmol) in CH2Cl2 (0.50 mL) at –78 °C was added BCl3 

(10 μL). The resultant mixture was stirred at rt for 15 min and then the reaction was quenched with 

ice (0.5 mL). The organic layer was separated and the aq layer was further extracted with CH2Cl2 

(2 × 1 mL). The combined organic extracts were washed with sat. aq NaCl, dried over Na2SO4 and 

concentrated in vacuo. Purification by flash column chromatography on silica (1:1 hexanes-

EtOAc) afforded 1 (2.4 mg, 84%.) as a white solid.  

𝜶𝑫
𝟐𝟒 –78.0 (c 0.020 in CHCl3); lit.

134 𝛼𝐷
30 –147 (c 0.196 in CHCl3) 

IR (neat) νmax 3410, 2926, 1664, 1626, 1584, 1508, 1440, 1363, 1232, 1157, 985 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 11.16 (1H, s, ArOH), 6.36 (1H, d, J = 2.2 Hz, ArH), 6.26–6.26 

(1H, m, ArH), 4.40 (1H, tt, J = 11.2, 4.7 Hz, H-4ʹ), 4.11–4.05 (1H, m, H-2ʹ), 3.82 (3H, s, OCH3), 

3.10 (2H, ABq, ΔδAB = 0.15, JAB = 16.4 Hz, H-4), 2.41 (1H, ddd, J = 12.9, 4.8, 1.9 Hz, H-5ʹa), 

2.07–2.02 (1H, m, H-3ʹa), 1.51 (1H, dd, J = 12.9, 11.1 Hz, H-5ʹb), 1.28 (1H, q, J = 11.4 Hz, H-3ʹb), 

1.13 (d, J = 6.3 Hz, 3H, 2ʹ-CH3); 

13C-NMR (125 MHz, CDCl3) δ 168.2 (q, C=O), 166.0 (q, ArC), 164.4 (q, ArC), 138.9 (q, ArC), 

107.1 (CH, ArCH) , 104.6 (q, ArC), 100.9 (q, C*), 99.3 (CH, ArCH), 67.4 (CH, C-2ʹ), 63.6 (CH, 

C-4ʹ), 55.5 (CH3, OCH3), 42.7 (CH2, C-5ʹ), 41.7 (CH2, C-3ʹ), 38.8 (CH2, C-4), 21.2 (CH3, 2ʹ-CH3); 

HRMS (ESI+) for C15H18NaO6 [M+Na]+ requires 317.0996, found 317.0986; 

MP 71–73 °C. 
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6.3 Second Generation Compounds 

 

3,5-Dimethoxy-2-(hydroxymethyl)bromobenzene (198)  

To a stirred suspension of 163 (4.0 g, 16.3 mmol) in MeOH (1.23 g, 32.6 mmol) at 0 °C was added 

NaBH4 portionwise. The reaction mixture was stirred at 0 °C for 30 min, quenched by the addition 

of H2O (50 mL) and diluted with EtOAc (100 mL). The organic layer was separated and then the 

aq layer was further extracted with EtOAc (3 × 100 mL). The combined organic extracts were 

washed with sat. aq NaCl, dried over Na2SO4 and concentrated in vacuo affording 198 (3.97 g, 

98%) a white fluffy solid which was used without further purification.  

1H-NMR (400 MHz, CDCl3) δ 6.71 (1H, d, J = 2.4 Hz, ArH), 6.42 (1H, d, J = 2.4 Hz, ArH), 4.80 

(2H, s, CH2OH), 3.84 (3H, s, OCH3), 3.79 (3H, s, OCH3); 

13C-NMR (100 MHz, CDCl3) δ 160.5 (q, ArC), 159.4 (q, ArC), 125.4 (q, ArC), 121.4 (q, ArC), 

108.9 (CH, ArCH), 98.3 (CH, ArCH), 59.8 (CH2, CH2OH), 55.8 (CH3, OCH3), 55.6 (CH3, OCH3); 

MP 122–126 °C (no lit. MP); 

The spectroscopic data were in agreement with those reported in the literature.96 
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3,5-Dimethoxy-2-(tert-butyldimethylsilyoxymethyl)bromobenzene (201) 

To a stirred solution of 198 (500 mg, 2.02 mmol) in DMF (5 mL) was sequentially added imidazole 

(344 mg, 5.06 mmol), TBSCl (366 mg, 2.42 mmol) and DMAP (25 mg, 0.20 mmol). The reaction 

mixture was stirred at rt for 16 h, quenched by the addition of H2O (5 mL) and Et2O (20 mL). The 

organic layer was separated and then the aq layer was further extracted with Et2O (3 × 50 mL). 

The combined organic extracts were washed with sat. aq NaCl, dried over Na2SO4 and 

concentrated in vacuo. Purification by flash column chromatography (50:1 hexanes-EtOAc) 

afforded 201 (724 mg, 99%) as a colourless oil. 

IR (neat) νmax 2930, 1602, 1568, 1462, 1411, 1254, 1215, 1149, 1040 cm-1; 

1H-NMR (400 MHz, CDCl3) δ 6.70 (1H, d, J = 2.4 Hz, ArH), 6.39 (1H, d, J = 2.4 Hz, ArH), 4.78 

(2H, s, CH2OTBS), 3.79 (3H, s, OCH3), 3.78 (3H, s, OCH3), 0.91 (9H, s, t-Bu), 0.09 (6H, s, 

(CH3)2); 

13C-NMR (100 MHz, CDCl3) δ 160.4 (q, ArC), 159.5 (q, ArC), 126.7 (q, ArC), 121.7 (q, ArC), 

109.1 (CH, ArCH), 98.4 (CH, ArCH), 59.4 (CH2, CH2OTBS), 55.8 (CH3, OCH3), 55.5 (CH3, 

OCH3), 26.1 (3 × CH3, t-Bu), 18.6 (q, C(CH3)3), –5.13 (2 × CH3, Si(CH3)2); 

HRMS (ESI+) for C15H25BrNaO3Si [M+Na]+ requires 383.0649, found 383.0643. 
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3,5-Dimethoxy-2-(acetoxymethyl)bromobenzene (202) 

To a stirred solution of 198 (500 mg, 2.03 mmol) in CH2Cl2 (20 mL) at 0 °C was sequentially 

added Et3N (0.85 mL, 6.09 mmol), DMAP (24 mg, 0.20 mmol) and Ac2O (0.38 mL, 4.06 mmol). 

The resultant mixture was stirred at 0 °C for 30 min then at rt for 1.5 h. The reaction was quenched 

by the addition of 1 M HCl (10 mL). The organic layer was separated and then the aq layer was 

further extracted with CH2Cl2 (2 × 50 mL). The combined organic extracts were washed with sat. 

aq NaCl, dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography (6:1 hexanes-EtOAc) afforded 202 (549 mg, 94%) as a white solid. 

IR (neat) νmax 2944, 1727, 1608, 1566, 1491, 1456, 1439, 1412, 1233, 1207, 1150, 1034 cm-1; 

1H-NMR (400 MHz, CDCl3) δ 6.74 (1H, d, J = 2.4 Hz, ArH), 6.41 (1H, d, J = 2.4 Hz, ArH), 5.23 

(2H, s, CH2OAc), 3.80 (3H, s, OCH3), 3.80 (3H, s, OCH3), 3.26 (3H, s, OAc); 

13C-NMR (100 MHz, CDCl3) δ 171.1 (q, C=O), 161.3 (q, ArC), 160.0 (q, ArC), 127.2 (q, ArC), 

116.3 (q, ArC), 109.1 (CH, ArCH), 98.1 (CH, ArCH), 60.8 (CH2, CH2OAc), 55.9 (CH3, OCH3), 

55.6 (CH3, OCH3), 20.9 (CH3, OAc); 

HRMS (ESI+) for C11H13BrNaO4 [M+Na]+ requires 310.9889, found 310.9895 

MP 103–105 °C. 
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(±)-(syn/anti)-4-Benzyloxy-6-acetoxyhept-1-yne (206a/b) 

To a stirred solution of 184 (1.0 g, 4.58 mmol) in CH2Cl2 (10 mL) at 0 °C was added pyridine 

(2.22 mL, 27.5 mmol), DMAP (56 mg, 0.46 mmol) and Ac2O (2.04mL, 18.3 mmol). The resultant 

mixture was stirred at 0 °C for 30 min then rt for 15 min. The reaction was quenched by the 

addition of 1 M HCl (30 mL). The organic layer was separated and then the aq layer was further 

extracted with CH2Cl2 (2 × 50 mL). The combined organic extracts were washed with sat. aq NaCl, 

dried over Na2SO4, filtered and concentrated in vacuo. Purification by flash column 

chromatography (6:1 hexanes-EtOAc) afforded 206a/b (1.20 mg, quant., 2:1 d.r.) as a pale yellow 

oil. 

IR (neat) νmax 2981, 2934, 1731, 1454, 1372, 1242, 1069, 1024 cm-1; 

1H-NMR (500 MHz, CDCl3) δ 7.35–7.25 (5H, m, Bn), 5.19–5.13 (1H, m, H-6), 5.10-5.04* (1H, 

m, H-6), 4.55* (2H, ABq, ΔδAB = 0.18, JAB = 11.7 Hz, OCH2Ar), 4.54 (2H, ABq, ΔδAB = 0.21, JAB 

= 11.2 Hz, OCH2Ar), 3.62–3.57 (1H, m, H-4), 2.53–2.40 (2H, m, H-3), 2.04 (1H, t, J = 2.7 Hz, H-

1), 2.03* (1H, t, J = 2.7 Hz, H-1), 1.92–1.75 (2H, m, H-5), 1.96* (3H, s, OAc), 1.95 (3H, s, OAc), 

1.24 (3H, d, J = 6.3 Hz, H-7), 1.19* (3H, d, J = 6.3 Hz, H-7); 

13C-NMR (125 MHz, CDCl3) δ 170.4 (q, C=O), 170.4* (q, C=O), 138.0* (q, CH2ArC), 137.8* 

(q, CH2ArC), 128.3 (2 × CH, ArCH), 128.3* (2 × CH, ArCH), 128.1 (2 × CH, ArCH), 127.7* (2 

× CH, ArCH), 127.7 (CH, ArCH), 127.6* (CH, ArCH), 80.5 (q, C-2), 80.4* (q, C-2), 73.9* (CH, 

C-4), 73.1 (CH, C-4), 71.5 (CH2, OCH2Ar), 70.9* (CH2, OCH2Ar), 70.4 (2 × CH, C-6, C-6*), 

68.3* (CH, C-1), 67.7 (CH, C-1), 41.1 (CH2, C-5), 40.0* (CH2, C-5), 23.7 (CH2, C-3), 23.5* (CH2, 

C-3), 21.2* (CH3, OAc), 21.2 (CH3, OAc), 20.6 (CH3, C-7), 20.0* (CH3, C-7); 

HRMS (ESI+) for C16H20NaO3 [M+Na]+ requires 283.1305, found 283.1313. 

*denotes minor isomer where distinguishable. 
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4,11-bis(Benzyloxy)tetradeca-6,8-diyne-2,13-diol (200a/b)  

To a stirred mixture of 163 (62 mg, 0.253 mmol), Pd(PPh3)4 (58.5 mg, 0.051 mmol), CuI (9.6 mg, 

0.050 mmol) and Cs2CO3 (251 mg, 1.82 mmol) was added DMF (2 mL). The reaction mixture 

was degassed over 5 min by bubbling a stream of argon through the mixture. A solution of 184 

(50 mg, 0.230 mmol) in DMF (1 mL) was added dropwise and stirred at rt for 3 h. The resultant 

mixture was quenched with 1.0 M HCl (0.5 mL), diluted with Et2O (5 mL) and extracted with 

Et2O (2 × 20 mL). The combine organic extracts were washed with water (3 × 20 mL) and sat. aq 

NaCl (20 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography on silica (3:2 hexanes/EtOAc to 1:1 hexanes/EtOAc) afforded 199 (17 mg, 19%, 

2:1 d.r.) and 200 (15 mg, 30%, 2:1 d.r.) as a yellow oils. 

1H-NMR (400 MHz, CDCl3) δ 7.36–7.28 (10H, m, Bn), 4.74–4.47 (4H, m, CH2Ar), 4.11–4.05 

(2H, m, H-2, H-13), 3.99–3.95* (2H, m, H-2, H-13), 3.89–3.83 (2H, m, H-4, H-11), 3.82–3.77* 

(2H, m, H-4, H-11), 2.66–2.48 (4H, m, H-5, H-10), 1.82–1.68 (4H, m, H-3, H-12), 1.19 (6H, d, J 

= 6.3 Hz, H-1, H-14), 1.17* (6H, d, J = 6.2 Hz, H-1, H-14); 

HRMS (ESI+) for C28H31NaO4 [M+Na]+ requires 457.2349, found 457.2346. 

NB: The structure of 200a/b was tentatively assigned using 1H-NMR spectroscopy and HRMS. 

The relative stereochemistry of 200a or 200b could not be determined. 
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(±)-(syn/anti)-(Benzyloxy)-7-(3,5-dimethoxy-2-(hydroxymethyl)phenyl)hept-6-yn-2-ol 

(197a/b) 

To a stirred solution of acetate 207 (183 mg, 0.429 mmol) in MeOH (4 mL) was added K2CO3 

(119 mg, 0.858 mmol) and stirred at rt on. The reaction was quenched by the addition of sat. aq 

NH4Cl (5 mL) and H2O (5 mL) and extracted with EtOAc (2 × 20 mL). The combined organic 

extracts were washed with sat. aq NaCl, dried over Na2SO4, filtered and concentrated in vacuo. 

Purification by flash column chromatography (6:1 hexanes-EtOAc) yielded 197a/b (142 mg, 86%, 

2:1 d.r.) as a white foam. 

IR (neat) νmax 3419, 2962, 2938, 1710, 1599, 1580, 1496, 1454, 1420, 1330, 1203, 1150 cm-1; 

1H-NMR (500 MHz, CDCl3) δ 7.39–7.28 (5H, m, Bn), 6.54* (1H, d, J = 2.4 Hz, ArH), 6.53 (1H, 

d, J = 2.4 Hz, ArH), 6.44* (1H, d, J = 2.4 Hz, ArH), 6.43 (1H, d, J = 2.4 Hz, ArH), 4.80 (2H, s, 

CH2OH), 4.79* (2H, s, CH2OH) 4.67* (2H, ABq, ΔδAB = 0.23, JAB = 11.6 Hz, OCH2Ar), 4.66 (2H, 

ABq, ΔδAB = 0.15, JAB = 11.6 Hz, OCH2Ar), 4.14–4.08 (1H, m, H-2), 4.07–4.01* (1H, m, H-2), 

4.00–3.95 (1H, m, H-4), 3.93–3.88* (1H, m, H-4), 3.83* (3H, s, OCH3), 3.82 (1H, s, OCH3), 3.78* 

(1H, s, OCH3), 3.78 (1H, s, OCH3), 2.83–2.68 (2H, m, H-5), 2.50 (2H, br s, 2 × OH), 1.93–1.82 

(2H, m, H-3), 1.21 (3H, d, J = 6.3 Hz H-1), 1.18* (3H, d, J = 6.3 Hz, H-1); 

13C-NMR (125 MHz, CDCl3) δ 160.0 (q, ArC), 160.0* (q, ArC), 158.9* (q, ArC), 158.9 (q, ArC), 

138.0 (q, ArC), 137.6* (q, ArC), 128.6* (2 × CH, Bn), 128.5 (2 × CH, Bn), 128.0* (CH, Bn), 

128.0* (2 × CH, Bn), 127.9 (2 × CH, Bn), 127.9 (CH, Bn), 124.7 (q, Bn), 124.3* (q, Bn), 123.8* 

(q, ArC), 123.8 (q, ArC), 107.7* (CH, ArH), 107.6 (CH, ArH), 99.4* (CH, ArH), 99.4 (CH, ArH,), 

90.4 (q, C-7), 88.8* (q, C-7), 80.8* (q, C-6), 80.6 (q, C-6), 77.7* (CH, C-4), 75.3 (CH, C-4), 71.8 

(CH2, OCH2Ar), 71.3* (CH2, OCH2Ar), 67.1* (CH, C-2), 64.6 (CH, C-2), 58.5* (CH2, ArCH2OH), 

58.3 (CH2, ArCH2OH), 55.6 (CH3, OCH3), 55.5 (CH3, OCH3), 43.2* (CH2, C-3), 42.9 (CH2, C-3), 

24.9* (CH2, C-5), 24.7 (CH2, C-5), 23.7 (CH3, C-1), 23.6* (CH3, C-1); 

HRMS (ESI+) for C23H28NaO5 [M+Na]+ requires 407.1829, found 407.1832. 

*denotes minor isomer where distinguishable.   
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(±)-(syn/anti)-4-Benzyloxy-7-(3,5-dimethoxy-2-formylphenyl)hept-6-yn-2-ol (199a/b)  

To a mixture of bromide 163 (404 mg, 1.65 mmol), palladium(II) acetate (30.9 mg, 0.14 mmol), 

1,1ʹ-bis-(di-tert-butylphosphino)ferrocene (100 mg, 0.21 mmol) and potassium carbonate (967 

mg, 7.0 mmol) was added N-methylpyrrolidinone (112 mL) and stirred with argon bubbling 

through the solution for 5 min. A solution of alkyne 184 (300 mg, 0.14 mmol) in 

N-methylpyrrolidinone (3 mL) was added dropwise and the resulting mixture was stirred at rt for 

3 h. The reaction mixture was filtered through a plug of silica and washed with EtOAc. The filtrate 

was washed with water (3 × 30 mL), sat. aq NaCl (50 mL), dried over Na2SO4 and concentrated 

in vacuo. Purification by flash column chromatography (2:1 to 1:1 hexanes-ethyl acetate) yielded 

199a/b (80 mg, 15%, 2:1 d.r.) as a yellow oil. 

IR (neat) νmax 3468, 2965, 2936, 1682, 1588, 1567, 1454, 1336, 1205, 1158, 1118, 1048, cm-1; 

1H-NMR (500 MHz, CDCl3) δ 10.43* (1H, s, CHO), 10.42 (1H, s, CHO), 7.38–7.28 (5H, m, Bn), 

6.59 (1H, d, J = 2.2 Hz, ArH), 6.42 (1H, d, J = 2.3 Hz, ArH), 4.79–4.55 (2H, m, OCH2Ar), 4.15–

4.04 (1H, m, H-2), 4.04–3.91 (1H, m, H-4), 3.88* (3H, s, OCH3), 3.88 (1H, s, OCH3), 3.84* (1H, 

s, OCH3), 3.84 (1H, s, OCH3), 2.89–2.68 (2H, m, H-5), 1.97–1.83 (2H, m, H-3), 1.23 (3H, d, J = 

6.3 Hz H-1), 1.19* (3H, d, J = 6.3 Hz, H-1); 

13C-NMR (125 MHz, CDCl3) δ 188.8 (CH, CHO), 164.4 (q, ArC), 163.0 (q, ArC), 138.0 (q, ArC), 

128.6 (q, Bn), 128.5 (2 × CH, Bn), 127.9 (2 × CH, Bn), 127.8 (CH, Bn), 119.5 (q, ArC), 110.4* 

(CH, ArH), 110.4 (CH, ArH), 99.8* (CH, ArH), 99.8 (CH, ArH,), 93.3 (q, C-7), 80.3 (q, C-6), 

77.8* (CH, C-4), 75.4 (CH, C-4), 71.8 (CH2, OCH2Ar), 71.4* (CH2, OCH2Ar), 67.1* (CH, C-2), 

64.6 (CH, C-2), 55.6 (CH3, OCH3), 55.3 (CH3, OCH3), 55.5* (CH3, OCH3), 55.4* (CH3, OCH3), 

43.1* (CH2, C-3), 42.7 (CH2, C-3), 25.2* (CH2, C-5), 25.0 (CH2, C-5), 23.9 (CH3, C-7), 23.5* 

(CH3, C-7); 

HRMS (ESI+) for C23H27NaO5 [M+Na]+ requires 383.1853, found 383.1837. 
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*denotes minor isomer where distinguishable. 

 

(±)-(syn/anti)-4-(Benzyloxy)-7-(3,5-dimethoxy-2-(tert-butylsilyoxymethyl)phenyl)hept-6-yn-

2-ol (203a/b) 

Following similar experimental procedure to 199. Purification by flash column chromatography 

(5:1 hexanes-ethyl acetate) yielded 203a/b (24%, 2:1 d.r.) as a yellow oil. 

IR (neat) νmax 3433, 2929, 1598, 1580, 1461, 1419, 1351, 1254, 1203, 1153, 1134, 1048, 1027 cm-

1; 

1H-NMR (300 MHz, CDCl3) δ 7.39–7.27 (5H, m, Bn), 6.53* (1H, d, J = 2.4 Hz, ArH), 6.53 (1H, 

d, J = 2.4 Hz, ArH), 6.42* (1H, d, J = 2.4 Hz, ArH), 6.41 (1H, d, J = 2.4 Hz, ArH), 4.80 (2H, s, 

CH2OTBS), 4.68* (2H, ABq, ΔδAB = 0.24, JAB = 11.4 Hz, OCH2Ar), 4.67 (2H, ABq, ΔδAB = 0.16, 

JAB = 11.5 Hz, OCH2Ar), 4.18–4.11 (1H, m, H-2), 4.05–4.01* (1H, m, H-2), 4.00–3.94 (1H, m, H-

4), 3.91–3.88* (1H, m, H-4), 3.79* (3H, s, OCH3), 3.79 (1H, s, OCH3), 3.78* (1H, s, OCH3), 3.77 

(1H, s, OCH3), 2.88–2.63 (2H, m, H-5), 1.95–1.79 (2H, m, H-3), 1.22 (3H, d, J = 6.3 Hz H-1), 

1.18* (3H, d, J = 6.3 Hz, H-1), 0.91* (9H, s, t-Bu), 0.90 (9H, s, t-Bu), 0.07 (6H, s, Si(CH3)2); 

13C-NMR (100 MHz, CDCl3) δ 159.8 (q, ArC), 159.2 (q, ArC), 138.0 (q, ArC), 137.5* (q, ArC), 

128.5* (2 × CH, Bn), 128.5 (2 × CH, Bn), 127.9* (2 × CH, Bn), 127.9 (2 × CH, Bn), 127.9 (CH, 

Bn), 127.8* (CH, Bn), 125.4 (q, Bn), 125.3* (q, Bn), 123.8 (q, ArC), 107.8 (CH, ArH), 99.5* (CH, 

ArH), 99.5 (CH, ArH,), 89.3 (q, C-7), 88.9* (q, C-7), 81.3* (q, C-6), 81.1 (q, C-6), 78.3* (CH, C-

4), 75.4 (CH, C-4), 71.7 (CH2, OCH2Ar), 71.3* (CH2, OCH2Ar), 67.4* (CH, C-2), 64.5 (CH, C-

2), 58.3 (CH2, ArCH2OTBS), 55.5 (CH3, OCH3), 55.3 (CH3, OCH3), 43.2* (CH2, C-3), 42.3 (CH2, 

C-3), 26.0 (3 × CH3, t-Bu), 25.0* (CH2, C-5), 24.7 (CH2, C-5), 23.7 (CH3, C-1), 23.5* (CH3, C-1), 

18.5 (CH3, SiC(CH3)3 ), –5.1 (CH3, Si(CH3)2); 

HRMS (ESI+) for C29H42NaO5Si [M+Na]+ requires 521.2694, found 521.2694. 

*denotes minor isomer where distinguishable.  
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(±)-(syn/anti)-4-Benzyloxy-1-(3,5-dimethoxy-2-(acetoxymethyl)lphenyl)hept-1-yn-2-ol 

(204a/b)  

Following similar experimental procedure to 199. Purification by flash column chromatography 

(3:1 hexanes-ethyl acetate) yielded 204a/b (50%, 2:1 d.r.) as a yellow oil. 

IR (neat) νmax 2971, 1736, 1600, 1583, 1456, 1422, 1375, 1357, 1239, 1205, 1156, 1136, 1049, 

1024 cm-1; 

1H-NMR (500 MHz, CDCl3) δ 7.38–7.27 (5H, m, Bn), 6.57* (1H, d, J = 2.3 Hz, ArH), 6.56 (1H, 

d, J = 2.4 Hz, ArH), 6.44* (1H, d, J = 2.6 Hz, ArH), 6.43 (1H, d, J = 2.6 Hz, ArH), 5.26 (2H, s, 

CH2OAc), 5.26* (2H, s, CH2OAc), 4.66 (2H, ABq, ΔδAB = 0.24, JAB = 11.4 Hz, OCH2Ar) , 4.65 

(2H, ABq, ΔδAB = 0.14, JAB = 11.5 Hz, OCH2Ar), 4.10 (1H, br s, OH), 4.05–3.99* (1H, m, H-2), 

3.96–3.92 (1H, m, H-2), 3.90–3.85* (1H, m, H-4), 3.84–3.74 (1H, m, H-4), 3.80 (3H, s, OCH3), 

3.79* (1H, s, OCH3), 3.79 (1H, s, OCH3), 2.86–2.64 (2H, m, H-5), 2.03 (3H, s, OAc), 2.02* (3H, 

s, OAc), 1.85–1.80 (2H, m, H-3), 1.22 (3H, d, J = 6.3 Hz H-1), 1.17* (3H, d, J = 6.3 Hz, H-1); 

13C-NMR (125 MHz, CDCl3) δ 171.4 (q, C=O), 171.3* (q, C=O), 160.8 (q, ArC), 159.6 (q, ArC), 

138.0 (q, ArC), 137.6* (q, ArC), 128.5* (2 × CH, Bn), 128.5 (2 × CH, Bn), 127.9* (2 × CH, Bn), 

127.9 (2 × CH, Bn), 127.9 (CH, Bn), 127.8* (CH, Bn), 126.6 (q, Bn), 126.5* (q, Bn), 118.3* (q, 

ArC), 118.2 (q, ArC), 107.8 (CH, ArH), 99.3* (CH, ArH), 99.3 (CH, ArH,), 90.7 (q, C-7), 90.2* 

(q, C-7), 80.3* (q, C-6), 80.0 (q, C-6), 77.8* (CH, C-4), 75.3 (CH, C-4), 71.7 (CH2, OCH2Ar), 

71.3* (CH2, OCH2Ar), 67.1* (CH, C-2), 64.5 (CH, C-2), 59.8 (CH2, ArCH2OAc), 59.8* (CH2, 

ArCH2OAc), 55.7 (CH3, OCH3), 55.4 (CH3, OCH3), 43.1* (CH2, C-3), 42.9 (CH2, C-3), 24.8* 

(CH2, C-5), 24.7 (CH2, C-5), 23.8 (CH3, C-1), 23.4* (CH3, C-1), 21.1 (CH3, OAc), 21.0* (CH3, 

OAc); 

HRMS (ESI+) for C25H30NaO6 [M+Na]+ requires 449.1935, found 449.1941. 

*denotes minor isomer where distinguishable.  
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(±)-(syn/anti)-4-Benzyloxy-6-(ethoxymethoxy)-1-(3,5-dimethoxy-2-

(hydroxymethyl)phenyl)hept-1-yne (205a/b) 

Following similar experimental procedure to 199. Purification by flash column chromatography 

(2:1 hexanes-ethyl acetate) yielded 205a/b (53%, 2:1 d.r.) as a yellow oil. 

IR (neat) νmax 3476, 2933, 1766, 1719, 1599, 14555, 1338, 1203, 1151, 1097, 1029 cm-1; 

1H-NMR (400 MHz, CDCl3) δ 7.40–7.27 (5H, m, Bn), 6.54 (1H, d, J = 2.4 Hz, ArH), 6.54* (1H, 

d, J = 2.4 Hz, ArH), 6.43 (1H, d, J = 2.4 Hz, ArH), 4.80 (2H, br s, ArCH2OH), 4.76–4.51 (4H, m, 

OCH2Ar, OCH2O), 4.01–3.85 (2H, m, H-4, H-6), 3.82 (3H, s, OCH3), 3.77 (3H, s, OCH3), 3.65–

3.54 (2H, m, OCH2CH3), 2.77–2.71 (2H, m, H-3), 2.12–1.74 (2H, m, H-5), 1.22–1.16 (6H, m, 

OCH2CH3, H-7); 

13C-NMR (100 MHz, CDCl3) δ 159.9 (q, ArC), 158.9 (q, ArC), 138.3 (q, ArC), 128.4* (2 × CH, 

Bn), 128.4 (2 × CH, Bn), 128.3* (q, Bn), 128.2* (q, Bn), 127.9 (2 × CH, Bn), 127.8* (2 × CH, 

Bn), 127.7 (CH, Bn), 127.6* (CH, Bn), 124.0 (q, ArC), 107.6 (CH, ArH), 107.6* (CH, ArH), 99.2 

(CH, ArH), 94.0* (CH2, OCH2O), 93.3 (CH2, OCH2O), 90.5* (q, C-1), 90.5 (q, C-1), 80.5 (q, C-

2), 80.3* (q, C-2), 74.6* (CH, C-4), 74.4 (CH, C-4), 71.6 (CH2, OCH2Ar), 71.1* (CH2, OCH2Ar), 

70.9 (CH, C-6), 70.3* (CH, C-6), 63.3 (CH2, OCH2CH3), 63.3* (CH2, OCH2CH3), 58.3 (CH2, 

ArCH2OH), 58.0 (CH2, ArCH2OH), 55.6 (CH3, OCH3), 55.4 (CH3, OCH3), 43.1 (CH2, C-5), 41.4* 

(CH2, C-5), 25.0 (CH2, C-3), 24.8* (CH2, C-3), 21.2* (CH3, C-7), 20.4 (CH3, C-7), 15.1 (CH3, 

OCH2CH3); 

HRMS (ESI+) for C26H34NaO6 [M+Na]+ requires 465.2248, found 465.2246. 

*denotes minor isomer where distinguishable. 
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(±)-(syn/anti)-6-Acetoxy-4-benzyloxy-1-(3,5-dimethoxy-2-(hydroxymethyl)lphenyl)hept-1-

yne (207a/b)  

Following similar experimental procedure to 199. Purification by flash column chromatography 

(3:1 hexanes-ethyl acetate) yielded 207a/b (78%, 2:1 d.r.) as a yellow oil. 

IR (neat) νmax 2935, 1730, 1602, 1497, 1454, 1430, 1371, 1333, 1244, 1203, 1149, 1105, 1046, 

1026 cm-1; 

1H-NMR (500 MHz, CDCl3) δ 7.38–7.28 (5H, m, Bn), 6.55 (1H, d, J = 2.4 Hz, ArH), 6.55* (1H, 

d, J = 2.4 Hz, ArH), 6.44 (1H, d, J = 2.2 Hz, ArH), 6.43* (1H, d, J = 2.0 Hz, ArH), 5.21–5.15 (1H, 

m, H-6), 5.14–5.10* (1H, m, H-6), 4.81 (2H, br s, ArCH2OH), 4.80* (2H, br s, ArCH2OH), 4.61 

(2H, ABq, ΔδAB = 0.16, JAB = 11.7 Hz, OCH2Ar) , 4.59 (2H, ABq, ΔδAB = 0.20, JAB = 11.3 Hz, 

OCH2Ar), 3.83 (3H, s, OCH3), 3.82* (3H, s, OCH3), 3.78* (3H, s, OCH3), 3.78 (3H, s, OCH3), 

3.75–3.67 (1H, m, H-4), 2.76–2.66 (2H, m, H-3), 2.48* (1H, br s, OH), 2.43 (1H, br s, OH), 2.12–

1.82 (2H, m, H-5), 1.97 (3H, s, OAc), 1.97* (3H, s, OAc), 1.26 (3H, m, H-7), 1.23* (3H, m, H-7); 

13C-NMR (125 MHz, CDCl3) δ 170.6 (q, C=O), 159.9 (q, ArC), 159.9* (q, ArC), 158.9 (q, ArC), 

138.1* (q, ArC), 137.9 (q, ArC), 128.4 (2 × CH, Bn), 128.4* (2 × CH, Bn), 128.1 (2 × CH, Bn), 

127.8* (2 × CH, Bn), 127.8 (CH, Bn), 127.7* (CH, Bn), 124.6 (q, ArC), 123.9* (q, Bn), 123.9 (q, 

Bn), 107.7 (CH, ArH), 99.4* (CH, ArH), 90.1 (q, C-1), 90.0* (q, C-1), 80.5 (q, C-2), 74.3* (CH, 

C-4), 73.8 (CH, C-4), 71.7 (CH2, OCH2Ar), 71.0* (CH2, OCH2Ar), 68.5* (CH, C-6), 68.0 (CH, 

C-6), 58.4 (CH2, ArCH2OH), 58.4* (CH2, ArCH2OH), 55.6 (CH3, OCH3), 55.4 (CH3, OCH3), 41.4 

(CH2, C-5), 41.2* (CH2, C-5), 24.9 (CH2, C-3), 24.7* (CH2, C-3), 21.3* (CH3, C-7), 21.3 (CH3, C-

7), 20.7 (CH3, OAc), 20.2* (CH3, OAc); 

HRMS (ESI+) for C25H30NaO6 [M+Na]+ requires 449.1935, found 449.1930. 

*denotes minor isomer where distinguishable. 
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General Procedure for gold-catalysed cyclisations: 

To a stirred solution of 197 (20 mg) in solvent (1 mL) was added gold catalyst (10 mol%) and/or 

silver catalyst (10 mol%) and/or acid/base catalyst (10 mol%). The reaction mixture was stirred 

until the reaction was completed as indicated by thin layer chromatography, then concentrated in 

vacuo. Purification by flash column chromatography (8:1 hexanes-EtOAc) afforded cyclised 

products 208 and/or 209.  

 

(±)-Spiro[5,7-dimethoxy-1H-isobenzofuran-3,7ʹ-4ʹ-benzyloxy-2ʹ-methyloxepane] (208a/b) 

IR (neat) νmax 3498, 2932, 2863, 1765, 1712, 1608, 1496, 1454, 1334, 1203, 1147, 1041 cm-1. 

1H-NMR (500 MHz, CDCl3) δ 7.39–7.28 (5H, m, Bn), 6.57 (1H, d, J = 1.8 Hz, ArH), 6.53* (1H, 

d, J = 1.8 Hz, ArH), 6.38 (d, J = 1.8 Hz, 1H, ArH), 4.94* (2H, ABq, ΔδAB = 0.06, JAB = 11.9 Hz, 

H-1), 4.92 (2H, ABq, ΔδAB = 0.09, JAB = 11.9 Hz, H-1), 4.63–4.57* (1H, m, H-2ʹ), 4.59* (2H, s, 

OCH2Ar), 4.54 (2H, ABq, ΔδAB = 0.09, JAB = 12.1 Hz, OCH2Ar), 4.14–4.08 (1H, m, H-2ʹ), 3.86–

3.75* (1H, m, H-4ʹ), 3.82* (3H, s, OCH3), 3.81 (1H, s, OCH3), 3.79* (1H, s, OCH3), 3.78 (1H, s, 

OCH3), 3.57–3.51 (1H, m, H-4ʹ), 2.84–2.79 (1H, m, H-6ʹa), 2.31–1.95 (4H, m, H-6ʹb, H-5ʹ, H-3ʹa), 

1.74–1.66 (1H, m, H-3ʹb), 1.20 (3H, d, J = 6.4 H, 2ʹ-CH3), 1.16* (3H, d, J = 6.4 Hz, 2ʹ-CH3); 

13C-NMR (125 MHz, CDCl3) δ 161.7 (q, ArC), 161.6* (q, ArC), 154.5* (q, ArC), 154.5 (q, ArC), 

145.5 (q, ArC), 145.2* (q, ArC), 139.0* (q, ArC), 138.7 (q, ArC), 128.4 (2 × CH, Bn), 128.3* (2 

× CH, Bn), 127.6 (2 × CH, Bn), 127.6 (CH, Bn), 127.4* (2 × CH, Bn), 120.0* (q, Bn), 119.8 (q, 

Bn), 111.2* (q, C-7ʹ), 111.11 (q, C-7ʹ), 99.1 (CH, ArH), 98.6* (CH, ArH), 97.3* (CH, ArH), 96.9 

(CH, ArH,), 80.0 (CH, C-4ʹ), 74.1* (CH, C-4ʹ), 70.5 (CH2, OCH2Ar), 69.8* (CH2, OCH2Ar), 68.6 

(CH2, C-1), 68.5* (CH2, C-1), 65.1* (CH, C-2ʹ), 65.0 (CH, C-2ʹ), 55.6 (CH3, OCH3), 55.3 (CH3, 

OCH3), 43.1 (CH2, C-3ʹ), 42.9* (CH2, C-3ʹ), 33.4 (CH2, C-6ʹ), 30.7* (CH2, C-6ʹ), 28.9 (CH2, C-

5ʹ), 26.4* (CH2, C-5ʹ), 23.5 (CH3, 2ʹ-CH3), 23.2* (CH3, 2ʹ-CH3); 

HRMS (ESI+) for C23H28NaO5 [M+Na]+ requires 407.1829, found 407.1836. 
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*denotes minor isomer where distinguishable.  

 

(±)-Spiro[6,8-dimethoxyisochroman-3,6ʹ-4ʹ-benzyloxy-2ʹ-methyloxan-4ʹ-ol] (209) 

IR (neat) νmax 2934, 2855, 1720, 1603, 1496, 1453, 1337, 1277, 1206, 1146, 1102, 1041, 1001cm-

1. 

1H-NMR (500 MHz, CDCl3) δ 7.36–7.27 (5H, m, Bn), 6.28 (1H, d, J = 2.2 Hz, ArH), 6.21 (1H, 

d, J = 2.2 Hz, ArH), 4.53 (2H, ABq, ΔδAB = 0.23, JAB = 11.9 Hz, H-1), 4.59 (2H, d, J = 1.8 Hz, 

OCH2Ar), 4.05–3.98 (1H, m, H-4ʹ), 3.92–3.82 (1H, m, H-2ʹ), 3.78 (3H, s, OCH3), 3.76 (1H, s, 

OCH3), 2.81 (2H, ABq, ΔδAB = 0.15, JAB = 16.5 Hz, H-4), 2.30–2.26 (1H, m, H-5ʹa,), 2.12–2.08 

(1H, m, H-3ʹa,), 1.55–1.51 (1H, m, H-5ʹb), 1.74–1.66 (1H, m, H-3ʹb), 1.17 (3H, d, J = 6.3 Hz, H-

1); 

13C-NMR (125 MHz, CDCl3) δ 159.1 (q, ArC), 156.0 (q, ArC), 138.8 (q, ArC), 132.8 (q, ArC), 

128.4 (2 × CH, Bn), 127.6 (2 × CH, Bn), 127.5 (CH, Bn),), 114.6 (q, Bn), 104.1 (CH, ArH), 97.0 

(q, C-6ʹ), 96.1 (CH, ArH), 71.8 (CH, C-4ʹ), 70.0 (CH2, OCH2Ar), 65.6 (CH, C-2ʹ), 57.9 (CH2, C-

1), 55.3 (CH3, OCH3), 55.2 (CH3, OCH3), 40.9 (CH2, C-5ʹ), 39.3 (CH2, C-3ʹ), 38.9 (CH2, C-4), 

21.5 (CH3, 2ʹ-CH3); 

HRMS (ESI+) for C23H28NaO5 [M+Na]+ requires 407.1829, found 407.1831. 
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6.4 Third Generation Compounds 

 

3,5-Dimethoxy-(2-ethoxymethoxymethyl)bromobenzene (222)  

To a stirred solution of benzyl alcohol 198 (500 mg, 2.02 mmol) in CH2Cl2 (10 mL) at 0 °C was 

added DIPEA (1.00 mL, 6.07 mmol) followed by dropwise addition of EOMCl (0.28 mL, 3.04 

mmol). The resulting mixture was stirred at 0 °C for 1 h then warmed to rt and stirred 16 h. The 

reaction was quenched by the addition of NH4Cl (20 mL). The organic layer was separated and 

then the aq layer was further extracted with CH2Cl2 (2 × 50 mL). The combined organic extracts 

were washed with sat. aq NaCl solution (50 mL), dried over Na2SO4, filtered and concentrated in 

vacuo. Purification by flash column chromatography (9:1 PE/EtOAc) afforded 222 (582 mg, 99%) 

as a colourless oil. 

IR (neat) νmax 2972, 2878, 1601, 1567, 1460, 1411, 1299, 1206, 1147, 1099, 1030 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 6.72 (1H, d J = 2.4 Hz, ArH), 6.41 (2H, d, J = 2.4 Hz, ArH), 4.77 

(2H, s, OCH2O or ArCH2O), 4.72 (2H, s, OCH2O or ArCH2O), 3.81 (3H, s, OCH3), 3.78 (3H, s, 

OCH3), 3.68 (2H, q, J = 7.1 Hz, OCH2CH3), 1.24 (3H, t, J = 7.1 Hz); 

13C-NMR (100 MHz, CDCl3) δ 160.78 (q, ArC), 159.9 (q, ArC), 127.1 (CH, ArCH), 118.8 (q, 

ArC), 109.0 (CH, ArCH), 98.2 (CH, ArCH), 94.7 (CH2, OCH2O), 63.2 (CH2, OCH2O or ArCH2O), 

63.1 (CH2, OCH2O or ArCH2O), 55.9 (CH3, OCH3), 55.5 (CH3, OCH3), 15.1 (CH3, OCH2CH3); 

HRMS (ESI+) for C12H18NaO4 [M+Na]+ requires 249.1097, found 249.1103. 
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To a stirred solution of bromide 222 (100 mg, 0.346 mmol) in THF (3 mL) at −78 °C was added 

n-BuLi (1.2 M, 0.60 mL, 0.720 mmol) and stirred for 1 h. A solution of alkyne 223 (0.08 mL, 

0.519 mmol). The resulting mixture was stirred at −78 °C for 1 h then warmed to rt and stirred 

16 h. The reaction was quenched by the addition of NH4Cl (20 mL). The organic layer was 

separated and then the aq layer was further extracted with EtOAc (2 × 20 mL). The combined 

organic extracts were washed with sat. aq NaCl solution (50 mL), dried over Na2SO4, filtered and 

concentrated in vacuo. Purification by flash column chromatography (10:1 PE/EtOAc) afforded 

protodehalogenated product 225 (6.3 mg, 12%) and dimer 226 (4.5 mg, 4%) as a colourless oils. 

 

3,5-Dimethoxy-(2-ethoxymethoxymethyl)benzene (225)  

IR (neat) νmax 2936, 2878, 1614, 1590, 1508, 1464, 1288, 1266, 1207, 1156, 1100, 1032 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 7.25–7.23 (1H, m, ArH), 6.47–6.45 (2H, m, ArH), 4.75 (2H, s, 

OCH2O or ArCH2O), 4.57 (2H, s, OCH2O or ArCH2O), 3.82 (3H, s, OCH3), 3.80 (3H, s, OCH3), 

3.65 (2H, q, J = 7.1 Hz, OCH2CH3), 1.24 (3H, t, J = 7.1 Hz); 

13C-NMR (100 MHz, CDCl3) δ 160.7 (q, ArC), 158.7 (q, ArC), 130.7 (CH, ArCH), 118.8 (q, 

ArC), 103.8 (CH, ArCH), 98.5 (CH, ArCH), 94.2 (CH2, OCH2O), 64.1 (CH2, OCH2O or ArCH2O), 

63.1 (CH2, OCH2O or ArCH2O), 55.4 (CH3, OCH3), 55.3 (CH3, OCH3), 15.1 (CH3, OCH2CH3); 

HRMS (ESI+) for C12H18NaO4 [M+Na]+ requires 249.1097, found 249.1103. 

 

1,6-bis(Trimethylsilyl)hexa-1,5-diyne (226) 

IR (neat) νmax 2958, 2178, 1249, 1022, 835, 758 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 2.43 (4H, s, 2  CH2), 0.15 (18H, s, 2  Si(CH3)3) 

13C-NMR (100 MHz, CDCl3) δ 105.1 (2  q, C≡C), 85.5 (2  q, C≡C), 20.0 (2  CH2), 0.06 (2  

CH3, Si(CH3)3); 
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HRMS (ESI+) for C12H22NaSi2 [M+Na]+ requires 245.1152, found 245.1146. 

 

1,3-Dimethoxybenzene (229) 

To a stirred solution of bromide 164 (100 mg, 0.459 mmol) in THF (0.5 mL) at −100 °C was added 

n-BuLi (0.55 M, 1.00 mL, 0.550 mmol) followed immediately by the addition alkyne 223 (0.085 

mL, 0.551 mmol) and the resultant mixture was stirred at −100 °C for 1.5 h. The reaction was 

quenched by the addition of NH4Cl (1 mL). The organic layer was separated and then the aq layer 

was further extracted with EtOAc (2 × 20 mL). The combined organic extracts were washed with 

sat. aq NaCl solution (50 mL), dried over Na2SO4, filtered and concentrated in vacuo. Purification 

by flash column chromatography (40:1 PE/EtOAc) afforded protodehalogenated product 229 (30 

mg, 47%) as a colourless oil. 

1H-NMR (300 MHz, CDCl3) δ 7.22–7.17 (1H, t, J = 8.0 Hz, ArH), 6.54–6.48 (3H, m, 3  ArH), 

3.80 (6H, s, 2  OCH3); 

13C-NMR (75 MHz, CDCl3) δ 160.9 (2  q, ArC), 129.8 (CH, ArH), 106.2 (2  CH, ArH), 100.5 

(CH, ArCH), 55.2 (CH3, 2  OCH3) 

The spectroscopic data were in agreement with those reported in the literature135 
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5-(Hydroxymethyl)-1,3-dimethoxybenzene (232) 

To a stirred solution of 3,5-dimethoxybenzaldehyde (279) (20 g, 12.0 mmol) in MeOH (240 mL) 

at 0 °C was added NaBH4 (5.0 g, 13.2 mmol) portionwise over 15 min. The resulting mixture was 

stirred at 0 °C for 30 min and quenched by the slow addition of H2O (50 mL). MeOH was removed 

under reduced pressure and the product was resuspended in EtOAc (100 mL). The organic layer 

was separated and then the aq layer was further extracted with EtOAc (2 × 100 mL). The combined 

organic extracts were washed with sat. aq NaCl solution (100 mL), dried over Na2SO4, filtered and 

concentrated in vacuo. Purification by flash column chromatography (4:1 PE/EtOAc) afforded 232 

(18.8 g, 93%) as a white solid. 

1H-NMR (400 MHz, CDCl3) δ 6.52 (2H, dt, J = 2.3, 0.6 Hz, ArH), 6.38 (1H, t, J = 2.3 Hz, ArH), 

4.62 (2H, s, CH2OH), 3.79 (6H, s, 2 × OCH3); 

13C-NMR (100 MHz, CDCl3) δ 55.3 (2 × CH3, OCH3), 65.3 (CH2, CH2OH), 99.6 (CH, ArCH), 

104.5 (2 × CH, ArCH), 143.4 (q, ArC), 161.0 (q, 2 × ArC). 

MP 45–48 °C (lit. 48–50°C);136 

The spectroscopic data were in agreement with those reported in the literature.136 
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1-(Chloromethyl)-2-((ethoxymethoxy)methyl)-3,5-dimethoxybenzene (230) 

To a stirred solution of DMF (13 mL, 169 mmol) at 0 °C was added POCl3 (7 mL, 74.9 mmol) 

dropwise and stirred at rt for 30 min. A solution of 3,5-dimethoxybenzyl alcohol (232) (3.5 g, 20.8 

mmol) in DMF (3 mL) was added dropwise and the resulting mixture stirred at 75 °C for 3 h. The 

mixture was quenched by slow addition into stirring ice water (600 mL), neutralised with aq NaOH 

solution (1 M) and stirred at rt for 1.5 h. The product was filtered, washed with water and dried in 

vacuo to afford 233 (4.04 g, 91%) as a white powder. The crude solid was used in the next step 

without further purification.  

To a stirred solution of benzaldehyde 233 (1.01 g, 4.72 mmol) in MeOH (26 mL) at 0 °C was 

added NaBH4 (196 mg, 5.19 mmol) portionwise over 10 min. The resulting mixture was stirred at 

0 °C for 10 min and quenched by the slow addition of H2O (5 mL). MeOH was removed under 

reduced pressure and the product was resuspended in EtOAc (50 mL). The organic layer was 

separated and then the aq layer was further extracted with EtOAc (2 × 50 mL). The combined 

organic extracts were washed with sat. aq NaCl solution (50 mL), dried over Na2SO4, filtered and 

concentrated in vacuo to afford 280 (1.02 g, 4.72 mmol) as a white solid. The crude solid was used 

in the next step without further purification. 

To a stirred solution of benzyl alcohol 280 (1.02 g, 4.72 mmol) in CH2Cl2 (24 mL) at 0 °C was 

added DIPEA (3.3 mL, 18.9 mmol) followed by dropwise addition of EOMCl (0.88 mL, 9.44 

mmol). The resulting mixture was stirred at 0 °C for 2 h and quenched by the addition of NH4Cl 

(20 mL). The organic layer was separated and then the aq layer was further extracted with CH2Cl2 

(2 × 50 mL). The combined organic extracts were washed with sat. aq NaCl solution (50 mL), 

dried over Na2SO4, filtered and concentrated in vacuo. Purification by flash column 

chromatography (9:1 PE/EtOAc) afforded 230 (72% over 3 steps) as a white solid. 

IR (neat) νmax 2970, 2930, 1608, 1467, 1346, 1295, 1210, 1150, 1091, 1041, 1007 cm-1. 
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1H-NMR (500 MHz, CDCl3) δ 6.56 (1H, d, J = 2.4 Hz, ArH), 6.45 (1H, d, J = 2.4 Hz, ArH), 4.73 

(4H, s, ArCH2O, OCH2O), 4.70 (2H, s, CH2Cl), 3.82 (6H, s, 2 × OCH3), 3.65 (2H, q, J = 7.1 Hz, 

OCH2CH3), 1.25 (3H, t, J = 7.1 Hz, OCH2CH3); 

13C-NMR (125 MHz, CDCl3) δ 160.6 (q, ArC), 159.6 (q, ArC), 139.4 (q, ArC), 117.3 (q, ArC), 

106.3 (CH, ArCH), 98.9 (CH, ArCH), 94.4 (CH2, OCH2O), 63.3 (CH2, OCH2CH3), 59.3 (CH2, 

ArCH2O), 55.8 (CH3, OCH3), 55.4 (CH3, OCH3), 43.8 (CH2, CH2Cl), 15.2 (CH3, OCH2CH3); 

HRMS (ESI+) for C13H19ClNaO4 [M+Na]+ requires 297.0864, found 297.0866. 

MP 52–53 °C. 
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1-(Bromomethyl)-2-((ethoxymethoxy)methyl)-3,5-dimethoxybenzene (235) 

To a stirred solution of chloride 230 (20 mg, 0.073 mmol) in THF (1 mL) at rt was added 

ethynylmagnesium bromide (0.50 M, 1.2 mL, 0.600 mmol) and the resultant mixture was stirred 

at 60 °C for 16 h. The reaction was quenched by the addition of 1 M HCl (1 mL). The organic 

layer was separated and then the aq layer was further extracted with Et2O (2 × 20 mL). The 

combined organic extracts were washed with sat. aq NaCl solution (50 mL), dried over Na2SO4, 

filtered and concentrated in vacuo. Purification by flash column chromatography (9:1 PE/EtOAc) 

afforded and protodehalogenated product 235 (10 mg, 45%) as a white solid. 

1H-NMR (500 MHz, CDCl3) δ 6.53 (1H, d, J = 2.4 Hz, ArH), 6.43 (1H, d, J = 2.4 Hz, ArH), 4.75 

(2H, s, ArCH2O or OCH2O), 4.74 (2H, s, ArCH2O or OCH2O), 4.61 (2H, s, CH2Br), 3.82 (3H, s, 

OCH3), 3.81 (3H, s, OCH3), 3.66 (2H, q, J = 7.1 Hz, OCH2CH3), 1.26 (3H, t, J = 7.1 Hz, 

OCH2CH3); 

13C-NMR (125 MHz, CDCl3) δ 160.6 (q, ArC), 159.7 (q, ArC), 139.7 (q, ArC), 117.4 (q, ArC), 

106.5 (CH, ArCH), 99.1 (CH, ArCH), 94.5 (CH2, OCH2O), 63.3 (CH2, OCH2CH3), 59.3 (CH2, 

ArCH2O), 55.8 (CH3, OCH3), 55.4 (CH3, OCH3), 31.1 (CH2, CH2Br), 15.2 (CH3, OCH2CH3); 

HRMS (ESI+) for C13H19BrNaO4 [M+Na]+ requires 343.0359 and 343.0340, found 341.0353 and 

343.0328. 

MP 60–63 °C. 
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Methyl 2-(chloromethyl)-4,6-dimethoxybenzoate (237) 

To a stirred solution of benzaldehyde 233 (1.00 g, 4.67 mmol) in H2O:THF:DMSO (20:10:1, 155 

mL) at 0 °C was added sulfamic acid (1.54 g, 15.9 mmol) followed by NaClO2 (80 %, 1.35 g, 12.0 

mmol). The resultant mixture was stirred at 0 °C for 30 min then rt for 30 min, diluted with EtOAc 

(200 mL) and H2O (100 mL). The organic layer was separated and then the aq layer was extracted 

with EtOAc (2 × 200 mL). The combined organic extracts were washed with sat. aq NaCl (200 

mL), dried over Na2SO4, filtered and concentrated in vacuo to afford 236 (1.57 g) as a brown 

powder. The crude solid was used in the next step without further purification.  

To a stirred solution of crude acid 236 (1.57 g) in CH2Cl2 (40 mL) at 0 °C was added DMF (0.072 

mL) followed by oxalyl chloride (0.43 mL, 5.14 mmol). The resultant mixture was stirred at rt for 

1 h then MeOH (1 mL) was added at 0 °C and stirred at rt for 16 h. The reaction mixture was 

diluted with CH2Cl2 (100 mL) and NaHCO3 (50 mL). The organic layer was separated and then 

the aq layer was further extracted with CH2Cl2 (2 × 100 mL). The combined organic extracts were 

washed with sat. aq NaCl solution (100 mL), dried over Na2SO4, filtered and concentrated in 

vacuo. Purification by flash column chromatography (10:1 PE/EtOAc) yielded ester 237 (1.34 g, 

quant. over 2 steps) as a white solid. 

IR (neat) νmax 2949, 1719, 1604, 1586, 1458, 1431, 1331, 1266, 1204, 1162, 1100, 1047 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 6.56 (1H, d, J = 2.2 Hz, ArH), 6.46 (1H, d, J = 2.2 Hz, ArH), 4.60 

(2H, s, CH2Cl), 3.91 (3H, s, COOCH3), 3.84 (3H, s, OCH3), 3.82 (3H, s, OCH3); 

13C-NMR (100 MHz, CDCl3) δ 167.4 (q, C=O), 161.8 (q, ArC), 158.8 (q, ArC), 138.0 (q, ArC), 

115.6 (q, ArC), 106.3 (CH, ArCH), 98.9 (CH, ArCH), 56.1 (CH3, OCH3), 55.5 (CH3, OCH3), 52.3 

(CH3, OCH3), 43.8 (CH2Cl); 

HRMS (ESI+) for C11H13ClNaO3 [M+Na]+ requires 267.0395, found 267.0401. 

MP 72–75 °C 
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5,7-Dimethoxyisobenzofuran-1(3H)-one (239) 

Following the same procedure as 237 but quenching reaction with sat. aq NaHCO3 will afford 239 

in 84% yield 

1H-NMR (400 MHz; CDCl3) δ 6.47 (1H, dt, J = 1.8, 0.9 Hz, ArH), 6.41 (1H, d, J = 1.8 Hz, ArH), 

5.15 (2H, s, CH2), 3.94 (3H, s, OCH3), 3.88 (3H, s, OCH3); 

13C-NMR (100 MHz; CDCl3) δ 168.9 (q, C=O), 166.8 (q, ArC), 159.7 (q, ArC), 151.7 (q, ArC), 

106.6 (q, ArC), 98.8 (CH, ArCH), 97.5 (CH, ArCH), 68.5 (CH2), 55.9 (CH3, OCH3), 55.9 (CH3, 

OCH3). 

The spectroscopic data were in agreement with those reported in the literature.137 
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3-(2-(Methylcarboxy)-3,5-dimethoxy)phenyl-1-(trimethylsilyl)-prop-1-yne (238) 

To a stirred solution of TMS acetylene (231) (1.57 mL, 11.1 mmol) in degassed THF (27 mL) at 

–78 °C was added nBuLi (1.5 M in cyclohexane, 7.4 mL, 11.1 mmol) dropwise and the reaction 

mixture was stirred at –78 °C for 1.5 h. A solution of flame-dried ZnBr2 (2.50 g, 11.1 mmol) in 

THF (18 mL) was added dropwise and the solution was stirred at –78 °C for 15 min, 0 °C for 45 

min then warmed to rt. To a mixture of benzyl chloride 237 (1.80 g, 7.38 mmol), PdCl2 (131 mg, 

0.74 mmol), DPEphos (251 mg, 0.74 mmol) in dioxane (45 mL) at 80 °C was added the organozinc 

mixture dropwise. The resultant mixture was stirred at 80 °C for 5 h, quenched by the addition of 

NH4Cl (20 mL) and diluted with water (150 mL) and Et2O (200 mL). The organic layer was 

separated and then the aq layer was further extracted with Et2O (2 × 100 mL). The combined 

organic extracts were washed with water (2 × 100 mL), sat. aq NaCl (100 mL), dried over Na2SO4, 

filtered and concentrated in vacuo. Purification by flash column chromatography (10:1 PE/EtOAc) 

afforded 238 (2.15 g, 95%) as a colourless oil. 

IR (neat) νmax 2957, 2176, 1725, 1606, 1588, 1460.2, 1431, 1331, 1265, 1206, 1158, 1102, 1050, 

1029 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 6.71 (1H, d, J = 2.2 Hz, ArH), 6.37 (1H, d, J = 2.2 Hz, ArH), 3.87 

(3H, s, OCH3), 3.83 (3H, s, OCH3), 3.80 (3H, s, OCH3), 3.65 (2H, s, CH2), 0.17 (9H, s, TMS); 

13C-NMR (100 MHz, CDCl3) δ 167.7 (q. C=O), 161.7 (q, ArC), 158.6 (q, ArC), 137.1 (q, ArC), 

115.2 (q, ArC), 105.4 (CH, ArCH), 103.2 (q, C-1), 97.3 (CH, ArCH), 87.5 (q, C-2), 56.0 (CH3, 

OCH3), 55.3 (CH3, OCH3), 52.1 (CH3, OCH3), 24.7 (CH2, C-3), 0.00 (CH3, TMS); 

HRMS (ESI+) for C16H22NaO4Si [M+Na]+ requires 329.1180, found 329.1175. 
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To a stirred solution of aldehyde (±)-170 (1.00 g, 6.85 mmol) in THF (35 mL) at 0 °C was added 

ethynyl magnesium bromide (0.5 M in THF, 35 mL) dropwise and stirred for 30 min. The reaction 

was quenched by the addition of sat. aq NH4Cl (20 mL) and extracted with EtOAc (3 × 50 mL). 

The combined organic extracts were washed with sat. aq NaCl, dried over Na2SO4, filtered and 

concentrated in vacuo. Purification by flash column chromatography (6:1 PE/EtOAc) afforded a 

diastereotopic mixture of 250a and 250b (840 mg, 78%, d.r. 1:1) as a yellow oil. 

 

(±)-3,5-anti-5-(Ethoxymethoxy)hex-1-yn-3-ol (250a) 

IR (neat) νmax 3403, 3289, 2974, 2932, 2883, 1445, 1378, 1302, 1219, 1173, 1139, 1099, 1029, 

1015 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 4.73 (2H, ABq, Δδ = 0.05 J = 6.9 Hz, OCH2O), 4.58 (1H, br s, H-

3), 4.20–4.12 (1H, m, H-5) 3.63 (2H, ABX3, ΔδAB = 0.09, JAB = 9.4, JAX = 7.1, JBX = 7.1 Hz 

OCH2CH3), 3.48 (1H, br s, OH), 2.45 (1H, d, 2.2 Hz, H-1), 1.88 (2H, ABXY, ΔδAB = 0.09, JAB = 

14.6, JAX = 9.4, JAY = 3.6, JBX = 7.5, JBY = 3.5 Hz, H-4), 1.22 (3H, d, J = 6.2 Hz, H-6), 1.21 (3H, t, 

J = 7.0 Hz, OCH2CH3); 

13C-NMR (100 MHz, CDCl3) δ 93.6 (OCH2O), 84.6 (q, C-2), 72.6 (CH, C-1), 71.0 (CH, C-5), 

63.7 (CH2, OCH2CH3), 59.9 (CH, C-3), 43.6 (CH2, C-4), 20.2 (CH3, C-6), 15.0 (CH3, OCH2CH3); 

HRMS (ESI+) for C9H16NaO3 [M+Na]+ requires 195.0992, found 195.0993. 
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(±)-3,5-syn-5-(Ethoxymethoxy)hex-1-yn-3-ol (250b) 

IR (neat) νmax 3403, 3289, 2974, 2932, 2883, 1445, 1378, 1302, 1219, 1173, 1139, 1099, 1029, 

1015 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 4.70 (2H, ABq, Δδ = 0.08, J = 7.1 Hz, OCH2O), 4.55 (1H, t, J = 

6.8 Hz, H-3), 4.01–3.93 (1H, m, H-5) 3.66-3.52 (2H, m, OCH2CH3), 2.97 (1H, br s, OH), 2.46–

2.45 (1H, m, H-1), 2.04–1.96 (1H, m, H-4a), 1.83–1.76 (1H, m, H-4b), 1.22–1.17 (6H, m, H-6, 

OCH2CH3); 

13C-NMR (100 MHz, CDCl3) δ 93.2 (OCH2O), 84.5 (q, C-2), 72.9 (CH, C-1), 71.6 (CH, C-5), 

63.5 (CH2, OCH2CH3), 60.9 (CH, C-3), 44.9 (CH2, C-4), 20.3 (CH3, C-6), 15.0 (CH3, OCH2CH3); 

HRMS (ESI+) for C9H16NaO3 [M+Na]+ requires 195.0992, found 195.0993. 
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To a stirred solution of 250a or 250b (40 mg, 0.161 mmol) in EtOH (1 mL) was added PTSA (6.1 

mg, 0.032 mmol). The resultant solution was stirred at 60 °C for 16 h and then diluted with EtOAc 

(5 mL) and water (2 mL). The organic layer was separated and the aq layer was further extracted 

with EtOAc (2 × 20 mL). The combined organic extracts were washed with sat. aq NaCl (20 mL), 

dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography on 

silica (5:1 hexanes-EtOAc) afforded 251a (7 mg, 38%) or 251b (10 mg, 54%) as pale yellow oils. 

 (±)-2,4-anti-Hex-5-yne-2,4-diol (251a) 

1H-NMR (400 MHz, CDCl3) δ 4.68–4.65 (1H, m, H-4), 4.41–4.33 (1H, m, H-2), 3.44 (1H, br s, 

OH), 2.50 (1H, d, J = 2.2 Hz, H-6), 2.40 (1H, br s, OH), 1.84 (2H, ABXY, ΔδAB = 0.07, JAB = 14.5, 

JAX = 9.2, JAY = 4.0, JBX = 6.0, JBY = 3.0 Hz, H-3), 1.25 (3H, d, J = 6.3 Hz, H-1); 

13C-NMR (100 MHz, CDCl3) δ 84.4 (q, C-5), 73.2 (CH, C-6), 65.8 (CH, C-4 or C-2), 60.8 (CH, 

C-4 or C-2), 43.9 (CH2, C-3), 23.8 (CH3, C-1). 

The spectroscopic data were in agreement with those reported in the literature.118 

 (±)-2,4-syn-Hex-5-yne-2,4-diol (251b) 

1H-NMR (400 MHz, CDCl3) δ 4.63 (1H, ddd, J = 8.6, 4.7, 2.1 Hz, H-4), 4.13–4.05 (1H, m, H-2), 

3.15 (1H, br s, OH), 2.67 (1H, br s, OH), 2.49 (1H, d, J = 2.2 Hz, H-6), 1.95–1.81 (2H, m, H-3), 

1.24 (3H, d, J = 6.2 Hz, H-1); 

13C-NMR (100 MHz, CDCl3) δ 84.3 (q, C-5), 73.1 (CH, C-6), 67.6 (CH, C-4 or C-2), 62.0 (CH, 

C-4 or C-2), 45.5 (CH2, C-3), 23.9 (CH3, C-1). 

The spectroscopic data were in agreement with those reported in the literature.118 
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To a stirred solution of alcohols 250a/b (1:1 d.r., 840 mg, 5.31 mg) in THF (18 mL) at 0 °C was 

added NaH (60% in mineral oil, 638 mg, 15.9 mmol) and stirred at 0 °C for 10 min before adding 

BnBr (1.26 mL, 10.6 mmol) and TBAI (196 mg, 0.53 mmol). The reaction mixture was stirred at 

60 °C for 1 h, quenched by the addition of sat. aq NaHCO3 (20 mL) at 0 °C and extracted with 

Et2O (3 × 20 mL). The combined organic extracts were washed with sat. aq NaCl, dried over 

Na2SO4, filtered and concentrated in vacuo. Purification by flash column chromatography on silica 

(20:1 PE/EtOAc) afforded 252a/b (1.18 g, 90%, 1:1 d.r.) as a yellow oil  

 

(±)-3,5-anti-3-Benzyloxy-5-(ethoxymethoxy)hex-1-yn-3-ol (252a) 

IR (neat) νmax 3290, 2973, 2930, 2885, 1723, 1454, 1378, 1176, 1096, 1068, 1027 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 7.38–7.27 (5H, m, Bn), 4.61 (2H, ABq, Δδ = 0.06, J = 6.9 Hz, 

OCH2O), 4.65 (2H, ABq, ΔδAB = 0.33, JAB = 11.4 Hz, Bn), 4.32–4.28 (1H, m, H-3), 3.97–3.89 

(1H, m, H-5), 3.56 (2H, ABX3, ΔδAB = 0.07, JAB = 9.5, JAX = 7.1, JBX = 7.1 Hz OCH2CH3), 2.47 

(1H, d, J = 2.1 Hz, H-1), 1.98–1.87 (2H, m, H-4), 1.19 (3H, d, J = 6.3 Hz, H-6), 1.17 (3H, t, J = 

7.0 Hz, OCH2CH3); 

13C-NMR (100 MHz, CDCl3) δ 137.7 (q, CH2ArC), 128.3 (CH, 2 × ArCH), 128.1 (CH, 2 × 

ArCH), 127.7 (CH, ArCH), 94.1 (CH2, OCH2O), 83.0 (q, C-2), 73.7 (CH, C-1), 70.7 (CH2, 

OCH2Ar), 70.0 (CH, C-5), 65.2 (CH, C-3), 63.1 (CH2, OCH2CH3), 43.8 (CH2, C-4), 20.9 (CH3, 

C-6), 15.0 (CH3, OCH2CH3); 

HRMS (ESI+) for C16H22NaO3 [M+Na]+ requires 285.1461, found 285.1461. 
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3,5-syn-3-Benzyloxy-5-(ethoxymethoxy)hex-1-yn-3-ol (252b) 

IR (neat) νmax 3290, 2973, 2930, 2885, 1723, 1454, 1378, 1176, 1096, 1068, 1027 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 7.38–7.27 (5H, m, Bn), 4.69 (2H, ABq, Δδ = 0.06, J = 7.0 Hz, 

OCH2O), 4.66 (2H, ABq, ΔδAB = 0.30, JAB = 11.6 Hz, Bn), 4.28 (1H, ddd, J = 8.6, 5.9, 2.0, H-3), 

4.03–3.95 (1H, m, H-5), 3.56 (2H, qd, J =7.1, 1.2 Hz OCH2CH3), 2.51 (1H, d, J = 2.1 Hz, H-1), 

2.00 (2H, ABXY, ΔδAB = 0.06, JAB = 14.5, JAX = 9.4, JAY = 3.2, JBX = 9.4, JBY = 3.3 Hz, H-4), 1.20 

(3H, d, J = 6.2 Hz, H-6), 1.20 (3H, t, J = 7.1 Hz, OCH2CH3); 

13C-NMR (100 MHz, CDCl3) δ 137.7 (q, CH2ArC), 128.3 (CH, 2 × ArCH), 128.0 (CH, 2 × 

ArCH), 127.7 (CH, ArCH), 93.5 (CH2, OCH2O), 82.6 (q, C-2), 74.3 (CH, C-1), 70.6 (CH2, 

OCH2Ar), 70.3 (CH, C-5), 66.2 (CH, C-3), 63.2 (CH2, OCH2CH3), 43.1 (CH2, C-4), 20.4 (CH3, 

C-6), 15.0 (CH3, OCH2CH3); 

HRMS (ESI+) for C16H22NaO [M+Na]+ requires 285.1461, found 285.1461. 
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(±)-(syn/anti)-4-(Benzyloxy)-6-(ethoxymethoxy)-1-(3,5-dimethoxy-2-

(methylcarboxy)phenyl)hept-2-yne (253a/b) 

To a stirred solution of acetylene 252a (1:1 d.r., 200 mg, 0.81 mmol) in degassed THF (2 mL) at 

−78 °C was added nBuLi (0.77 M in hexanes, 1.05 mL, 0.81 mmol) dropwise and the reaction 

mixture was stirred at -78 °C for 1.5 h. A solution of flame-dried ZnBr2 (182 mg, 0.81 mmol) in 

THF (1 mL) was added dropwise and the solution was stirred at -78 °C for 15 min, 0 °C for 30 

min then warmed to rt. A solution of benzyl chloride 237 (132 mg, 0.54 mmol), PdCl2 (9.58 mg, 

0.054 mmol), DPEphos (29.1 mg, 0.054 mmol) in dioxane (4 mL) was added. The resultant 

mixture was heated under reflux for 16 h and quenched by the addition of NH4Cl (10 mL). The 

organic layer was separated and then the aq layer was further extracted with Et2O (2 × 20 mL). 

The combined organic extracts were washed with sat. aq NaCl solution (10 mL), dried over 

Na2SO4, filtered and concentrated in vacuo. Purification by flash column chromatography (6:1 

PE/EtOAc) yielded 253a/b as a yellow oil (170 mg, 67%, 1:1 d.r.). 

IR (neat) νmax 2972, 1727, 1603, 1456, 1432, 1333, 1268, 1204, 1158, 1101, 1040 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 7.37–7.24 (5H, m, Bn), 6.72 (1H, d, J = 2.2, ArH), 6.70* (1H, d, 

J = 2.2, ArH), 6.38 (1H, d, 2.2 Hz, ArH), 4.82–4.45 (4H, m, OCH2Ar, OCH2O), 4.36–4.28 (1H, 

m, H-4), 4.00–3.90 (1H, m, H-6), 3.88 (3H, s, OCH3), 3.80 (3H, s, OCH3), 3.80* (3H, s, OCH3), 

3.79 (3H, s, OCH3), 3.69 (2H, d, J = 1.9 Hz, H-1), 3.68* (2H, d, J = 1.9 Hz, H-1), 3.60–3.49 (2H, 

m, OCH2CH3), 2.13–1.78 (2H, m, H-5), 1.19–1.14 (6H, m, OCH2CH3, H-7); 

13C-NMR (100 MHz, CDCl3) δ 167.7 (q, C=O), 161.7 (q, ArC), 158.5 (q, ArC), 137.9 (q, ArC), 

137.3* (q, CH2ArC), 137.2 (q, CH2ArC), 128.2 (CH, 2 × ArCH), 128.0* (CH, 2 × ArCH), 127.8 

(CH, 2 × ArCH), 127.5* (CH, ArCH), 127.5 (CH, ArCH), 115.2 (q, ArC), 127.7 (CH, ArCH), 

105.4* (CH, ArCH), 105.3 (CH, ArCH), 97.1 (CH, ArCH), 97.1* (CH, ArCH), 93.9* (CH2, 

OCH2O), 93.4 (CH2, OCH2O), 83.2 (q, C-3), 82.6* (q, C-3), 81.9* (q, C-2), 81.6 (q, C-2), 70.5* 

(CH2, OCH2Ar), 70.3 (CH2, OCH2Ar), 70.2 (CH, C-6), 70.1* (CH, C-6), 66.5 (CH, C-4), 65.6 

(CH, C-4), 63.0 (CH2, OCH2CH3), 63.0* (CH2, OCH2CH3), 55.9 (CH3, OCH3), 55.2 (CH3, OCH3), 
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52.0 (CH3, OCH3), 44.1 (CH2, C-5), 43.3 (CH2, C-5), 23.4* (CH2, C-1), 23.4 (CH2, C-1), 20.9* 

(CH3, C-7), 20.4 (CH3, C-7), 14.9 (CH3, OCH2CH3); 

HRMS (ESI+) for C27H34NaO7 [M+Na]+ requires 493.2197, found 493.2191. 

*denotes minor isomer where distinguishable. 

 

(±)-4-(Benzyloxy)-6-(ethoxymethoxy)-1-(3,5-dimethoxy-2-(methylcarboxy)phenyl)hept-1,2-

diene (254a/b/c/d) 

Following same procedure as 253 except reaction was performed in DMF at 80 °C. 

1H-NMR (400 MHz, CDCl3) δ 7.33–7.25 (5H, m, Bn), 6.65 (1H, d, J = 2.2, ArH), 6.57* (1H, d, 

J = 2.2, ArH), 6.55* (1H, d, 2.2 Hz, ArH), 6.37–6.30 (2H, m, ArH, H-1), 5.60–5.53 (1H, m, H-3), 

4.75–4.39 (4H, m, OCH2Ar, OCH2O), 4.26–4.08 (1H, m, H-4), 4.00–3.85 (1H, m, H-6), 3.91 (3H, 

s, OCH3), 3.90* (3H, s, OCH3), 3.78* (3H, s, OCH3), 3.78*(3H, s, OCH3), 3.72 (3H, s, OCH3), 

3.72* (3H, s, OCH3), 3.64–3.45 (2H, m, OCH2CH3), 2.17–1.6 (2H, m, H-5), 1.20–1.12 (6H, m, 

OCH2CH3, H-7); 

13C-NMR (100 MHz, CDCl3) δ 206.5, 206.2, 206.2, 205.9, 168.0, 168.0, 167.9, 161.5, 161.4, 

161.4, 161.4, 158.5, 158.5, 138.1, 138.1, 134.2, 134.1, 134.1, 134.0, 128.4, 128.3, 128.3, 128.0, 

127.9, 127.7, 127.6, 127.6, 127.6, 127.5, 115.3, 115.2, 115.2, 105.7, 102.6, 102.6, 98.0, 97.9, 97.8, 

96.8, 96.6, 96.5, 96.3, 94.1, 93.6, 93.6, 93.0, 92.7, 92.6, 75.3, 74.8, 74.2, 74.3, 70.8, 70.7, 70.4, 

70.4, 63.1, 63.1, 56.0, 55.2, 52.2, 44.5, 44.2, 43.6, 43.4, 21.2, 20.4, 20.4, 15.0, 15.0; 

HRMS (ESI+) for C27H34NaO7 [M+Na]+ requires 493.2997, found 493.2977. 

* Not possible to assign carbon peaks unambiguously of the diastereomeric mixture 
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(±)-(syn/anti)-4-(Benzyloxy)-2-hydroxy-7-(3,5-dimethoxy-2-(methylcarboxy)phenyl)hept-5-

yne (255a/b) 

To a stirred solution of EOM ethers 253a/b (1:1 d.r., 170 mg, 0.36 mmol) in EtOH (5 mL) was 

added PTSA (137 mg, 0.72 mmol) and stirred at 60 °C for 16 h. The reaction was diluted with 

EtOAc (5 mL) and H2O (5 mL) and extracted with EtOAc (2 × 10 mL). The combined organic 

extracts were washed with sat. aq NaCl solution (10 mL), dried over Na2SO4, filtered and 

concentrated in vacuo. Purification by flash column chromatography (2:1 PE/EtOAc) afforded 

255a/b (148 mg, 94%, 1:1 d.r.) as a yellow oil. 

IR (neat) νmax 3476, 2948, 1718, 1603, 1586, 1455, 1430, 1331, 1266, 1204, 1157, 1099, 1069, 

1047 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 7.33–7.27 (5H, m, Bn), 6.68* (1H, d, J = 2.2, ArH), 6.65 (1H, d, 

J = 2.2, ArH), 6.38 (1H, d, 2.2 Hz, ArH), 4.42–4.39* (1H, m, H-2), 4.36–4.32 (1H, m, H-2), 4.26–

4.19* (1H, m, H-4), 4.04–3.96 (1H, m, H-4), 3.87 (3H, s, OCH3), 3.80 (6H, s, OCH3), 3.68* (2H, 

d, J = 1.9 Hz, H-7), 3.67 (2H, d, J = 1.9 Hz, H-7), 2.01–1.80 (2H, m, H-3), 1.17* (3H, d, J = 6.3 

Hz, H-1), 1.16 (3H, d, J = 6.3 Hz, H-1); 

13C-NMR (100 MHz, CDCl3) δ 167.7 (q, C=O), 161.7 (q, ArC), 158.6 (q, ArC), 158.6* (q, ArC), 

137.5* (q, CH2ArC), 137.4 (q, CH2ArC), 137.1 (q, ArC), 128.4 (CH, 2 × ArCH), 128.3* (CH, 2 × 

ArCH), 127.9 (CH, 2 × ArCH), 127.9* (CH, 2 × ArCH), 127.7 (CH, ArCH), 127.7* (CH, ArCH), 

115.2 (q, ArC), 105.6 (CH, ArCH), 105.4* (CH, ArCH), 97.2* (CH, ArCH), 97.1 (CH, ArCH), 

83.8* (q, C-6), 82.6 (q, C-6), 80.9 (q, C-5), 81.6 (q, C-5), 70.7* (CH2, OCH2Ar), 70.6 (CH2, 

OCH2Ar), 68.4 (CH, C-2), 67.2* (CH, C-2), 66.6 (CH, C-4), 64.8* (CH, C-4), 55.9 (CH3, OCH3), 

55.2 (CH3, OCH3), 52.1 (CH3, OCH3), 44.5 (CH2, C-3), 43.8* (CH2, C-3), 23.5 (CH2, C-7), 23.4* 

(CH2, C-7), 23.1 (CH3, C-1), 23.3* (CH3, C-1); 

HRMS (ESI+) for C24H28NaO5 [M+Na]+ requires 435.1778, found 435.1784.  

*denotes minor isomer where distinguishible.  
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(±)-(syn/anti)-4-(Benzyloxy)-2-hydroxy-7-(3,5-dimethoxy-2-(hydroxymethyl)phenyl)hept-5-

yne (220a/b) 

To a stirred solution of esters 255a/b (1:1 d.r., 163 mg, 0.35 mmol) in CH2Cl2 (3.5 mL) at ‒78 °C 

was added DIBAl-H (1 M in toluene, 1.39 mL, 1.39 mmol) and stirred at –78 °C for 1 h. The 

reaction was quenched by the addition of sat. aq potassium tartrate (5 mL), diluted with CH2Cl2 (5 

mL) and stirred at rt for 3 h. The organic layer was separated and then the aq layer was further 

extracted with CH2Cl2 (3 × 20 mL). The combined organic extracts were washed with sat. aq NaCl 

(20 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography on silica (3:2 PE/EtOAc) afforded 220a/b (124 mg, 93%, 1:1 d.r) as a pale yellow 

oil. 

IR (neat) νmax 3402, 2965, 2930, 1739, 1605, 1455, 1426, 1322, 1296, 1203, 1146, 1071 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 7.33–7.28 (5H, m, Bn), 6.64* (1H, d, J = 2.4 Hz, ArH), 6.60 (1H, 

d, J = 2.4 Hz, ArH), 6.41 (1H, d, J = 2.4 Hz, ArH), 4.73 (2H, s, CH2OH), 4.67 (2H, ABq, ΔδAB = 

0.32, JAB = 11.6 Hz, OCH2Ar), 4.65* (2H, ABq, ΔδAB = 0.33, JAB = 11.6 Hz, OCH2Ar), 4.42–4.38* 

(1H, m, H-2), 4.37–4.33 (1H, m, H-2), 4.27–4.19* (1H, m, H-4), 4.05–3.97 (1H, m, H-4), 3.84 

(6H, s, OCH3, OCH3*), 3.81 (6H, s, OCH3, OCH3*), 3.74 (1H, d, J = 2.0 Hz, H-7a), 3.72 (1H, d, 

J = 2.0 Hz, H-7b), 2.01–1.80 (2H, m, H-3), 1.17* (3H, d, J = 6.3 Hz, H-1), 1.16 (3H, d, J = 6.3 Hz, 

H-1); 

13C-NMR (100 MHz, CDCl3) δ 160.3 (q, ArC), 159.4 (q, ArC), 137.5 (2 × q, ArC, Bn), 128.5 (2 

× CH, Bn), 128.4* (2 × CH, Bn), 128.1 (2 × CH, Bn), 128.0* (2 × CH, Bn), 127.8 (CH, Bn), 119.6 

(q, ArC), 119.5* (q, ArC), 105.6 (CH, ArCH), 105.5* (CH, ArCH), 97.2* (CH, ArCH), 97.2 (CH, 

ArCH), 84.9* (q, C-6), 84.7 (q, C-6), 80.9 (q, C-5), 80.9* (q, C-5), 70.8* (CH2, OCH2Ar), 70.7 

(CH2, OCH2Ar), 68.6 (CH, C-2), 67.4* (CH, C-2), 66.6 (CH, C-4), 65.0* (CH, C-4), 56.5 (CH2, 

CH2OH), 56.4* (CH2, CH2OH), 55.6 (CH3, OCH3), 55.3 (CH3, OCH3), 44.5 (CH2, C-3), 43.9* 

(CH2, C-3), 23.4 (CH2, C-7), 23.2* (CH2, C-7), 23.2 (CH3, C-1), 23.1* (CH3, C-1); 

HRMS (ESI+) for C23H28NaO5 [M+Na]+ requires 407.1829, found 407.1818.  
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General Procedure for gold-catalysed cyclisations 

To a stirred solution of 220a/b (1:1 d.r., 20 mg) in solvent (1 mL) was added gold catalyst (10 

mol%) and/or silver catalyst (10 mol%) and/or acid/base catalyst (10 mol%). The reaction mixture 

was stirred until the reaction was completed as indicated by thin layer chromatography, then 

concentrated in vacuo. Purification by flash column chromatography (1:1 to 1:2 hexanes-EtOAc) 

afforded cyclised products 256, 257 and/or 209.  

 

(±)-Spiro[6,8-dimethoxyisochroman-3,6-2-methyl-3,6-dihydro-2H-pyran] (257) 

IR (neat) νmax 3498, 2932, 2863, 1765, 1712, 1608, 1496, 1454, 1334, 1203, 1147, 1041 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 6.29 (1H, d, J = 2.4 Hz, ArH), 6.22 (1H, d, J = 2.2 Hz, ArH), 6.06–

6.01 (1H, m, H-4ʹ), 5.77–5.73 (1H, m, H-5ʹ), 4.68 (2H, ABq, ΔδAB = 0.12, JAB = 14.8 Hz, H-1), 

4.17–4.09 (1H, m, H-2ʹ), 3.79 (3H, s, OCH3), 3.77 (3H, s, OCH3), 2.86 (2H, ABq, ΔδAB = 0.24, 

JAB = 16.5 Hz, H-4), 2.02–1.97 (2H, m, H-3ʹ), 1.21 (3H, d, J = 6.3 Hz, 2ʹ-CH3); 

13C-NMR (100 MHz, CDCl3) δ 159.2 (q, ArC), 157.7 (q, ArC), 156.0 (q, ArC), 129.2 (CH, C-4ʹ 

or C-5ʹ), 129.1 (CH, C-4ʹ or C-5ʹ), 114.7 (q, ArC), 104.3 (CH, ArH), 96.2 (CH, ArH), 93.8 (q, 

C**), 64.2 (CH, C-2ʹ), 58.3 (CH2, C-1), 55.3 (CH3, OCH3), 55.2 (CH3, OCH3), 38.1 (CH2, C-4), 

32.2 (CH2, C-3ʹ), 21.1 (CH3, 2ʹ-CH3); 

HRMS (ESI+) for C23H28NaO5 [M+Na]+ requires 407.1829, found 407.1813. 
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(±)-Spiro[7,9-(dimethoxy)-1,3,4,5-tetrahydrobenzo[c]oxepine-3,5ʹ-4ʹ-benzyloxy-2ʹ-

methyldihydrofuran] (256) 

IR (neat) νmax 3498, 2932, 2863, 1765, 1712, 1608, 1496, 1454, 1334, 1203, 1147, 1041 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 7.35–7.29 (5H, m, Bn), 6.32 (1H, d, J = 2.4 Hz, ArH), 6.29 (d, J 

= 2.4 Hz, 1H, ArH), 4.85 (2H, ABq, ΔδAB = 0.15, JAB = 14.6 Hz, H-1), 4.51 (2H, ABq, ΔδAB = 

0.16, JAB = 12.0 Hz, OCH2Ar), 4.57–4.48 (1H, m, H-2ʹ), 3.84–3.80 (1H, m, H-4ʹ), 3.79 (3H, s, 

OCH3), 3.76 (3H, s, OCH3), 3.19–3.12 (1H, m, H-5a), 2.69–2.65 (1H, m, H-5b), 2.35–2.29 (1H, m, 

H-4a), 2.21–2.17 (1H, m, H-3ʹa), 2.06–1.90 (2H, m, H-4b, H-3ʹb), 1.37 (3H, d, J = 6.4 Hz, 2ʹ-CH3); 

13C-NMR (100 MHz, CDCl3) δ 159.4 (q, ArC), 157.7 (q, ArC), 156.0 (q, ArC), 138.3 (q, Bn), 

132.9 (CH, Bn), 128.3 (2 × CH, Bn), 127.6 (2 × CH, Bn), 120.4 (q, ArC), 110.4 (q, C**), 105.8 

(CH, ArH), 95.8 (CH, ArH), 84.5 (CH, C-4ʹ), 75.7 (CH, C-2ʹ), 71.2 (CH2, OCH2Ar), 55.5 (CH3, 

OCH3), 55.3 (CH3, OCH3), 54.8 (CH2, C-1), 37.3 (CH2, C-3ʹ), 31.6 (CH2, C-4), 30.3 (CH2, C-5), 

23.3 (CH3, 2ʹ-CH3); 

HRMS (ESI+) for C23H28NaO5 [M+Na]+ requires 407.1829, found 407.1813. 

NB: the relative stereochemistry of 256 could not be determined 
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3-(2-(Methylcarboxy)-3,5-dimethoxy)phenylprop-1-yne (265) 

To a stirred solution of TMS alkyne 238 (2.11 g, 6.89 mmol) in EtOH/H2O (4:1, 125 mL) was 

added AgNO3 (1.29 g, 7.58 mmol) and stirred protected from light for 1.5 h. KI (1.49 g, 8.96 

mmol) was added and stirred at rt for 16 h. The reaction mixture was filtered through celite and 

washed with EtOH and EtOAc and concentrated in vacuo. Purification by flash column 

chromatography on silica (10:1 PE/EtOAc) afforded 265 (1.61 g, 99%) as a yellow oil. 

IR (neat) νmax 3359, 2981, 2895, 1713, 1606, 1445, 1379, 1327, 1276, 1160, 1122, 1081, 1046 cm-

1. 

1H-NMR (400 MHz, CDCl3) δ 6.69 (1H, d, J = 2.2 Hz, ArH), 6.38 (1H, d, J = 2.2 Hz, ArH), 3.88 

(3H, s, OCH3), 3.83 (3H, s, OCH3), 3.80 (3H, s, OCH3), 3.60 (2H, d, J = 2.7 Hz, CH2), 2.17 (1H, 

t, J = 2.7 Hz, H-1). 

13C-NMR (100 MHz, CDCl3) δ 167.8 (q, C=O), 161.8 (q, ArC), 158.6 (q, ArC), 136.7 (q, ArC), 

115.2 (q, ArC), 105.5 (CH, ArCH), 97.3 (CH, ArCH), 80.9 (q, C-2), 70.9 (CH, C-1), 56.0 (CH3, 

OCH3), 55.4 (CH3, OCH3), 52.1 (CH3, OCH3), 23.2 (CH2, C-3); 

HRMS (ESI+) for C13H14NaO4 [M+Na]+ requires 257.0784, found 257.0785. 
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3-(2-(tert-Butyldimethylsilyloxymethyl)-3,5-dimethoxy)phenylprop-1-yne (263) 

To a stirred solution of ester 265 (1.61 g, 6.86 mmol) in dichloromethane (70 mL) at −78 °C was 

added DIBAl-H (17 mL, 1 M in toluene, 17.2 mmol) dropwise. The resultant mixture was stirred 

at −78 °C for 20 min then 0 °C for 20 min. The reaction was quenched by the addition of Rochelle’s 

salt and stirred at rt for 16 h. The organic layer was separated and then the aq layer was further 

extracted with dichloromethane (2 × 100 mL). The combined organic layers were washed with sat. 

aq NaCl, dried over Na2SO4 and concentrated in vacuo to yield a white solid (1.41 g), which was 

used in the next step without purification. To a stirred solution of crude alcohol 266 (1.41 g, 6.86 

mmol) in dichloromethane (34 mL) at 0 °C was added imidazole (934 mg, 13.7 mmol) followed 

by TBSCl (1.55 g, 10.3 mmol). The resultant mixture was stirred at 0 °C for 30 min then rt for 16 

h. The reaction was quenched by the addition of water (10 mL). The organic layer was separated 

and then the aq layer was further extracted with dichloromethane (2 × 50 mL). The combined 

organic extracts were washed with sat. aq NaCl, dried over Na2SO4 and concentrated in vacuo. 

Purification by flash column chromatography on silica (20:1 PE/Et2O) afforded 263 (1.86 g, 84% 

over 2 steps) as a colourless oil. 

IR (neat) νmax 3295, 2954, 2930, 2856, 1606, 1463, 1427, 1320, 1202, 1147, 1048, 1005 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 6.75 (1H, d, J = 2.4 Hz, ArH), 6.36 (1H, d, J = 2.4 Hz, ArH), 4.76 

(2H, s, ArCH2OTBS), 3.83 (3H, s, OCH3), 3.79 (3H, s, OCH3), 3.76 (2H, d, J = 2.7 Hz, H-3), 2.19 

(1H, t, J = 2.7 Hz, H-1), 0.89 (9H, s, t-Bu), 0.05 (6H, s, Si(CH3)2); 

13C-NMR (100 MHz, CDCl3) δ 160.1 (q, ArC), 158.3 (q, ArC), 138.5 (q, ArC), 119.5 (q, ArC), 

105.4 (CH, ArCH), 96.9 (CH, ArCH), 82.2 (q, C-2), 70.6 (CH, C-1), 55.6(CH2, ArCH2OTBS), 

55.5 (CH3, OCH3), 55.2 (CH3, OCH3), 26.0 (3 × CH3, t-Bu), 22.0 (CH2, C-3), 18.3 (q, SiC(CH3)3), 

–5.3 (2 × CH3, SiCH3). 

HRMS (ESI+) for C18H28NaO3Si [M+Na]+ requires 343.1700, found 343.1688. 
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(±)-Ethyl 3-(tert-butyldiphenylsilyoxy)butanoate (267) 

To a stirred solution of (±)-ethyl 3-hydroxybutyrate (167) (1.0 mL, 15 mmol) in CH2Cl2 (50 mL) 

was sequentially added imidazole (1.2 g, 18 mmol) and TBDPSCl (3.0 g, 20 mmol) dropwise at 0 

°C . The reaction mixture was warmed to rt, stirred for 16 h and quenched by the addition of a sat. 

aq solution of NaHCO3 (20 mL). The organic layer was separated and then the aq layer was further 

extracted with CH2Cl2 (3 × 50 mL). The combined organic extracts were washed with sat. aq NaCl 

(50 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography (20:1 hexanes-ethyl acetate) afforded 267 (2.85 g, 99%) as a colourless oil. 

1H-NMR (400 MHz, CDCl3) δ 7.72–7.68 (4H, m, ArH), 7.46–7.36 (6H, m, ArH), 4.37 –4.29 (1H, 

m, H-3), 4.13-4.01 (2H, m, OCH2CH3), 2.48 (2H, ABX, ΔδAB = 0.16, JAB = 14.6, JAX = 6.8, JBX = 

5.9 Hz, H-2), 1.22 (3H, t, J = 7.1 Hz, OCH2CH3), 1.13 (3H, d, J = 6.1 Hz, H-4), 1.05 (9H, s, t-Bu); 

13C-NMR (100 MHz, CDCl3) δ 171.4 (q, C=O), 135.8 (2 × CH, ArH), 135.8 (2 × CH, ArCH), 

134.3 (q, ArC), 133.9 (q, ArC), 129.6 (CH, ArCH), 129.5 (CH, ArCH), 127.5 (2 × CH, ArCH), 

127.4 (2 × CH, ArCH), 66.9 (CH, C-3), 60.2 (OCH2CH3), 44.7 (CH2, C-2), 26.9 (3 × CH3, t-Bu), 

23.6 (CH3, C-4), 19.2 (q, SiC(CH3)3), 14.1 (CH3, OCH2CH3). 

The spectroscopic data were in agreement with those reported in the literature.123 
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(±)-4-(tert-Butyldiphenylsilyoxy)butanal (269)  

To a stirred solution of ester 267 (2.0 g, 6.75 mmol) in CH2Cl2 (45 mL) at −78 °C was added 

DIBAL-H (1 M in toluene, 7.40 mL, 7.40 mmol) dropwise over 10 min. The reaction mixture was 

stirred at −78 °C for 1 h and quenched by the addition of MeOH (10 mL) then sat. aq sodium 

potassium tartarate (20 mL) and stirred at rt for 2 h. The organic layer was separated and then the 

aq layer was further extracted with CH2Cl2 (3 × 50 mL). The combined organic extracts were 

washed with sat. aq NaCl, dried over Na2SO4 and concentrated in vacuo. to yield a crude pale 

yellow oil (1.6 g). Purification by flash column chromatography on silica (100:1 hexanes-Et2O) 

afforded 269 (1.75 mg, 80%) as a colourless oil.  

1H-NMR (400 MHz, CDCl3) δ 9.77 (1H, dd, J = 2.9, 2.2 Hz, CHO), 7.70–7.67 (4H, m, ArH), 

7.47–7.37 (6H, m, ArH), 4.40–4.32 (1H, m, H-3), 2.51 (2H, ABXY, ΔδAB = 0.06, JAB = 15.8, JAX 

= 6.0, JAY = 2.9, JBX = 5.6, JBY = 2.1 Hz, H-2), 1.19 (3H, d, J = 6.2 Hz, H-4), 1.06 (9H, s, t-Bu); 

13C-NMR (100 MHz, CDCl3) δ 202.0 (CH, CHO), 135.8 (4 × CH, ArH), 134.0 (q, ArC), 133.6 

(q, ArC), 129.8 (CH, ArCH), 129.7 (CH, ArCH), 127.7 (2 × CH, ArCH), 127.6 (2 × CH, ArCH), 

66.7 (CH, C-3), 52.7 (CH2, C-2), 26.9 (3 × CH3, t-Bu), 23.8 (CH3, C-4), 19.1 (q, SiC(CH3)3); 

The spectroscopic data were in agreement with those reported in the literature.123 
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(±)-(syn/anti)-4-Hydroxy-6-(tert-butyldiphenylsilyloxy)-1-(2-(tert-

butyldimethylsilyloxymethyl)-3,5-dimethoxy)phenylhept-2-yne (270a/b) 

To a stirred solution of alkynes 263a/b (1:1 d.r., 60 mg, 0.187 mmol) in THF (2 mL) was added 

EtMgBr (0.070 mL, 0.206 mmol) dropwise and stirred at rt for 1 h. A solution of aldehyde 269 

(122 mg, 0.347 mmol) in THF (1 mL) was added to the Grignard solution and stirred at rt for 1 h. 

The reaction was quenched by the addition of NH4Cl (2 mL) and H2O (1 mL) and extracted with 

Et2O (2 × 5 mL). The combined organic extracts were washed with brine (5 mL), dried over 

Na2SO4, filtered and concentrated in vacuo. Purification by flash column chromatography on silica 

(10:1 PE/EtOAc) afforded 270a/b (102 mg, 89%, 2:1 d..r.) as a colourless oil. 

IR (neat) νmax 3426, 2931, 2857, 1377, 1607, 1463, 1428, 1378, 1256, 1203, 1149, 1051 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 7.74–7.67 (5H, m, Ph), 7.45–7.32 (5H, m, Ph), 6.71* (1H, d, J = 

2.4 Hz, ArH), 6.68 (1H, d, J = 2.4 Hz, ArH), 6.35 (1H, d, J = 2.4 Hz, ArH), 4.75* (2H, s, 

CH2OTBS), 4.74 (2H, s, CH2OTBS), 4.77–4.71* (1H, m, H-4), 4.69–4.65 (1H, m, H-4), 4.30–

4.25* (1H, m, H-6), 4.19–4.10 (1H, m, H-6), 3.80 (3H, s, OCH3), 3.78* (3H, s, OCH3), 3.77* (2H, 

d, J = 2.0 Hz, H-1), 3.76 (3H, s, OCH3), 3.74 (2H, d, J = 2.0 Hz, H-1), 2.10–1.94 (1H, m, H-5a), 

1.90–1.84* (1H, m, H-5a), 1.84–1.78 (1H, m, H-5b), 1.69–1.62* (1H, m, H-5b), 1.06 (3H, m, H-

7), 1.06* (3H, m, H-7), 1.04* (9H, s, t-Bu), 0.89 (9H, s, t-Bu), 0.04 (6H, s, Si(CH3)2); 

13C-NMR (100 MHz, CDCl3) δ 160.0, 158.2, 139.0, 138.9, 135.8, 134.5, 134.2, 134.1, 133.7, 

133.6, 129.8, 129.8, 129.7, 129.5, 127.7, 127.7, 127.6, 127.5, 127.4, 119.4, 105.5, 105.5, 96.8, 

83.5, 83.5, 83.2, 82.6, 68.7, 68.5, 68.1, 66.8, 61.2, 60.0, 60.0, 55.6, 55.5, 55.2, 47.5, 46.0, 40.7, 

27.0, 26.9, 26.9, 26.0, 23.9, 23.1, 23.0, 22.3, 22.3, 19.2, 19.2, 18.4, –5.3; Not possible to assign 

carbon peaks unambiguously for the diastereomeric mixture 

HRMS (ESI+) for C38H54NaO5Si2 [M+Na]+ requires 669.3402, found 669.3412. 

*denotes minor isomer where distinguishable.  
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(±)-3-(Triethylsilyloxy)butanal (264)  

To a stirred solution of (±)-ethyl 3-hydroxybutyrate (167) (5.0 g, 37.8 mmol) in CH2Cl2 (76 mL) 

at 0 °C was sequentially added imidazole (5.15 g, 75.6 mmol) and TESCl (7.6 mL g, 45.4 mmol). 

The reaction mixture was stirred at 0 °C for 30 min then rt for 2 h. The reaction was quenched 

with water (20 mL), the organic layer separated and the aq layer extracted with CH2Cl2 (100 mL). 

The combined organic layers was washed with sat. aq NaCl (50 mL), dried over Na2SO4 and 

concentrated in vacuo. The crude oil was used in the next step without further purification. 

To a stirred solution of crude ester 268 (18.9 mmol) in CH2Cl2 (170 mL) was added DIBAl-H (1 

M in toluene, 21 mL, 21 mmol) at −78 °C dropwise over 1 h. The reaction was quenched with 

MeOH (20 mL) and sat. sodium potassium tartarate (100 mL) and stirred at rt for 16 h. The organic 

layer was separated and then the aq layer was further extracted with CH2Cl2 (100 mL). The 

combined organic layers were washed with sat. aq NaCl (100 mL), dried over Na2SO4 and 

concentrated in vacuo. Purification by flash column chromatography (20:1 pentane/Et2O) afforded 

264 (3.43 g, 90% over 2 steps).as a colourless oil. 

1H-NMR (400 MHz, CDCl3) δ 9.79 (1H, t, J = 2.4 Hz, CHO), 4.39–4.31 (1H, m, H-3), 2.51 (2H, 

ABXY, ΔδAB = 0.09, JAB = 15.8, JAX = 6.8, JAY = 2.7, JBX = 5.2, JBY = 2.1 Hz, H-2), 1.24 (3H, d, J 

= 6.1 Hz, H-4), 0.94 (9H, t, J = 7.9 Hz, 3 × SiCH2CH3), 0.60 (6H, q, J = 7.8 Hz, 3 × SiCH2CH3). 

13C-NMR (100 MHz, CDCl3) δ 202.0 (CHO), 64.3 (CH, C-3), 53.0 (CH2, C-2), 24.2 (CH3, C-4), 

6.73 (CH2, SiCH2CH3), 4.83 (CH3, SiCH2CH3). 

The spectroscopic data were in agreement with those reported in the literature.123 
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(±)-(syn/anti)-4-Hydroxy-6-(triethylsilyloxy)-1-(2-(tert-butyldimethylsilyloxymethyl)-3,5-

dimethoxy)phenylhept-2-yne (272a/b) 

To a stirred solution of alkyne 272a/b (1:1 d.r., 70 mg, 0.219 mmol) in THF (3 mL) was added 

EtMgBr (0.080 mL, 0.241 mmol) dropwise and stirred at rt for 1.5 h. A solution of aldehyde 264 

(133 mg, 0.657 mmol) in THF (0.5 mL) was added to the Grignard solution and stirred at rt for 

5.5 h. The reaction was quenched with NH4Cl (1 mL) and H2O (1 mL) and extracted with Et2O (2 

× 10 mL). The combined organic extracts were washed with sat. aq NaCl (5 mL), dried over 

Na2SO4 and concentrated in vacuo. Purification by flash column chromatography on silica (10:1 

PE/EtOAc) afforded 272a (32 mg, 27%) and 272b (46 mg, 40%) as a yellow oils. 

272a 

IR (neat) νmax 3448, 2879, 1607, 1594, 1463, 1426, 1378, 1323, 1296, 1258, 1202, 1148, 1079, 

1049, 1004 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 6.71 (1H, d, J = 2.4 Hz, ArH), 6.34 (1H, d, J = 2.4 Hz, ArH), 4.74 

(2H, s, CH2OTBS), 4.68–4.64 (1H, m, H-4), 4.35–4.28 (1H, m, H-6), 3.81 (3H, s, OCH3), 3.78 

(1H, s, OCH3), 3.76 (2H, d, J = 2.0 Hz, H-1), 3.48 (1H, br d, J = 5.5 Hz, OH), 1.86–1.83 (2H, m, 

H-5), 1.22 (3H, d, J = 6.2 Hz, H-7), 0.96 (9H, t, J = 8.0 Hz, 3 × SiCH2CH3), 0.87 (9H, s, t-Bu), 

0.62 (6H, q, J = 8.0 Hz, 3 × SiCH2CH3), 0.03 (6H, s, (CH3)3) 

13C-NMR (100 MHz, CDCl3) δ 160.0 (q, ArC), 158.2 (q, ArC), 139.1 (q, ArC), 119.4 (q, ArC), 

105.6 (CH, ArCH), 96.8 (CH, ArCH), 83.5 (q, C-3), 82.6 (q, C-2), 66.9 (CH, C-6), 60.5 (CH, C-

4), 55.6 (CH3, OCH3), 55.5 (CH2, ArCH2OTBS), 55.2 (CH3, OCH3), 45.4 (CH2, C-5), 25.9 (3 × 

CH3, t-Bu), 23.5 (CH3, C-7), 22.3 (CH2, C-1), 18.3 (CH3, SiC(CH3)3), 6.7 (CH3, SiCH2CH3), 5.0 

(CH2, SiCH2CH3), –5.3 (2 × CH3, Si(CH3)2); 

HRMS (ESI+) for C28H50NaO5Si2 [M+Na]+ requires 545.3089, found 545.3083. 
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272b 

IR (neat) νmax 3429, 2954, 2878, 1607, 1463, 1427, 1377, 1323, 1296, 1253, 1202, 1148, 1080, 

1050, 1004 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 6.71 (1H, d, J = 2.4 Hz, ArH), 6.34 (1H, d, J = 2.4 Hz, ArH), 4.74 

(2H, s, CH2OTBS), 4.61–4.57 (1H, m, H-4), 4.13–4.05 (1H, m, H-6), 3.81 (3H, s, OCH3), 3.78 

(1H, s, OCH3), 3.77 (2H, d, J = 2.0 Hz, H-1), 2.89 (1H, br s, OH), 1.97–1.76 (2H, m, H-5), 1.21 

(3H, d, J = 6.2 Hz, H-7), 0.95 (9H, t, J = 8.0 Hz, 3 × SiCH2CH3), 0.87 (9H, s, t-Bu), 0.61 (6H, q, 

J = 8.0 Hz, 3 × SiCH2CH3), 0.03 (6H, s, (CH3)3) 

13C-NMR (100 MHz, CDCl3) δ 160.0 (q, ArC), 158.2 (q, ArC), 139.0 (q, ArC), 119.4 (q, ArC), 

105.6 (CH, ArCH), 96.8 (CH, ArCH), 83.3 (q, C-2 or C-3), 83.0 (q, C-2 or C-3), 67.8 (CH, C-6), 

61.7 (CH, C-4), 55.6 (CH3, OCH3), 55.5 (CH2, ArCH2OTBS), 55.2 (CH3, OCH3), 47.2 (CH2, C-

5), 25.9 (3 × CH3, t-Bu), 24.3 (CH3, C-7), 22.3 (CH2, C-1), 18.3 (CH3, SiC(CH3)3), 6.8 (CH3, 

SiCH2CH3), 5.0 (CH2, SiCH2CH3), –5.3 (2 × CH3, Si(CH3)2); 

HRMS (ESI+) for C28H50NaO5Si2 [M+Na]+ requires 545.3089, found 545.3098. 
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(±)-(syn/anti)-4-Benzoyloxy-6-(triethylsilyloxy)-1-(2-(tert-butyldimethylsilyloxymethyl)-3,5-

dimethoxy)phenylhept-2-yne (262a/b) 

To a stirred solution of propargyl alcohol 272a or 272b (50 mg, 0.096 mmol) in dichloromethane 

(0.5 mL) at 0 °C was sequentially added diisopropylamine (0.013 mL, 0.115 mmol), 

N,N-dimethylaminopyridine (1.22 mg, 0.0096 mmol) and benzoyl chloride (0.033 mL, 0.191 

mmol). The reaction mixture was stirred at 0 °C for 30 min, then at rt for 18 h. The reaction was 

quenched by the addition of aq citric acid (0.5 M, 2 mL) and extracted with dichloromethane (2 × 

10 mL). The combined organic extracts were washed with aq citric acid (0.5 M, 10 mL) and sat. 

aq NaCl (10 mL), dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography on silica (20:1 PE/Et2O) afforded 262a (36 mg, 60%) or 262b (53 mg, 88%) as a 

yellow oil. 

262a 

IR (neat) νmax 2955, 2877, 1789, 1724, 1603, 1452, 1270, 1211, 1148, 1039, 1014, 996 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 8.07–8.05 (2H, m, Bz), 7.58–7.54 (1H, m, Bz), 7.45–7.42 (2H, m, 

Bz), 6.75 (1H, d, J = 2.4 Hz, ArH), 6.32 (1H, d, J = 2.4 Hz, ArH), 5.70–5.65 (1H, m, H-4), 4.72 

(2H, s, CH2OTBS), 4.09–4.01 (1H, m, H-6), 3.78 (2H, d, J = 2.0 Hz, H-1), 3.77 (3H, s, OCH3), 

3.75 (1H, s, OCH3), 2.16–2.02 (2H, m, H-5), 1.24 (3H, d, J = 6.1 Hz, H-7), 0.90 (9H, t, J = 8.0 

Hz, 3 × SiCH2CH3), 0.86 (9H, s, t-Bu), 0.53 (6H, q, J = 8.0 Hz, 3 × SiCH2CH3), 0.01 (6H, s, 

Si(CH3)3) 

13C-NMR (100 MHz, CDCl3) δ 165.4 (q, C=O), 162.3 (q, ArC), 160.0 (q, ArC), 158.1 (q, ArC), 

138.7 (q, ArC), 132.9 (CH, Bz), 129.6 (2 × CH, Bz), 128.3 (2 × CH, Bz), 119.3 (q, ArC), 105.0 

(CH, ArCH), 97.1 (CH, ArCH), 83.7 (q, C-2), 80.6 (q, C-3), 64.6 (CH, C-6), 62.4 (CH, C-4), 55.5 

(CH3, OCH3), 55.5 (CH2, ArCH2OTBS), 55.2 (CH3, OCH3), 45.2 (CH2, C-5), 25.9 (3 × CH3, t-

Bu), 24.1 (CH3, C-7), 22.3 (CH2, C-1), 18.3 (CH3, SiC(CH3)3), 6.8 (CH3, SiCH2CH3), 4.9 (CH2, 

SiCH2CH3), –5.4 (2 × CH3, Si(CH3)2); 
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HRMS (ESI+) for C35H54NaO6Si2 [M+Na]+ requires 649.3351, found 649.3346. 

262b 

IR (neat) νmax 2955, 2878, 1789, 1722, 1602, 1452, 1263, 1210, 1148, 1038, 1014, 996 cm-1. 

1H-NMR (400 MHz, CDCl3) δ 8.07–8.05 (2H, m, Bz), 7.58–7.54 (1H, m, Bz), 7.45–7.42 (2H, m, 

Bz), 6.75 (1H, d, J = 2.4 Hz, ArH), 6.33 (1H, d, J = 2.4 Hz, ArH), 5.80–5.75 (1H, m, H-4), 4.74 

(2H, s, CH2OTBS), 4.17–4.09 (1H, m, H-6), 3.80 (2H, d, J = 2.0 Hz, H-1), 3.77 (3H, s, OCH3), 

3.76 (1H, s, OCH3), 2.17–1.96 (2H, m, H-5), 1.25 (3H, d, J = 6.1 Hz, H-7), 0.97 (9H, t, J = 8.0 

Hz, 3 × SiCH2CH3), 0.87 (9H, s, t-Bu), 0.61 (6H, q, J = 8.0 Hz, 3 × SiCH2CH3), 0.02 (6H, s, 

Si(CH3)3) 

13C-NMR (100 MHz, CDCl3) δ 165.4 (q, C=O), 162.3 (q, ArC), 160.0 (q, ArC), 158.1 (q, ArC), 

138.6 (q, ArC), 133.0 (CH, Bz), 130.7 (2 × CH, Bz), 128.3 (2 × CH, Bz), 119.4 (q, ArC), 105.0 

(CH, ArCH), 97.1 (CH, ArCH), 84.3 (q, C-2), 80.3 (q, C-3), 65.3 (CH, C-6), 63.3 (CH, C-4), 55.5 

(CH3, OCH3), 55.5 (CH2, ArCH2OTBS), 55.1 (CH3, OCH3), 44.9 (CH2, C-5), 25.9 (3 × CH3, t-

Bu), 24.1 (CH3, C-7), 22.3 (CH2, C-1), 18.3 (CH3, SiC(CH3)3), 6.8 (CH3, SiCH2CH3), 4.9 (CH2, 

SiCH2CH3), –5.4 (2 × CH3, Si(CH3)2); 

HRMS (ESI+) for C35H54NaO6Si2 [M+Na]+ requires 649.3351, found 649.3336. 

  



Chapter Six 

238 

 

(±)-(syn/anti)-4-Benzoyloxy-6-hydroxy-1-(2-(hydroxymethyl)-3,5-dimethoxy)phenylhept-2-

yne (260a/b) 

To a stirred solution of 262a/b (26 mg, 0.042 mmol) in THF/H2O (5:1, 0.6 mL) was added PTSA 

(1.6 mg, 0.0083 mmol). The reaction mixture was stirred at 40 °C for 1.5 h, diluted with H2O (5 

mL) and extracted with EtOAc (2 × 10 mL). The combined organic extracts were washed with sat. 

aq NaCl, dried over Na2SO4 and concentrated in vacuo. Purification by flash column 

chromatography (2:1 PE/EtOAc) afforded 260a or 260b (13 mg, 79%) as a colourless oil. 

260a 

IR (neat) νmax 3421, 2967, 2933, 1720, 1604, 1452, 1316, 1269, 1201, 1147, 1093, 1069, 1026 cm-

1. 

1H-NMR (400 MHz, CDCl3) δ 8.06–8.04 (2H, m, Bz), 7.60–7.55 (1H, m, Bz), 7.46–7.42 (2H, m, 

Bz), 6.58 (1H, d, J = 2.4 Hz, ArH), 6.39 (1H, d, J = 2.4 Hz, ArH), 5.88–5.84 (1H, m, H-4), 4.70 

(2H, s, CH2OH), 4.97–3.92 (1H, m, H-6), 3.83 (3H, s, OCH3), 3.78 (3H, s, OCH3), 3.70 (2H, d, J 

= 2.0 Hz, H-1), 2.11–1.96 (2H, m, H-5), 1.23 (3H, d, J = 6.2 Hz, H-7); 

13C-NMR (100 MHz, CDCl3) δ 166.4 (q, C=O), 160.3 (q, ArC), 159.3 (q, ArC), 137.1 (q, ArC), 

129.8 (CH, Bz), 129.6 (2  CH, Bz), 128.4 (2  CH, Bz), 119.6 (q, ArC), 105.4 (CH, ArCH), 97.4 

(CH, ArCH), 84.3 (q, C-2), 80.0 (q, C-3), 63.9 (CH2, C-6), 62.7 (CH, C-4), 56.4 (CH2, CH2OH), 

55.6 (CH3, OCH3), 55.3 (CH3, OCH3), 44.8 (CH2, C-5), 23.2 (CH3, C-7), 23.1 (CH2, C-1); 

HRMS (ESI+) for C23H26NaO6 [M+Na]+ requires 421.1622, found 421.1620. 
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260b 

IR (neat) νmax 3428, 2967, 2937, 1720, 1592, 1452, 1317, 1264, 1202, 1147, 1070, 1026 cm-1. 

1H-NMR (500 MHz, CDCl3) δ 8.06–8.04 (2H, m, Bz), 7.58–7.55 (1H, m, Bz), 7.45–7.42 (2H, m, 

Bz), 6.55 (1H, d, J = 2.4 Hz, ArH), 6.38 (1H, d, J = 2.4 Hz, ArH), 5.84–5.80 (1H, m, H-4), 4.73–

4.68 (2H, m, CH2OH), 4.19–4.13 (1H, m, H-6), 3.83 (3H, s, OCH3), 3.78 (3H, s, OCH3), 3.68 (2H, 

d, J = 2.0 Hz, H-1), 2.11–1.98 (2H, m, H-5), 1.26 (3H, d, J = 6.2 Hz, H-7); 

13C-NMR (125 MHz, CDCl3) δ 165.5 (q, C=O), 160.3 (q, ArC), 159.4 (q, ArC), 137.0 (q, ArC), 

133.2 (CH, Bz), 129.9 (2  CH, Bz), 128.4 (2  CH, Bz), 119.6 (q, ArC), 105.5 (CH, ArCH), 97.5 

(CH, ArCH) 84.7 (q, C-2), 79.9 (q, C-3), 64.5 (CH2, C-6), 63.2 (CH, C-4), 56.6 (CH2, CH2OH), 

55.7 (CH3, OCH3), 55.3 (CH3, OCH3), 43.7 (CH2, C-5), 23.8 (CH3, C-7), 23.4 (CH2, C-1); 

HRMS (ESI+) for C23H26NaO6 [M+Na]+ requires 421.1622, found 421.1616. 
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A. NMR Spectra of First Generation Compounds 

2-Bromo-4,6-dimethoxybenzaldehyde (163)  
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Methyl 2-bromo-4,6-dimethoxybenzoate (161) 
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(S)-Ethyl 3-(ethoxymethoxy)butanoate (169) 
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(S)-3-(Ethoxymethoxy)butanal (170) 
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(±)-(syn/anti)-6-(Ethoxymethoxy)hept-1-yn-4-ol (173a/b) 
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(±)-Ethyl 3-(p-methoxybenzyloxy)butanoate (176) 
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(±)-3-(p-Methoxybenzyloxy)butanal (174) 
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(±)-(syn/anti)-(p-Methoxybenzyloxy)hept-1-yn-4-ol (175a/b) 
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(±)-6-(Ethoxymethoxy)-hepta-1,2-dien-4-one (180) 
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(4S,6S)-4-Benzyloxy-6-(ethoxymethoxy)hept-1-yne (183) 
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(4R,6S)-4-Benzyloxy-6-(ethoxymethoxy)hept-1-yne (183b) 
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(2S,4S)-4-(Benzyloxy)hept-6-yn-2-ol (184) 
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(2S,4S)-Heptane-2,4-diol (185) 

 

  

 



Appendix 

256 

(±)-(syn/anti)-6-(Ethoxymethoxy)-1-(3,5-dimethoxy-2-(methylcarboxy)phenyl)hept-1-yn-4-

ol (181a/b) 
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(±)-(syn/anti)-4-Benzyloxy-6-(ethoxymethoxy)-1-(3,5-dimethoxy-2-

(methylcarboxy)phenyl)hept-1-yne (182a/b)  
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(2S,4S)-4-(Benzyloxy)-7-(3,5-dimethoxy-2-(methylcarboxy)phenyl)hept-6-yn-2-ol (185) 
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(2S,4S)-4-(Benzyloxy)-7-(3,5-dimethoxy-2-(carboxy)phenyl)hept-6-yn-2-ol (186) 
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(±)-(syn/anti)-3-(3-(Benzyloxy)-5-hydroxyhexylidene)-5,7-dimethoxy-3H-2-benzofuran-1-

one (187a/b) 
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(±)-6-(3,5-Dimethoxy-2-(methylcarboxy)benzylidene)-2-methyl-3,6-dihydro-2H-pyran (190) 
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3-((2R,4S)-2-(Benzyloxy)-4-hydroxypentyl)-6,8-dimethoxy-1H-isochromen-1-one (191) 

  

 



NMR Spectra of First Generation Compounds 

263 

(±)-3-(2-Hydroxy-4-hydroxypentyl)-6,8-dimethoxyisochroman-1-one (192a/b) 
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(±)-3-(2-Hydroxy-4-hydroxypentyl)-7-iodo-6,8-dimethoxyisochroman-1-one (193) 
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(2ʹS,4ʹR,6ʹS)-Spiro[6,8-dimethoxyisochroman-1-one-3,6ʹ-2ʹ-methyloxan-4ʹ-ol] (188a)
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(2ʹS,4ʹS,6ʹS)-Spiro[6,8-dimethoxyisochroman-1-one-3,6ʹ-2ʹ-methyloxan-4ʹ-ol] (188b)
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(2ʹS,4ʹR,6ʹR)-Spiro[6,8-dimethoxyisochroman-1-one-3,6ʹ-2ʹ-methyloxan-4ʹ-ol] (188c) 
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Spiro[6,8-dimethoxyisochromanan-1-one-3,6ʹ-4ʹ-ethoxy-2ʹ-methyloxane] (40Et) 
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Citreoviranol:  

(2ʹS,4ʹR6ʹS)-Spiro[6,8-dimethoxyisochroman-1-one-3,6ʹ-2ʹ-methyloxan-4ʹ-ol] (1) 
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B. Crystal Structural Data for Citreoviranol (1) 

General Information: X-ray crystallographic data were collected from a single crystal sample, 

which was mounted on a loop fiber. Data were collected using a Bruker AXS Smart diffractometer 

equipped with a APEX II CCD Detector and a Kappa goniometer. The crystal-to-detector distance 

was 5.9 cm, and the data collection was carried out in 1024 x 1024 pixel mode. Single crystals 

were kept at 99 K during data collection. Using WInGX v1.80.03 software the structure was solved 

with the SHELXS-97 structure solution with Direct Methods and refined with the SHELXL-97 

refinement using Least Squares minimization. The SADABS program was used for Absorption 

Correction. 

Table S1. Crystal data and structure refinement for citreoviranol (1) 

Identification code compound 1 

Empirical formula C15H18O6 

Formula weight 294.11 

Temperature 372(2) K 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P1 

Unit cell dimensions a = 7.1669(4) Å; α = 94.992(4) °. 

 b = 7.6027(4) Å; β = 92.691(4) °. 

 c = 13.8637(8) Å γ = 93.826(4) °. 

Volume 749.80(7) Å3 

Z 4 

Calculated density 1.374 Mg/m3 

Absorption coefficient 0.110 mm-1 

F(000) 328 

Crystal size 0.36 x 0.10 x 0.10 mm 

Theta range for data collection 2.70 to 21.04 °. 

Limiting indices -7<=h<=7, -7<=k<=7, -13<=l<=13 

Reflections collected 8471 

Independent reflections 3173 [R(int) = 0.0627] 

Completeness to theta = 21.04 99.1 % 



Crystal Structural Data for Citreoviranol (1) 

271 

Max. and min. transmission 0.9891 and 0.9616 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3173 / 3 / 406 

Goodness-of-fit on F^2 1.024 

Final R indices [I>2sigma(I)] R1 = 0.0504, wR2 = 0.1203 

R indices (all data) R1 = 0.0614, wR2 = 0.1279 

Absolute structure parameter 1.3(15) 

Extinction coefficient 0.000(3) 

Largest diff. peak and hole 0.314 and -0.174 e.Å-3 

 

 

Figure S1. ORTEP drawing of citreoviranol (1) showing thermal ellipsoids at the 50% 

probability level. 
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C. HPLC Traces for Citreoviranol (1) 

Chiral HPLC trace of racemic citreoviranol (1) 

 

CHIRAPAK IC column.  

Eluent: 70:30 hexanes/i-PrOH. Flow rate: 0.5 mL/min. UV detection: 254 nm 
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Chiral HPLC trace of chiral citreoviranol (1) 

 

CHIRAPAK IC column.  

Eluent: 70:30 hexanes/i-PrOH. Flow rate: 0.5 mL/min. UV detection: 254 nm 
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D. NMR Spectra for Second Generation Compounds 

3,5-Dimethoxy-(2-hydroxymethyl)bromobenzene (198)  
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3,5-Dimethoxy-(2-tert-butyldimethylsilyoxymethyl)bromobenzene (201) 
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3,5-Dimethoxy-(2-tert-butyldimethylsilyoxymethyl)bromobenzene (202)  
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(±)-(syn/anti)-4-Benzyloxy-6-acetoxyhept-1-yne (206a/b) 

  

 



Appendix 

278 

4,11-bis(Benzyloxy)tetradeca-6,8-diyne-2,13-diol (60-homoa/b) 
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(±)-(syn/anti)-(Benzyloxy)-7-(3,5-dimethoxy-2-(hydroxymethyl)phenyl)hept-6-yn-2-ol 

(197a/b) 
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(±)-(syn/anti)-4-Benzyloxy-7-(3,5-dimethoxy-2-formylphenyl)hept-6-yn-2-ol (199a/b)  
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(±)-(syn/anti)-4-(Benzyloxy)-7-(3,5-dimethoxy-2-(tert-butylsilyoxymethyl)phenyl)hept-6-yn-

2-ol (203a/b) 
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(±)-(syn/anti)-4-Benzyloxy-1-(3,5-dimethoxy-2-(acetoxymethyl)lphenyl)hept-1-yn-2-ol 

(204a/b)  
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(±)-(syn/anti)-4-Benzyloxy-6-(ethoxymethoxy)-1-(3,5-dimethoxy-2-

(hydroxymethyl)phenyl)hept-1-yne (205a/b) 
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(±)-(syn/anti)-6-Acetoxy-4-benzyloxy-1-(3,5-dimethoxy-2-(hydroxymethyl)lphenyl)hept-1-

yne (207a/b)  
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(±)-Spiro[5,7-dimethoxy-1H-isobenzofuran-3,7ʹ-4ʹ-benzyloxy-2ʹ-methyloxepane] (208a/b) 
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(±)-Spiro[6,8-dimethoxyisochroman-3,6ʹ-4ʹ-benzyloxy-2ʹ-methyloxan-4ʹ-ol] (209) 
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E. NMR Spectra for Third Generation Compounds 

3,5-Dimethoxy-(2-ethoxymethoxymethyl)bromobenzene (222)  
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3,5-Dimethoxy-(2-ethoxymethoxymethyl)benzene (225)  
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1,6-bis(Trimethylsilyl)hexa-1,5-diyne (226) 
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1,2-Dimethoxybenzene (229) 
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1-(Hydroxymethyl)-3,5-dimethoxybenzene (232) 
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1-(Chloromethyl)-2-((ethoxymethoxy)methyl)-3,5-dimethoxybenzene (230)  
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1-(Bromomethyl)-2-((ethoxymethoxy)methyl)-3,5-dimethoxybenzene (235) 
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1-(Hydroxymethyl)-3,5-dimethoxybenzene (237)  
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5,7-Dimethoxyisobenzofuran-1(3H)-one (239)  

 

 

  

Me2NH 

Me2NH 



Appendix 

296 

3-(2-(Methylcarboxy)-3,5-dimethoxy)phenyl-1-(trimethylsilyl)-prop-1-yne (238) 
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(±)-3,5-anti-5-(Ethoxymethoxy)hex-1-yn-3-ol (250a) 
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(±)-3,5-syn-5-(Ethoxymethoxy)hex-1-yn-3-ol (250b) 
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(±)-2,4-anti-Hex-5-yne-2,4-diol (251a) 
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(±)-2,4-syn-Hex-5-yne-2,4-diol (251b) 
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(±)-3,5-anti-3-Benzyloxy-5-(ethoxymethoxy)hex-1-yn-3-ol (252a) 
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3,5-syn-3-Benzyloxy-5-(ethoxymethoxy)hex-1-yn-3-ol (252b) 
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(±)-(syn/anti)-4-(Benzyloxy)-6-(ethoxymethoxy)-1-(3,5-dimethoxy-2-

(methylcarboxy)phenyl)hept-2-yne (253a/b) 
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(±)-4-(Benzyloxy)-6-(ethoxymethoxy)-1-(3,5-dimethoxy-2-(methylcarboxy)phenyl)hept-1,2-

diene (254a/b/c/d) 
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(±)-(syn/anti)-4-(Benzyloxy)-2-hydroxy-7-(3,5-dimethoxy-2-(methylcarboxy)phenyl)hept-5-

yne (255a/b) 
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(±)-(syn/anti)-4-(Benzyloxy)-2-hydroxy-7-(3,5-dimethoxy-2-(hydroxymethyl)phenyl)hept-5-

yne (220a/b) 
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Spiro[6,8-dimethoxyisochroman-3,6-2-methyl-3,6-dihydro-2H-pyran] (257) and 

Spiro[7,9-(dimethoxy)-1,3,4,5-tetrahydrobenzo[c]oxepine-3,5ʹ-4ʹ-benzyloxy-2ʹ-

methyldihydrofuran] (256) 
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3-(2-(Methylcarboxy)-3,5-dimethoxy)phenylprop-1-yne (265) 
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3-(2-(tert-Butyldimethylsilyloxymethyl)-3,5-dimethoxy)phenylprop-1-yne (263)  
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(±)-Ethyl 3-(tert-butyldiphenylsilyoxy)butanoate (267) 
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(±)-4-(tert-Butyldiphenylsilyoxy)butanal (269) 
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(±)-(syn/anti)-4-Hydroxy-6-(tert-butyldiphenylsilyloxy)-1-(2-(tert-

butyldimethylsilyloxymethyl)-3,5-dimethoxy)phenylhept-2-yne (270a/b) 
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(±)-3-(Triethylsilyloxy)butanal (264)  
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(±)-(syn/anti)-4-Hydroxy-6-(triethylsilyloxy)-1-(2-(tert-butyldimethylsilyloxymethyl)-3,5-

dimethoxy)phenylhept-2-yne (272a)  
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(±)-(syn/anti)-4-Hydroxy-6-(triethylsilyloxy)-1-(2-(tert-butyldimethylsilyloxymethyl)-3,5-

dimethoxy)phenylhept-2-yne (272b) 
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(±)-(syn/anti)-4-Benzoyloxy-6-(triethylsilyloxy)-1-(2-(tert-butyldimethylsilyloxymethyl)-3,5-

dimethoxy)phenylhept-2-yne (262a) 
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(±)-(syn/anti)-4-Benzoyloxy-6-(triethylsilyloxy)-1-(2-(tert-butyldimethylsilyloxymethyl)-3,5-

dimethoxy)phenylhept-2-yne (262b) 
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(±)-(syn/anti)-4-Benzoyloxy-6-hydroxy-1-(2-(hydroxymethyl)-3,5-dimethoxy)phenylhept-2-

yne (260a) 
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(±)-(syn/anti)-4-Benzoyloxy-6-hydroxy-1-(2-(hydroxymethyl)-3,5-dimethoxy)phenylhept-2-

yne (260b) 
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Echavarren, A. M. Chem. Rev. 2008, 108, 3326; (k) Li, Z.; Brouwer, C.; He, C. Chem. Rev. 2008, 

108, 3239; (l) Widenhoefer, R. A. Chem. Eur. J. 2008, 14, 5382; (m) Hashmi, A. S. K. Angew. 

Chem., Int. Ed. 2010, 49, 5232; (n) Hashmi, A. S. K.; Hubbert, C. Angew. Chem., Int. Ed. 2010, 

49, 1010; (o) Hashmi, A. S. K.; Buehrle, M. Aldrichimica Acta 2010, 43, 27; (p) He Huang, Y. Z. 

a. H. L. Beilstein J. Org. Chem 2011, 7, 897; (q) Pradal, A.; Toullec, P. Y.; Michelet, V. Synthesis 

2011, 42, 1501; (r) Rudolph, M.; Hashmi, A. S. K. Chem. Soc. Rev. 2012, 41, 2448; (s) Braun, I.; 

Asiri, A. M.; Hashmi, A. S. K. ACS Catalysis 2013, 3, 1902; (t) Hashmi, A. S. K.; Hutchings, G. 

J. Catal. Sci. Tech. 2013, 3, 2861; (u) Hashmi, A. S. K. Accounts Chem. Res. 2014, 47, 864; (v) 

Dorel, R.; Echavarren, A. M. Chem. Rev. 2015, 115, 9028; (w) Lo, V. K.-Y.; Chan, A. O.-Y.; Che, 

C.-M. Org. Biomol. Chem. 2015, 13, 6667; (x) Ranieri, B.; Escofet, I.; Echavarren, A. M. Org. 

Biomol. Chem. 2015, 13, 7103; (y) Pflasterer, D.; Hashmi, A. S. K. Chem. Soc. Rev. 2016, 45, 

1331; (z) Zi, W.; Toste, D. F. Chem. Soc. Rev. 2016, 45, 4567. 

(56) Arcadi, A.; Giuseppe, S. D. Curr. Org. Chem. 2004, 8, 795. 

(57) Gaydou, M.; M. Echavarren, A. In Encyclopedia of Reagents for Organic Synthesis; John 

Wiley & Sons, Ltd: 2001. 

(58) Fürstner, A.; Davies, P. W. Angew. Chem., Int. Ed. 2007, 46, 3410. 

(59) Trost, B. M.; O’Boyle, B. M.; Hund, D. J. Am. Chem. Soc. 2009, 131, 15061. 

(60) Riediker, M.; Schwartz, J. J. Am. Chem. Soc. 1982, 104, 5842. 

(61) Norman, R. O. C.; Parr, W. J. E.; Thomas, C. B. J. Chem. Soc., Perkin Trans. 1 1976, 1983. 

(62) Dyker, G. Angew. Chem., Int. Ed. 2000, 39, 4237. 

(63) Liu, B.; De Brabander, J. K. Org. Lett. 2006, 8, 4907. 

(64) Li, Y.; Zhou, F.; Forsyth, C. J. Angew. Chem., Int. Ed. 2007, 46, 279. 

(65) Fang, C.; Pang, Y.; Forsyth, C. J. Org. Lett. 2010, 12, 4528. 

(66) Fortner, K. C.; Kato, D.; Tanaka, Y.; Shair, M. D. J. Am. Chem. Soc. 2010, 132, 275. 

(67) Tlais, S. F.; Dudley, G. B. Org. Lett. 2010, 12, 4698. 

(68) Benson, S.; Collin, M.-P.; Arlt, A.; Gabor, B.; Goddard, R.; Fürstner, A. Angew. Chem., 

Int. Ed. 2011, 50, 8739. 

(69) Das, S.; Induvadana, B.; Ramana, C. V. Tetrahedron 2013, 69, 1881. 

(70) Panda, B.; Sarkar, T. K. J. Org. Chem. 2013, 78, 2413. 

(71) Newton, S.; Carter, C. F.; Pearson, C. M.; de C. Alves, L.; Lange, H.; Thansandote, P.; 

Ley, S. V. Angew. Chem., Int. Ed. 2014, 53, 4915. 



References 

326 

(72) Kona, C. N.; Ramana, C. V. Tetrahedron 2014, 70, 3653. 

(73) Sokolsky, A.; Cattoen, M.; Smith, A. B. Org. Lett. 2015, 17, 1898. 

(74) Paioti, P. H. S.; Ketcham, J. M.; Aponick, A. Org. Lett. 2014, 16, 5320. 

(75) Evans, D. A.; Dart, M. J.; Duffy, J. L.; Yang, M. G. J. Am. Chem. Soc. 1996, 118, 4322. 

(76) Koch, K.; Podlech, J.; Pfeiffer, E.; Metzler, M. J. Org. Chem. 2005, 70, 3275. 

(77) (a) Caruso, T.; Spinella, A. Tetrahedron 2003, 59, 7787; (b) Clayden, J., Greeves, N.; 

Warren, S. Organic Chemistry; 1st ed.; Oxford University Press, 2001. 

(78) (a) Negishi, E.; Valente, L. F.; Kobayashi, M. J. Am. Chem. Soc. 1980, 102, 3298; (b) 

Evans, D. A.; Chapman, K. T. Tetrahedron Lett. 1986, 27, 5939; (c) Evans, D. A.; Chapman, K. 

T.; Carreira, E. M. J. Am. Chem. Soc. 1988, 110, 3560. 

(79) Bode, S. E.; Wolberg, M.; Müller, M. Synthesis 2006, 2006, 557. 

(80) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975, 16, 4467. 

(81) Wang, C.; Sperry, J. Org. Lett. 2011, 13, 6444. 

(82) Atkinson, D. J.; Furkert, D. P.; Brimble, M. A. Tetrahedron 2015, 71, 91. 

(83) Chinchilla, R.; Najera, C. Chem. Soc. Rev. 2011, 40, 5084. 

(84) Roche, C.; Labeeuw, O.; Haddad, M.; Ayad, T.; Genet, J.-P.; Ratovelomanana-Vidal, V.; 

Phansavath, P. Eur. J. Org. Chem. 2009, 2009, 3977. 

(85) Wang, W.; Hammond, G. B.; Xu, B. J. Am. Chem. Soc. 2012, 134, 5697. 

(86) Quach, R.; Furkert, D. P.; Brimble, M. A. Tetrahedron Lett. 2013, 54, 5865. 

(87) Sashida, H.; Kawamukai, A. Synthesis 1999, 1999, 1145. 

(88) Marchal, E.; Uriac, P.; Legouin, B.; Toupet, L.; Weghe, P. v. d. Tetrahedron 2007, 63, 

9979. 

(89) Mićović, V. M.; Stojčić, S.; Bralović, M.; Mladenović, S.; Jeremić, D.; Stefanović, M. 

Tetrahedron 1969, 25, 985. 

(90) Francisco, C. G.; Freire, R.; Hernández, R.; Medina, M. C.; Suárez, E. Tetrahedron Lett. 

1983, 24, 4621. 

(91) Dorigo, A. E.; Houk, K. N. J. Org. Chem. 1988, 53, 1650. 

(92) (a) Brimble, M. A.; Caprio, V.; Johnston, A. D.; Sidford, M. Synthesis 2001, 2001, 0855; 

(b) Chorley, D. F.; Chen, J. L.-Y.; Furkert, D. P.; Sperry, J.; Brimble, M. A. Synlett 2012, 2012, 

128. 

(93) Jay-Smith, M.; Furkert, D. P.; Sperry, J.; Brimble, M. A. Synlett 2011, 1395. 

(94) (a) Brimble, M. A.; Haym, I.; Sperry, J.; Furkert, D. P. Org. Lett. 2012, 14, 5820; (b) Zhou, 

J.; Snider, B. B. Org. Lett. 2007, 9, 2071. 

(95) See appendices for crystallographic data in CIF format for 1. 

(96) Snyder, S. A.; Sherwood, T. C.; Ross, A. G. Angew Chem., Int. Ed. 2010, 49, 5146. 

(97) Thorand, S.; Krause, N. J. Org. Chem. 1998, 63, 8551. 

(98) (a) Zhu, J.; Germain, A. R.; Porco, J. A. Angew. Chem. 2004, 116, 1259; (b) Goddard, M.-

L.; Tabacchi, R. Tetrahedron Lett. 2006, 47, 909. 

(99) Wei, W.-G.; Zhang, Y.-X.; Yao, Z.-J. Tetrahedron 2005, 61, 11882. 

(100) Ravindar, K.; Sridhar Reddy, M.; Deslongchamps, P. Org. Lett. 2011, 13, 3178. 

(101) Feng, W.; Yang, J.-S. J. Asian Nat. Prod. Res. 2015, 17, 1065. 

(102) (a) Han, J.; Li, L.; Zhong, J.; Tohtaton, Z.; Ren, Q.; Han, L.; Huang, X.; Yuan, T. 

Phytochemistry 2016, 130, 193; (b) Kwon, J.; Lee, H.; Yoon, Y. D.; Hwang, B. Y.; Guo, Y.; Kang, 

J. S.; Kim, J.-J.; Lee, D. J. Nat. Prod. 2016, 79, 1689. 

(103) Jeong, J.; Ray, D.; Oh, C. H. Synlett 2012, 23, 897. 

(104) Negishi, E.-i.  https://www.nobelprize.org/nobel_prizes/chemistry/laureates/2010/negishi-

lecture.html#.WFmXdozetmI.gmail, 2010. 



References 

327 

(105) Johansson Seechurn, C. C. C.; Kitching, M. O.; Colacot, T. J.; Snieckus, V. Angew. Chem., 

Int. Ed. 2012, 51, 5062. 

(106) Cárdenas, D. J. Angew. Chem., Int. Ed. 2003, 42, 384. 

(107) Dewanji, A.; Mück-Lichtenfeld, C.; Studer, A. Angew. Chem., Int. Ed. 2016, 55, 6749. 

(108) Garbaccio, R. M.; Danishefsky, S. J. Org. Lett. 2000, 2, 3127. 

(109) Davies, K. A.; Abel, R. C.; Wulff, J. E. J. Org. Chem. 2009, 74, 3997. 

(110) Guérinot, A.; Reymond, S.; Cossy, J. Angew. Chem., Int. Ed. 2007, 46, 6521. 

(111) Lee, Y.; Fujiwara, Y.; Ujita, K.; Nagatomo, M.; Ohta, H.; Shimizu, I. Bull. Chem. Soc. Jpn 

2001, 74, 1437. 

(112) (a) Chen, X.; Engle, K. M.; Wang, D.-H.; Yu, J.-Q. Angew. Chem., Int. Ed. 2009, 48, 5094; 

(b) Luh, T.-Y.; Leung, M.-k.; Wong, K.-T. Chem. Rev. 2000, 100, 3187. 

(113) Negishi, E.-i.; Matsushita, H.; Kobayashi, M.; Rand, C. L. Tetrahedron Lett. 1983, 24, 

3823. 

(114) Storch, J.; Bernard, M.; Sýkora, J.; Karban, J.; Čermák, J. Eur. J. Org. Chem. 2013, 2013, 

260. 

(115) (a) Ma, S.; Zhang, A. J. Org. Chem. 1998, 63, 9601; (b) Ma, S.; Zhang, A. J. Org. Chem. 

2002, 67, 2287. 

(116) Qian, M.; Negishi, E.-i. Tetrahedron Lett. 2005, 46, 2927. 

(117) Tatsuo, I.; Shigeru, A.; Norio, M.; Akira, S. Chem. Lett. 1992, 21, 691. 

(118) Tartaglia, S.; Padula, D.; Scafato, P.; Chiummiento, L.; Rosini, C. J. Org. Chem. 2008, 73, 

4865. 

(119) Goodwin, J. A.; Aponick, A. Chem. Commun. 2015, 51, 8730. 

(120) Aponick, A.; Li, C.-Y.; Palmes, J. A. Org. Lett. 2008, 11, 121. 

(121) Imperio, D.; Pirali, T.; Galli, U.; Pagliai, F.; Cafici, L.; Canonico, P. L.; Sorba, G.; 

Genazzani, A. A.; Tron, G. C. Bioorg. Med. Chem. 200.i7, 15, 6748. 

(122) (a) Schmidt, H. M.; Arens, J. F. Recueil des Travaux Chimiques des Pays-Bas 1967, 86, 

1138; (b) Drouin, J.; Boaventura, M. A. Tetrahedron Lett. 1987, 28, 3923. 

(123) Ren, H.; Wulff, W. D. Org. Lett. 2013, 15, 242. 

(124) (a) Gao, G.; Moore, D.; Xie, R.-G.; Pu, L. Org. Lett. 2002, 4, 4143; (b) Moore, D.; Pu, L. 

Org. Lett. 2002, 4, 1855. 

(125) Yang, F.; Xi, P.; Yang, L.; Lan, J.; Xie, R.; You, J. J. Org. Chem. 2007, 72, 5457. 

(126) Du, Y.; Turlington, M.; Zhou, X.; Pu, L. Tetrahedron Lett. 2010, 51, 5024. 

(127) Marshall, J. A.; Bourbeau, M. P. Org. Lett. 2003, 5, 3197. 

(128) Zhu, H.-T.; Ji, K.-G.; Yang, F.; Wang, L.-J.; Zhao, S.-C.; Ali, S.; Liu, X.-Y.; Liang, Y.-M. 

Org. Lett. 2011, 13, 684. 

(129) Conway, J. C.; Quayle, P.; Regan, A. C.; Urch, C. J. Tetrahedron 2005, 61, 11910. 

(130) Danishefsky, S.; Kitahara, T. J. Am. Chem. Soc. 1974, 96, 7807. 

(131) (a) Schaus, S. E.; Brånalt, J.; Jacobsen, E. N. J. Org. Chem. 1998, 63, 403; (b) Raghavan, 

S.; Samanta, P. K. Org. Lett. 2012, 14, 2346. 

(132) Sargent, M. V. J. Chem. Soc., Perkin Trans. 1 1982, 403. 

(133) Hume, P. Thesis, University of Auckland, 2014. 

(134) Shizuri, Y.; Shigemori, H.; Sato, R.; Yamamura, S.; Kawai, K.; Furukawa, H. Chem. Lett. 

1988, 17, 1419. 

(135) Bhadra, S.; Dzik, W. I.; Goossen, L. J. J. Am. Chem. Soc. 2012, 134, 9938. 

(136) Murata, C.; Ogura, T.; Narita, S.; Kondo, A. P.; Iwasaki, N.; Saito, T.; Usuki, T. Bioorg. 

Med. Chem. Lett. 2016, 26, 1428. 

(137) Youngmin, L.; Yasunari, F.; Katsuji, U.; Miki, N.; Hiroshi, O.; Isao, S. Bull. Chem. Soc. 

Jpn 2001, 74, 1437.



 

 

  



 

 

 


	coversheet.pdf
	General copyright and disclaimer




