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Abstract 

Synthetic investigations towards the griseorhodin family of antibiotics are described. The 

griseorhodins are a subclass of the wider rubromycin family of natural products. These 

compounds exhibit a wide array of biological activity, notably, inhibition of human telomerase 

(griseorhodin C (2), IC50 = 5.87 μM). No total synthesis of the griseorhodins has been reported to 

date.  

 
Use of an acid-mediated spirocyclisation of isocoumarin-containing dihydroxyketone precursors 

to afford the spiroketal unit of structurally related compounds has been problematic due to the 

unforeseen electron-withdrawing properties of the isocoumarin moiety.  

The influence of the pendant functional groups of the isocoumarin have therefore been thoroughly 

investigated and the key structural requirements to effect a successful spirocyclisation step have 

been determined. The synthesis of the griseorhodin model spiroketal 413 was executed in 28 

steps. Performing the spirocyclisation step on a ring-opened precursor of the isocoumarin lactone 

was found to be essential in order to effect a successful acid-mediated spirocyclisation.  

 
Despite the successful synthesis of 413, unfortunately all subsequent efforts to prepare fully 

oxygenated griseorhodins via common intermediate 472 were unsuccessful, due to the sensitivity 

of the extensively substituted naphthalene ring system and steric congestion at the benzylic 

position. The insights gained during these investigations will inform further synthetic endeavours 

to achieve a concise, flexible synthesis of these complex bioactive natural products. 
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1 Introduction 

1.1 Overview of the Rubromycins 

The rubromycins are a family of structurally related compounds isolated from Actinomycetes. The 

common structural motif is a naphthazarin and isocoumarin framework linked through a 5,6-

bisbenzannulated spiroketal. Each individual compound is distinguished by differing oxidation 

states at C-3′, C-3, C-4, and C-7 (Figure 1.1). Despite having been known for almost 60 years, only 

3 compounds have succumbed to total synthesis. These natural products show potential as both new 

antibiotics and cancer treatments and therefore efforts continue to develop a flexible synthetic 

strategy towards this family of compounds. 

 

Figure 1.1: Rubromycin general structure. 

A smaller sub-group associated with the rubromycins is the griseorhodins, distinguished by a 

methyl group at R
4
 where the remaining rubromycins possess a methyl ester (Figure 1.2). 

Biosynthetic investigations have elucidated that the C-7 methyl of the griseorhodins undergoes 

oxidation to the methyl ester of the other rubromycins, suggesting the griseorhodin structure is a 

potential intermediate in the biosynthesis of the other members of the rubromycin family.
1
 

 

Figure 1.2: General structures of the griseorhodins and rubromycins. 

  



 

2 

 

1.2 Isolation and Structure Determination: 

1.2.1 Griseorhodins 

Griseorhodin A (1) 

Isolated from Streptomyces californicus JA 2640, ATCC3312 and Streptomyces griseus collected 

from a bean field in Maryland USA in 1961. The gross structure was deduced to contain 

characteristic C-3ʹ hydroxyl and C-3/4 bearing epoxide functionality.
2-4

 In 2009, Piel et al. proposed 

an absolute configuration of (S, S, S, S) through use of quantum-chemical circular dichroism (CD) 

calculations as well as experimental CD measurements.
1 
 

Griseorhodin C (2) 

Isolated in 1978, again from Streptomyces Califormicus JA 2640 and ATCC 3312 as a red powder, 

its structure was elucidated through chemical transformations and NMR studies. Hydroxyl 

functionality on C-3′ and distinguishing C-3 and C-4 hydroxyls were observed.
5
 

Griseorhodin G (3) 

Shortly after in 1979 during the continued search for anti-tumour substances, testing of a 

Streptomyces culture broth yielded in vitro activity against human carcinoma cells from the 

nasopharynx. After chromatography, chemical transformations and spectroscopic techniques 

revealed a new griseorhodin-based structure. The general structure was consistent with the family 

and possessed characteristic hydroxyl groups at C-3′ and C-3.
6 

8-Methoxygriseorhodin C (4) 

In 1991, 8-methoxygriseorhodin C (4) was isolated from a culture broth of Streptomyces strain 

SIPI-A5-0044 from a soil sample collected in the Jiangsu province of the People’s Republic of 

China. Spectroscopic methods revealed the gross structure and a characteristic methoxy group at C-

4.
7
 

7,8-Dideoxygriseorhodin C (5) 

In 1989 during screening for new pigments, Osajima et al. isolated two red pigments from a 

Streptomyces sp. No. 76 culture broth. NMR analysis of the pigments revealed one was identical 

with griseorhodin C (2) and the other a novel compound. Structure elucidation revealed the gross 

structure of griseorhodin C (2), missing the two hydroxyl groups on the aliphatic spiroketal core.
8
 

7,8-Dideoxy-6-oxo-griseorhodin C (6) 

During isolation of purpuromycin (13) from an Actinoplanes ianthinogene ATCC 20884 culture 

broth, novel compound 6 was also isolated. Structure determination via spectroscopy and chemical 
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transformations confirmed the structure and is the first example of a griseorhodin based structure 

being isolated from a Actinoplanes strain.
9
 

With the exception of griseorhodin A (1), all absolute configurations of the griseorhodins remain 

unassigned to date (Figure 1.3). 

 

 

Figure 1.3: Structures of the griseorhodins. 

1.2.2 Other Rubromycins 

Structurally related are α-(7), β-(8) and γ-rubromycin(9), 3-hydroxy-β-rubromycin (10) δ-

rubromycin (11) purpuromycin (13),
10

 heliquinomycin (12)
11

 and the DK-compounds 14-16.
12

 All 

compounds contain the general structure of a naphthazarin and isocoumarin linked through a 5,6-

spiroketal (with exception of α-rubromycin (7) with an array of oxygen functionality on the 

spiroketal core (Figure 1.4). 

In 1953, two novel red coloured dyes were isolated from Streptomyces collinus and initially named 

collinomycin (7) and rubromycin (8).
13, 14

 After a third red pigment (9) was isolated in trace 

amounts in 1966 from the same strain, the compounds were then renamed. 7 became α-rubromycin 

(7), (8) to β-rubromycin (8) and the new isolate, γ-rubromycin (9) due to the respective Rf values of 

the three compounds.
15

 Absolute configurations of both β-rubromycin (8) (S) and γ-rubromycin (9) 

(S) were determined through quantum chemical circular dichroism (CD) and comparison with the 

reported stereochemistry of heliquinomycin (12).
16

  

Extensive spectroscopic, chemical and biosynthetic investigations into the rubromycin family by 

Zeeck et al. resulted in isolation of two additional co-metabolites, δ-rubromycin (11) and 3ʹ-

hydroxy-β-rubromycin (10), along with β-(8) and γ-rubromycin (9). All four compounds were 

isolated from a Streptomyces sp. A1 culture broth from orange grove soil samples collected from 

Israel (Figure 1.4).
17
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Figure 1.4: Structure of other members of the rubromycin family. 

Heliquinomycin (12),
11

 purpuromycin (13),
18

 and the DK compounds (14-16)
12

 are  structurally 

related members of the rubromycin family of antibiotics. Heliquinomycin (12) was isolated in 1996 

from a culture broth of Streptomyces sp. MJ929-SF2, extracted from a soil sample collected in 

Hachiohji, Tokyo, Japan. Structurally heliquinomycin (12) is the most unique natural product 

bearing a glycosidic linkage at C-3ʹ to the rare deoxysugar cymarose.
11, 19

 The configuration of the 

spirocentre was assigned as (R) through X-ray structure analysis of heliquinomycinone (12), the 

aglycone unit resulting from acidic hydrolysis of the glycoside linkage.
19

 

In 1974, an Actinoplanes ianthinogenes culture broth from soil samples collected in Blumenau, 

Brazil yielded a bright purple crystalline compound, purpuromycin (13). The gross structure was 

deduced through chemico-physical evidence and chemical degradation studies. Purpuromycin (13) 

contains a C-4 hydroxyl which, upon thermal elimination and catalytic hydrogenation, affords γ-

rubromycin (9).
18

 While the relative configuration at C-4 and O-1ʹ remains undetermined, a syn 

relationship is proposed to exist due to the likelihood of the anomeric affect stabilizing the C-4 OH 

and O-1ʹ intramolecular hydrogen bond.
20
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Dactylosporangium purpureum sp. yielded the novel compounds DK-7814 A-C 14-16 in 1982.
12

 

The aliphatic spiroketal cores of DK-7814 A (14), DK-7814 B (15) and DK-7814 C (16) are 

analogous to griseorhodins C (2), G (3), and A (1) respectively. The contrasting feature is the 

methyl ester at C-7 opposed to the methyl group common to the griseorhodins (Figure 1.4). 

1.3 Biosynthetic Pathway 

All members of the rubromycin based antibiotics are reported to be derived from a type-II 

polyketide synthase (PKS) pathway, followed by an unusually large number of diverse 

oxidoreductases and rare examples of tridecaketide synthases that are able to generate some of the 

longest known continuous poly-β-keto chains.
21

 

 

Scheme 1.1: Proposed biosynthesis of griseorhodin A (1).1  

Biosynthesis begins with repetitive condensation of acyl-CoA with 12 units of malonyl-CoA to 

form tridecaketide 17. Modification through aromatisation leads to pradimicin-type intermediate 18, 

which then undergoes further modification to furnish the antibiotic collinone (19).
22

 Collinone (19) 

has been proposed to be the key intermediate from which all the unique structures of the 

rubromycins are derived from. 
1, 23

  

It was observed that removal of the flavin adenine dinucleotide (FAD) dependant oxidoreductase 

GrhO5 enzyme resulted in isolation of collinone (19), which contains two more carbons and lacks 

the spiroketal of the griseorhodins. With inclusion of FAD, collinone (19) is converted into 
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spiroketal lenticulone (20) where two possible pathways are proposed for the final carbon-carbon 

bond cleavage/spiroketal formation, affording 7,8-dideoxy-6-oxo-griseorhodin C (6) (Scheme 1.1). 

 

Scheme 1.2: Two proposed biosynthetic pathways of conversion of spiroketal 20 to 6.1 

The two proposed pathways both proceed through a GrhO6 induced decarboxylation mechanism. 

Lenticulone (20) either undergoes α-hydroxylation to give intermediate 1a followed by 

rearomatisation and decarboxylation to give oxonium 1c. Final intramolecular nucleophilic attack 

of phenol gives spiroketal 7,8-dideoxy-6-oxo-griseorhodin C (6) (Scheme 1.2). 

Alternatively, oxidative Baeyer-Villiger ring expansion of the lactone and subsequent 

decarboxylation, again followed by nucleophilic attack on the intermediate oxonium also gives 

spiroketal 6. In support of the second pathway, both MtmOIV and CMMOIV have been shown to 

be homologues of GrhO6 and both perform Baeyer-Villiger type reactions (Scheme 1.2).
1
  

Reduction of the ketone at C-3ʹ of 6 gives 7,8-dideoxygriseorhodin C (5) before epoxidation affords 

griseorhodin A (1). Feeding experiments with enriched 
13

C L-[methyl-13C] methionine of both β-

rubromycin (8) and heliquinomycin (12) have shown that methylation of the metabolites at various 

positions occurs through a methionine-S-methyl alkylation.
17, 24

 While structural similarities have 

been observed across the rubromycins as a whole, especially between 3ʹ-hydroxy-β-rubromycin 

(10) and the griseorhodins, the biosynthetic relationship is not currently well understood. However, 

it has been proposed that the C-7 methyl ester results from oxidation of a methyl group suggesting 

that the griseorhodins are precursors to the DK family of compounds. 
17, 24
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1.4 Biological Activity 

The griseorhodins possess an array of potent antibacterial activity, cytostatic activity against 

different cancer cell lines and inhibit a range of enzymes. Structural activity relationship (SAR) 

studies have found that the core 5,6-spiroketal is a key pharmacophore for activity; compounds not 

possessing a spiroketal show significant reduction in bioactivity.
25

  

1.4.1  Antimicrobial Properties 

Griseorhodin A (1), C (2), and G (3) all showed inhibitory activity against Bacillus subtilis, S. 

aureus and Penicillium notutum.
6
 Griseorhodin A (1) and 7,8-dideoxygriseorhodin C (5) both 

showed inhibition of B. subtilis (MIC = 25 and 8.0 μmol/mL) and S. carnosus (MIC = 2.8 and 0.5 

μmol/mL) respectively.
1
 8-Methoxygriseorhodin C (4) showed inhibition of gram-positive bacteria, 

including methicillin-resistant Staphylococcus aureus (MRSA) strains No. 5 and 17 with MIC 

values of 0.78 μg/mL and weak activity against gram-negative bacteria, fungi and gram-positive 

strains of E. coli. 7,8-Dideoxy-6-oxogriseorhodin C (6) showed weak inhibitory activity against 

Gram-positive bacteria and inactive against both Gram-negative bacteria and the fungus Candida 

albicans.
7, 9

 

Other members of the larger rubromycin family show an array of antimicrobial properties.  Initial 

reports revealed both β- (8) and γ-rubromycin (9) inhibited growth of Gram-positive bacteria down 

to nanomolar concentrations, specifically B. subtilis and S. aureus. Further antimicrobial testing of 

β-(8), γ-(9) and 3′-hydroxy-β-rubromycin (10), revealed inhibition of Gram-negative bacteria 

Escherichia coli, B. subtilis and S. aureus but no activity against the fungi C. albicans.
13, 14, 16

 

The structurally unique heliquinomycin (12) exhibits strong inhibition of Gram-positive bacteria 

including MRSA strains but no activity against Gram-negative organisms or fungi.
11

 

Purpuromycin (13) shows one of the broadest spectra of activity. It is most active against Gram-

positive and good activity against gram-negative bacteria and fungi.
10

 Most importantly 

purpuromycin (13) shows excellent activity against Gardnerella vaginalis, Trichomonas vaginalis 

and Candida albicans, the three main contributors to vaginal infections and promoted further 

investigations into development of purpuromycin (13) as a potent clinical treatment for vaginal 

infections.
26

 Initial studies in animal models revealed that both oral and subcutaneous 

administration pathways resulted in no observed activity, which was attributed to poor solubility 

limiting absorption and strong protein binding causing inactivation.
10

 Further investigations 

examining topical application in rat models showed significant antifungal activity. This prompted 

structural derivatisation and greater in vitro activity resulted from replacement of the C-7ʹ methoxy 

with an amino group.
27, 28
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The mechanism of the antimicrobial activity of purpuromycin (13) has been investigated. In fungi 

(C. albicans) purpuromycin (13) inhibits RNA synthesis (MIC = 30 mg/L), while bacterial 

inhibition proceeds through disruption of protein synthesis (MIC = 0.25 mg/L) with DNA and RNA 

synthesis only being affected at higher concentrations (MIC ≥ 1mg/L).
29, 30

  

Purpuromycin (13) also showed inhibition of nucleic acid synthesis, via inhibition of DNA I and 

RNA (E. coli) polymerases with IC50 = 10 mg/L for both.  However, (13) shows inhibition at lower 

concentrations in intact bacteria studies suggesting additional interactions with other enzymes 

involved in DNA and RNA synthesis.
29

 Purpuromycin (13) also inhibits bacterial peptide synthesis 

at translation, through inhibition of amino-acyl-tRNA formation. Competitive binding to all tRNA 

(apparent Kd = 2.5 μM) blocks their ability to undergo aminoacylation.
30

 This unique mechanism of 

action serves as a valuable target for development of novel antibiotics for treatment against drug-

resistant pathogens.
31

 

1.4.2 Cytotoxic and Enzyme Inhibitory Properties 

The griseorhodins and other members of the larger rubromycin family exhibit a variety of 

cytotoxic/cytostatic and enzyme inhibitory properties. 

Griseorhodins A (1), C (2), and G (3) exhibit activity against KB-nasopharaynx cells,
6
 while 

Griseorhodin A (1) and dideoxygriseorhodin C have shown inhibition against human leukocyte 

elastase (HLE) with IC50 values of 1.88 and 1.40 μM respectively.
1
 HLE is a serine protease that is 

the mechanistic cause for many different inflammatory diseases including acute respiratory distress 

syndrome (ARDS), bronchitis and emphysema or chronic pulmonary obstructive disease (CPOD).
29 

Other members of the family have shown cytotoxic/cytostatic activity; γ- (9), β- (8) and 3-hydroxy-

β-rubromycin (10) exhibit activity against HMO2 stomach adenocarcinoma, Kato II colon 

carcinoma, HEP G2 liver carcinoma and MCF 7 mamma carcinoma cell lines with IC50 values 

down to nano molar concentrations.
17

 

In addition to anticancer activity, spiroketal-bearing compounds griseorhodins A (1), C (2), β-(10), 

γ-rubromycin (9), and purpuromycin (13) inhibit human immunodeficiency virus-1 (HIV-1) reverse 

transcriptase, a vital enzyme for viral replication.
25

  

Conclusive investigations into the anti-HIV properties of γ- (9) and β-rubromycin (10) could not be 

conducted however, due to their cytotoxicity to non-infected H9 T lymphoid host cells.
32

 These 

results, along with the ability of quinone antibiotics to interact with a unique site on the enzyme 

promotes the importance of structural studies using the rubromycin quinone-spiroketal 

pharmacophore to develop more potent and selective compounds with reduced host cell 

cytotoxicity.
32, 33
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Heliquinomycin (12) shows a reasonable broad spectrum cytostatic activity against a range of 

adriamycin and cisplatin resistant cancerous tumour cell lines including HL-60, K562 leukaemia 

cells, LS180 colon cancer, HeS3 uterus cancer and importantly P388 leukaemia cells at 

concentrations of 1.0-2.8 μg/mL. Additionally, heliquinomycin (12) is a selective, non-competitive 

inhibitor of DNA helicase (Ki = 6.8 μM, IC50 = 5-10 μg/mL).
34

 DNA helicases are a group of 

enzymes responsible for the unwinding of DNA during the fundamental processes of replication, 

repair and RNA transcription. Defective enzymes can result in disorders where genome instability 

and predisposition to cancer are common features. Therefore targeting defective DNA helicases for 

inhibition serves as a potential cancer treatment.
34

 

1.4.3 Telomeres and Telomerase 

A. Background 

During standard DNA replication, small portions of DNA are lost from the 3′ end due to the way in 

which DNA polymerase functions in synthesising complementary strands. With time, after many 

replication cycles, chromosome instability results from vital portions of DNA being lost triggering 

cellular senescence and death.
35

  

To counter this, chromosomes naturally have portions of ‘sacrificial’ DNA called telomeres at the 

3ʹ termini. Human telomeres are a short guanine rich sequence (5ʹ-TTAGGG-3ʹ) and are finite in 

number allowing complete replication to proceed for a specific period of time before the loss of 

vital DNA causing cell death.  

Telomerase is a unique ribonucleoprotein enzyme that has the ability to synthesise the short 5′-

TTAGGG-3′ telomere sequence maintaining telomere length. This ability allows for continuous 

replication of DNA indefinitely causing cell ‘immortalisation’. Telomerase is up-regulated in 80-

90% of cancers while almost completely absent in neighbouring healthy cells and leads to 

proliferation of cancerous tumours.
36

 

B. Mechanism of Action 

Telomerase consists of a protein bound to a RNA sequence that serves as a template for the 

synthesis of the telomere sequence. DNA polymerase then completes the synthesis of the lagging 

strand (Figure 1.5).
35

  

As telomerase is expressed specifically in cancers over normal cells, it serves as both a target for 

cancer therapies and has potential as a diagnostic tool for cancer itself.
35
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Figure 1.5: Function of telomerase in synthesising additional telomeres.37 

C. Rubromycin Telomerase Inhibition 

While the exact mode of action for the inhibition and anticancer activity of the rubromycins 

remains currently unknown, much attention has been focused on the ability to inhibit the function 

of telomerase (griseorhodin C (2), IC50 = 5.87 μM).
25, 35

  

Further structural studies have suggested that the spiroketal moiety is the key pharmacophore for 

telomerase inhibition activity. All rubromycins possessing the spiroketal core showed comparable 

inhibition (IC50 2.64-12.2 μM), where α-rubromycin (7), the open chain form of β-rubromycin (8) 

exhibited little to no telomerase inhibition, (IC50 > 200 μM).
25, 33

 

Steady-state kinetic analysis of β-rubromycin (8) demonstrated competitive interaction of the 

compound with the telomerase substrate primer, TS-A (Ki = 0.74 μM). The implication of this 

result is that β-rubromycin (8) could interact with the human telomerase RNA (hTR) and/or the 

catalytic subunit (i.e. hTERT) since the binding site of TS-A should be found on both hTR and 

hTERT. Purpuromycin (13) shows comparable inhibition of human telomerase and is observed to 

preferentially bind to bacterial tRNA and it is therefore plausible that the rubromycin structures 

have a capacity to bind to RNA also. Further investigations also suggested that β-rubromycin (8) 
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showed possible non-specific binding to nucleic acids, but these are not likely to be directly 

involved in the mode of action of the rubromycins.
 15, 22 

While the rubromycins are selective telomerase and retroviral transcriptase inhibitors, in that only 

subtle effects were noted against other DNA/RNA enzymes (plant, E. coli, T4 DNA polymerases, 

calf thymus DNase and human topoisomerase),  it was observed that only short term in vitro 

exposure led to inhibition of cancer cell proliferation. As direct telomerase inhibition would cause 

shortening of telomeres, long term cultures (over 20 population doublings) are required for analysis 

of the cells entering senescence or cell crisis. As cytotoxic effects of β-rubromycin (8) were 

observed in the short-term, this suggests that there are alternative targets in human cancerous 

cells.
25

 

1.4.4 Biological Activity of Rubromycin Substructures 

Due to the unique and diverse bioactivity exhibited by the rubromycins and the fact that only three 

of the natural products have been synthesised, a strong interest in synthetic development and 

medicinal chemistry of the key pharmacophore continues. In 2007, Pettus et al. reported their 

investigations into the synthesis and bio-evaluation of six rubromycin based analogues, in an 

attempt to further elucidate key structural features for telomerase inhibition (Figure 1.6). Of the six 

structures tested, only one, compound 21, showed any inhibitory activity (IC50 = 60 μM). Removal 

of the spiroketal functionality reduced inhibition, correlating to previous reports that the spiroketal 

is a key pharmacophore.
25

 In addition, reductive methylation of naphthaquinone 25 also resulted in 

loss of activity. However, compounds 22, 23, 25 and 26 which contain the spiroketal moiety 

showed no activity and therefore no decisive structure-activity relationship could be made. These 

results suggest that the spiroketal moiety alone is not enough to enable telomerase inhibition and 

further structural studies are required. 
38

 

 

Figure 1.6: Rubromycin type analogues prepared and tested by Pettus et al.38 
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1.4.5 Development of Methods for Telomerase Inhibitor Identification 

The identification of the key pharmacophores for telomerase inhibition has proved challenging and 

problems have been associated with the current method of analysis for human-telomerase (h-

telomerase) activity. The most common method is the Telomeric Repeat Amplification Protocol 

(TRAP) assay. TRAP is a semi-quantitative in vitro assay in which active h-telomerase will begin 

to add additional telomere units to the 3ʹ end of oligonucleotides. The polymerase chain reaction 

(PCR) then amplifies the extension products so that they can be assessed by DNA electrophoresis 

on non-denaturing polyacrylamide gels.
39

  

While this method has allowed the study of oligonucleotides that target template regions, even with 

extensive investigations over two decades no further understanding of the mechanisms for 

inhibiting telomerase by small molecules has been achieved. Obstacles to these efforts include the 

limited quantities of purified enzyme available which limits study of the relevant crystal structures, 

the complexity of the enzyme itself being composed of two catalytic proteins, two integral RNAs 

and two dyskerin proteins.
40

  

Recently, Pettus et al.
40

 reported the development of a new strategy for the detection and 

development of telomerase inhibitors involving telomerase isolated from Tetrahymena thermophila, 

a free-living ciliate protozoan. Tetrahymena telomerase (t-telomerase) was initially used for 

extrapolation towards h-telomerase due to its availability, easier expression and monomeric 

structure. Comparisons between h-telomerase and t-telomerase have shown a similar size of the 

respective TERT component (h-telomerase, 127 kD, t-telomerase, 133 kD) and overall sequence 

homology of 54%. Both enzymes contain many critical motifs, including the TEN, TRBD and CTE 

domains. The TER components share many similar motifs as well, despite a difference in length 

and sequence of the telomeres involved; 5ʹ-TTGGGG-3ʹ for Tetrahymena and 5ʹ-TTAGGG-3ʹfor 

human. It was therefore assumed that the portions of enzyme critical for activity would be 

conserved between them.
40
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Figure 1.7: The six known small molecule h-telomerase inhibitors used for comparison studies.40 

Extensive testing and evaluation of six known h-telomerase inhibitors revealed that some classes of 

small molecule inhibitors can be studied with the more readily available t-telomerase and the 

findings will be relevant and comparable to h-telomerase (Figure 1.7). Of the six known h-

telomerase inhibitors, four inhibited t-telomerase and further kinetic analysis of each suggested 

similar modes of inhibition for the two enzymes. However, BIBR-1532 (27), postulated to inhibit 

the translocation step of h-telomerase showed no activity against t-telomerase, suggesting that the 

translocation (RAP) mechanism of the two enzymes differ. Therefore once the site/mode of 

inhibition has been established, it seems likely that t-TRAP assays can be used in structural 

investigations for development of more potent h-telomerase inhibitors.
40

 

1.5 Previous Synthetic Investigations into the Rubromycin Structures 

As well as the antimicrobial and enzyme inhibitory properties, the unique structure of the 

rubromycins has garnered significant attention. These compounds remain the subject of on-going 

synthetic investigations of specific fragments and total syntheses by the synthetic community. The 

natural products can be broken into three key fragments, the naphthazarin (black), the central 5,6-

bisbenzannulated spiroketal core (blue) and the isocoumarin fragment (red). 

 

Figure 1.8: Major fragments of the rubromycins. 
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As the bisbenzannulated spiroketal core is a key pharmacophore, the majority of synthetic 

investigations have begun with construction of this unit.
25

 Methods used to date include oxidative 

[3+2] dipolar cycloaddition,
38, 41

 [4+2] hetero-Diels Alder cycloaddition,
42, 43

 and metal catalysed 

cycloaddition, 
44-47

 aromatic Pummerer-type reactions,
48

  halo-etherification of benzofurans
49, 50

 and 

acid-mediated ring closure of dihydroxy ketones (Scheme 1.3).
20, 49, 51-61

 Despite extensive 

investigations and successful model syntheses, the formation of the spiroketal core has proved the 

stumbling block in many total synthetic efforts towards the rubromycins.
52, 59, 62, 63

 

 

 

Scheme 1.3: Synthetic methods investigated towards the [5,6]-bisbenzannulated spiroketal core of the rubromycins. 

As given the large number of syntheses of partial fragments of the rubromycins that has been 

reported, only syntheses of advanced intermediates and total syntheses of the rubromycins will be 

discussed herein. 
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1.5.1 Total Synthesis of Heliquinomycinone (32), Danishefsky et al.
49, 50

 

In 2001, Danishefsky et al. reported the first racemic synthesis of heliquinomycinone (32), the 

aglycone of heliquinomycin (12). The synthetic strategy focused on the union of naphthofuran 34 

and aldehyde 35 followed by electrophilic spiroketalisation to furnish the spiroketal core structure 

(Scheme 1.4). This route was chosen over the more traditional α,α-difunctionalised ketone as it was 

perceived to be more straightforward by the authors. 

 

Scheme 1.4: Retrosynthetic analysis of heliquinomycinone by Danishefsky et al.49 

Synthesis of naphthofuran 34 began with known nitrile 36 which was subjected to a modified 

protocol reported by Perry et al.
64, 65

 Nitrile 36 reacted with the dianion of 3-furoic acid to give 

carboxylic acid 37. Intramolecular Friedel-Crafts acylation followed by quinone reduction and 

methylation gave naphthofuran 34 in moderate 44% yield (Scheme 1.5). 

 

Reagents and Conditions: (a) 38, n-BuLi, THF, −78 °C then 36, MeCN, 92%. (b) i) H2SO4, 3 days, 88%. ii) Na2S2O4, 

TBABr, KOH, Me2SO4, THF, H2O, 50%.  

Scheme 1.5: Synthesis of naphthofuran 34 by Danishefsky et al.49 

Synthesis of isocoumarin-aldehyde 44 began with commercially available opianic acid 39, which 

underwent a modified Horner–Wadsworth–Emmons with phosphonate 45 to give enol ether 40 as a 

1:1 mixture of stereoisomers. Acid-mediated cyclisation afforded isocoumarin 41 followed by 

subsequent demethylation upon treatment with boron tribromide. Selective mono allylation and 

Claisen rearrangement afforded alkene 43. Protection of the two phenols as SEM ethers followed 

by a two-step dihydroxylation/oxidative cleavage procedure completed the synthesis of 44 in 8 

steps (Scheme 1.6).  
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Reagents and Conditions: (a) 45, NaH, THF, 0 °C, 98%. (b) H2SO4 (3.0 M), MeOH, reflux, 83%. (c) i) BBr3, CH2Cl2, 

−78 °C, 98%. ii) LiHMDS, DMF, allyl bromide, −40 °C, 84%. (d) xylene, 185 °C, 89%. (e) i) SEMCl, DMAP, NEt3, 

CH2Cl2, 86%. ii) OsO4, NMO, acetone-H2O, 92%. iii) NaIO4, THF-Et2O, 95%.  

Scheme 1.6: Synthesis of isocoumarin fragment by Danishefsky et al.49 

With both 34 and 44 in hand, attention turned to the union of the two fragments. Naphthofuran 34 

was lithiated and treated with aldehyde 44, however no product was detected. Attempts to adjust the 

basicity of the anion with metal additives were also met with no success. Failure of the coupling 

was attributed to a strong tendency for benzylic deprotonation and proton transfer, aided by the 

para carbonyl functionality of the isocoumarin, leading to the formation of a highly stable enolate 

over any addition products. The difficulty of this addition became apparent when treatment of 

aldehyde 44 with n-butyl lithium resulted in addition to the isocoumarin carbonyl and the aldehyde 

remained untouched (Scheme 1.7).  

 

Reagents and Conditions: (a) n-BuLi, THF, −78 °C. 

Scheme 1.7: Attempted coupling of fragments 34 and 44.49 

This facile proton transfer causing reactivity issues between the aldehyde and isocoumarin carbonyl 

led to modification of the synthetic strategy. The lactone was now to be opened and installed post 

union of the two fragments. Aldehyde 50 became the new target and synthesis began with aryl 

bromide 47. Acetal protection of the aldehyde and allylation of the phenol afforded alkene 48. 

Claisen rearrangement and protection of the exposed phenol as the benzyl ether followed by 

dihydroxylation and oxidative cleavage afforded the desired aldehyde 50 (Scheme 1.8).  
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Reagents and Conditions: (a) i) ethylene glycol, PhH, reflux, 95%. ii) allyl bromide, K2CO3, acetone, reflux, 95%. (b) 

decalin, 240 °C. ii) BnBr, K2CO3, acetone, reflux, 57% over two steps. (c) i) OsO4, NMO, acetone-H2O, 97%. ii) NaIO4, 

acetone-H2O, 88%.  

Scheme 1.8: Synthesis of isocoumarin precursor 50.49 

Successful union of the two fragments proceeded via addition of the pre-formed anion of 

naphthofuran 34 to aldehyde 50 at reduced temperatures and the newly formed alcohol was 

protected as a tert-butyldiphenylsilyl ether. Attention next focused on construction of the 

isocoumarin. Lithium/halogen exchange followed by exposure to carbon dioxide gas provided the 

corresponding carboxylic acid which was converted to the methyl ester 52 by treatment with TMS 

diazomethane. Aldehyde deprotection set the stage for Horner-Wadsworth-Emmons reaction with 

phosphonate 56 to afford silyl enol ether 53. Desilylation with tetrabutylammonium fluoride and 

treatment with potassium carbonate afforded the fully functionalised isocoumarin 54. Finally, 

cleavage of the benzyl group set the stage for spirocyclisation (Scheme 1.9). 

 

Reagents and Conditions: (a) i) n-BuLi, THF, −78 °C. ii) TBDPSCl, imidazole, CH2Cl2, 64% over two steps. (b) i) n-

BuLi, CO2(g), −78 °C, THF. ii) TMSCHN2, MeOH-PhH, 81% over two steps. (c) HCl (3.0 M), acetone-THF, 95%. ii) 

LiHMDS, 56, THF, −78 → 25 °C, then aldehyde, 96%. (d) i) TBAF, THF, 0 °C. ii) K2CO3, MeOH, 72% over two steps. 

(e) H2, Pd/C, EtOAc, 92%. 

Scheme 1.9: Union of fragments and elaboration to furan 55.49 

All attempts at electrophilic spirocyclisation were unsuccessful. Extensive investigation using 

halonium reagents such as N-bromosuccinimide, N-iodosuccinimide, N-chlorosuccinimide or iodine 

in the presences of sodium bicarbonate only resulted in quinone formation and similar results were 
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observed in attempts to epoxidise the furanoid double bond. Attempts to activate the double bond 

with metal based reagents such as palladium (II) acetate, titanium (III) acetate, rhenium (VII) oxide 

and mercury (II) salts also did not facilitate the desired reaction. This lack of success was attributed 

to an unreactive furan double bond and presence of the electron rich pentamethoxy naphthalene 

unit, which was prone to decomposition via oxidative demethylation pathways (Scheme 1.10). 

 

Scheme 1.10: Attempted electrophilic spiroketalization by Danishefsky et al.49 

After extensive screening of oxidants, osmium tetroxide was finally found to react selectively with 

the furan, while leaving the pentamethoxynaphthalene intact, giving a diastereomeric mixture of 

diol 58 that was difficult to separate. Deprotection of the benzyl ether and attempts to effect 

spirocyclisation were again unsuccessful. Hydroxyl protecting group manipulation at C-3 and C-3′ 

also proved fruitless. Attempted reaction of 59 under Mitsunobu conditions only afforded the 

undesired diol product 61.  This was attributed to the unexpected ability of the benzylic alcohol to 

undergo quinone-methide formation, facilitated by the electron donating methoxy groups on the 

naphthalene ring (Scheme 1.11). 

 

Reagents and Conditions: (a) i) OsO4, pyridine, THF-H2O. ii) NaHSO3, 3 days, 50-60%. (b) TBAF, THF, 95%. (c) 

Various sources of acid. (d) DIAD, PPh3, CH2Cl2, 50%.  

Scheme 1.11: Coupling of 55, 59 and attempted spiroketal formation by Danishefsky et al.49, 50 

With a stroke of luck it was observed that benzylic alcohol 62 oxidised upon exposure to air in the 

presence of triethylamine in methanol affording α-hydroxyketone 63. Treatment of 63 under 
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Mitsunobu conditions was finally afforded a mixture of spiroketals and desilylation afforded 

spiroketals 64a and 64b as a separable 1:1 mixture. The relative configuration of C-2 and C-3 

however, could not be assigned. Stereoselective reduction of both ketone 64a and 64b using 

tetramethylammonium triacetoxyborohydride afforded alcohols 65a and 65b, respectively. 

Comparison of the 
1
H NMR signals were not in good agreement with those of heliquinomycin (12) 

suggesting that the relative configurations were not correct. Solvolytic inversion of both 65a and 

65b with boron trifluoride diethyl etherate in dichloromethane gave 66a and 66b respectively and 

comparison of the 
1
H NMR spectra with both heliquinomycin (12) and heliquinonmycinone (32) 

showed that 66a exhibited the correct relative configuration. Oxidation of 66a with ceric 

ammonium nitrate afforded quinone 67 and treatment with boron tribromide in dichloromethane 

completed the racemic total synthesis of heliquinomycinone (32) in 23 steps (Scheme 1.12). 
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Reagents and Conditions: (a) i) NEt3, MeOH, 45%. ii) H2, Pd/C, EtOAc, 94%. (b) i) DEAD, PPh3, CH2Cl2, −78 → 25 

°C. ii) TBAF, THF, 0 °C, 72%. (c) Me4NBH(OAc)3, MeCN-AcOH (5:1), 65a 72%, 65b 69%. (d) BF3·(OEt)2, CH2Cl2, 

66a 64%, 66b 71%. (e) CAN, MeCN-H2O (5:1), 77%. (f) BBr3, CH2Cl2, −78 °C, 52%. (g) 1.0 M HCl, 65 °C, THF, quant.  

Scheme 1.12: Completion of synthesis and conformation of relative stereochemistry of 32 by Danishefsky et al.50 
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1.5.2 Total Synthesis of (±)-γ-Rubromycin (9), Kita et al.
48

 

In 2007, Kita et al. reported the first racemic total synthesis of (±)-γ-rubromycin (9). The key 5,6-

spiroketal core was constructed through a double aromatic Pummerer type reaction with subsequent 

acid-mediated ortho-para quinone rearrangement. Late stage construction of the isocoumarin and 

the naphthazarin moieties was envisioned, therefore building blocks 70 and 71 were prepared with 

appropriate pendant functionality to enable further functionalisation (Scheme 1.13).
48

 

 

Scheme 1.13: Retrosynthetic analysis of (±)-γ-rubromycin (9) by Kita et al.48 

A model study was conducted to validate the method for construction of the key spiroketal 79. 

Sulfoxide 74 was protected as the trimethylsilyl ether (to aid with solubility issues) then treated 

with triflic anhydride and model methylene chroman 75 to afford spiroketal 76. Carbonate ester 

cleavage and oxidation of the sulfide to sulfoxide prepared spiroketal 77 for a second aromatic 

Pummerer reaction to afford ortho-quinone 78. Treatment of ortho-quinone with trifluoroacetic acid 

induced rearrangement to the more stable para-quinone 79 (Scheme 1.14).  

 

Reagents and Conditions: (a) i) methyl trimethylsilyl dimethylketene acetal, MeCN, rt. ii) 75, Tf2O, 2,4,6-collidine, 

MeCN, −40 °C 73%. (b) i) iPrNH2, MeCN, rt., 89%. ii) mCPBA, CH2Cl2, −78→ −30 °C, 85%. (c) Tf2O, CH2Cl2, 0 °C, or 

TFAA, CH2Cl2, 0 °C, 82%. (d) TFA, CH2Cl2, 0 °C, 87%. 

Scheme 1.14: Synthesis of model spiroketal 79 by Kita et al.48 
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Mechanistically, the aromatic Pummerer reaction commences through acylation of the sulfoxide 74 

followed by deprotonation of the phenol leading to rearrangement to sulfonium ion 81. 

Nucleophilic attack of methylene chroman 75 followed by cyclisation and rearomatisation affords 

spiroketal76. Reoxidation of the sulfide prepares 77 for a second aromatic pummerer reaction 

affording ortho-quinone spiroketal 78 (Scheme 1.15). Having successfully constructed the model 

spiroketal 79, attention then focused on the total synthesis of (±)-γ-rubromycin (9). 

 

Scheme 1.15: Mechanism of aromatic pummerer type reaction in construction of pentacyclic spiroketal 78.  

Total synthesis began with synthesis of methylene chroman 71. Commercially available 

bromophenol 73 was converted to bromolactone 86 using methods reported by Panetta and 

Rapoport.
66

 Treatment of bromolactone 87 with Tebbe reagent afforded methylene chroman 88 and 

reaction with the preformed anion of dimethyl malonate in the presence of lithium 2,2,6,6-

piperidide furnished desired enol ether 71 as a single regioisomer. The inductive effect of the 

methoxy group was cited by the authors as the reason for the high selectivity (Scheme 1.16). 

 

Reagents and Conditions: (a) i) 89, tBuCO2H, PhMe, reflux, ii) 1.0 HCl, Et2O, rt., iii) aq. KOH (10%), MeOH, rt., 77%. 

(b) Ac2O, reflux, 96%. (c) Tebbe reagent, THF, −78 °C→ −40 °C, 74%. (d) Lithium 2,2,6,6-tetramethylpiperidide, 90, 

THF, −78 °C, 45%. 

Scheme 1.16: Synthesis of exocyclic enol ether 71 by Kita et al.48 
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Synthesis of sulfoxide 70 began with known keto-ester 72. Regioselective demethylation using 

boron trichloride and subsequent protection of the phenol as the MOM ether afforded 91. 

Intramolecular condensation and aromatization afforded naphthol 92. Instalment of phenyl sulfide 

functionality, selective protection of phenol as the carbonate ester followed by oxidation of the 

sulfide completed the synthesis of 70 (Scheme 1.17).  

 

Reagents and Conditions: (a) i) BCl3, CH2Cl2, 0 °C. ii) MOMCl, iPr2NEt, CH2Cl2, 0 °C 85%. (b) NaOMe, MeOH, reflux, 

98%. (c) i) PhICl2, Pb(SCN)2, CH2Cl2, rt. ii) PhLi, THF, −78 °C, 52%. (d) i) ClCO2Me, iPr2Et, CH2Cl2, 0 °C, ii) mCPBA, 

CH2Cl2, −78 → −5 °C, 58%.  

Scheme 1.17: Synthesis of sulfoxide 70 by Kita et al.48 

With both sulfoxide 70 and methylene chroman 71 in hand, attention then turned to key coupling 

reaction. Sulfoxide 70 was protected as a trimethylsilyl ether using trimethylsilyl dimethylketene 

acetal (again for greater solubility in acetonitrile) and in the presence of triflic anhydride reacted 

with methylene chroman 71 to afforded pentacyclic spiroketal 94. Cleavage of the carbonate ester 

followed by re-oxidation of the sulfide with mCPBA afforded sulfoxide 95 which underwent a 

second aromatic Pummerer type reaction to give ortho-quinone spiroketal. Subsequent conversion 

to the para-quinone 96 was effected by treatment with acid. Reprotection of the free hydroxyl as a 

MOM ether was required before reductive methylation of the quinone to afford naphthalene 98. A 

specific sequence of MOM deprotection, ester hydrolysis and Co[(salen)2]-catalysed oxidation was 

required to give quinone 101 suppressing the formation of side products. Following the reported 

method by Wong et al,
67

 condensation of carboxylic acid 101 with (triphenylphosphoranylidene) 

acetonitrile afforded corresponding cyanoketophosphorane which was oxidatively cleaved using 

DMDO whereupon the resultant carbonate ester underwent spontaneous lactonisation to give 102. 

Final methyl group deprotection with boron tribromide afforded (±)-γ-rubromycin (9) which was 

consistent with all spectroscopic and physical data of the natural sample (Scheme 1.18).
48
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Reagents and Conditions: (a) i) methyltrimethylsilyl dimethylketene acetal, MeCN, rt. ii) Tf2O, 2,4,6-collidine, MeCN, 

−78 °C. (b) i) iPr2NH, MeCN, rt. ii) mCPBA, CH2Cl2, −78 → −20 °C (c) i) TFAA, CH2Cl2, 0 °C. ii) TFA, CH2Cl2, 0 °C, 

58%. (d) MOMCl, iPr2NEt, CH2Cl2, 0 °C, 84%. (e) Na2SO4, Me2SO4, K2CO3, acetone, reflux, 73%. (f) TFA, CH2Cl2, 0 

°C, 94%. (g) aq. KOH (10%), MeOH, rt., 94%. (h) [Co(salen)2], O2, DMF, rt., 84%, (i) i) 

(triphenylphosphoranylidene)acetonitrile, EDCI, DMAP, CH2Cl2, rt., 46%. ii) dimethyldioxirane, MeOH, 0 °C, 56%. (j) 

BBr3, CH2Cl2, −78 → 0 °C, 65%. 

Scheme 1.18: Coupling and completion of total synthesis of (±)-γ-rubromycin (9) by Kita et al.48 
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1.5.3 Synthetic Studies Towards the Rubromycins, Reiβig et al.
51, 54, 59, 68-70 

Reiβig et al. initially took a general approach to the construction of a spiroketal precursor 103 with 

appropriate functionality to access heliquinomycin (12) and other members of the rubromycins. A 

convergent synthesis of the precursor 104 was achieved through Heck coupling of enone 105 with 

fully functionalised iodo isocoumarin 106. Enone 105 resulted from reaction of aldehyde 107 with 

lithiated allene 108 (Scheme 1.19). 

 

Scheme 1.19: General retrosynthetic analysis of the rubromycins by Reiβig et al.69 

Studies began with the synthesis of iodo isocoumarin 106, simple protection of the phenol and 

aldehyde afforded ether 110 which underwent ortho-lithiation using n-butyl lithium at room 

temperature and subsequent carboxylation using methyl chloroformate. Regioselective iodination 

and Horner-Wadsworth-Emmons reaction with methyl 2-(dimethoxyphosphoryl)-2-methoxyacetate 

resulted in a diastereomeric mixture of alkene 113 (E:Z, 35:65). Exposure to hydrogen bromide 

facilitated lactone formation and protection of phenol as the benzyl ether completed the synthesis of 

115 (Scheme 1.20). 

 

Reagents and Conditions: (a) i) TBSCl, NEt3, DMAP, CH2Cl2, rt., 97%. ii) 1,3-propanediol, nBu4NBr3, HC(OMe)3, 

CH2Cl2, rt., 82%. (b) i) n-BuLi, cyclohexane rt. ii) ClCO2Me, 0 °C → rt. iii) aq. HCl, KF, THF, rt., 58%. (c) Me4NICl2, 

NaHCO3, CH2Cl2, rt., 91%. (d) methyl 2-(dimethoxyphosphoryl)-2-methoxyacetate, NaHMDS, THF, −78 °C → rt., 82%. 

(e) aq. HBr-MeOH (1:1), 12 h, 55-68%. (f) BnBr, iPr2NEt, DMF, 24 h, 81%. 

Scheme 1.20: Synthesis of iodo-isocoumarin 115 by Reiβig et al.68 
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Synthesis of naphthalene fragment 126 began with known aldehyde 116. Bromination with bromine 

and acetal protection of the aldehyde afforded 117. Base induced cycloaddition with furan afforded 

cyclic ether 118 which underwent regioselective ring opening on exposure to tosic acid. Ortho-

bromination gave bromide 120 which was oxidised to the quinone and then reductively methylated 

to give bromide 121 with the desired substitution pattern. Halogen-metal exchange of 121 and 

quenching of the anion with trimethyl borate afforded boronic acid 122. Oxidation of 122 with 

aqueous hydrogen peroxide and base followed by methylation of the newly formed naphthol 

afforded naphthalene 123. Acetal deprotection and reaction with lithiated allene 127 afforded 

alcohol 125 which was protected as a triethylsilyl ether and completed the synthesis of 216 

(Scheme 1.21). 

 

Reagents and Conditions: (a) i) Br2, NaOAc, AcOH, rt., 2 h. ii) HOCH2C(CH3)2CH2OH, HC(OCH3)3, nBu4NBr3, 

CH2Cl2, rt., 3 h, 85%. (b) LDA, furan, −78 °C → rt., 23 h, quant. (c) HOCH2C(CH3)2CH2OH, HC(OCH3)3, p-TsOH·H2O, 

CH2Cl2, reflux, 19 h, 83%. (d) PHBP, THF, rt., 3 h, 92%. (e) i) CAN, (20% in H2O), MeCN, rt., 1 h. ii) Na2S2O4, TBABr 

(cat.), CH2Cl2-H2O (2:1), rt., 3 h. iii) Me2SO4, NaOH, TBABr (cat.), CH2Cl2, rt., 15 h, 36%. (f) i) n-BuLi, B(OMe)3, THF, 

−100 °C → rt., 30 min. (g) H2O2, NaOH, MeOH, rt., 10 min. iii) Me2SO4, NaOH, TBABr, rt., 20 h, 46%. (h) AcOH 

(80%), rt., 4 h, 81%. (i) i) 127, n-BuLi, THF, −40 °C 1 h, ii) −78 °C, 127, 4 h. iii) H2SO4 (5%), −78 °C- 0 °C, 1 h. (j) 

iPr2NEt, TESCl, DMF, rt., 6 h, 64% over two steps.  

Scheme 1.21: Synthesis of naphthalene fragment 126 by Reiβig et al.59 

With both coupling partners in hand, attention turned to development of a coupling strategy that 

could be applied to the wider rubromycin family. A model study involving Heck coupling of fully 

functionalised naphthalene 126 with iodide 128 was successful affording alkene 129. Reduction and 

benzyl deprotection followed by treatment with catalytic conc hydrochloric acid in isopropanol 

afforded spiroketals 130 and 131 in 23% and 42% yield, respectively. Isopropoxy-substituted 

spiroketal 131 resulted from SN2 displacement of the hydroxyl by the solvent (Scheme 1.22). 
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Reagents and Conditions: (a) Pd(OAc)2, NaHCO3, TBACl, 4Å MS, DMF, 60 °C 48 h, 75%. (b) i) Pd/C, H2, MeOH, rt 2 

d, then cat. conc. HCl, rt., 21 h. ii) conc. HCl (cat.), iPrOH, 50 °C, 2 days, 130, 23%, 131, 42%. 

Scheme 1.22: Synthesis of advanced spiroketals 130 and 131.59 

Using these results, investigations proceeded into coupling both the fully functionalised 

naphthalene 126 and isocoumarin 115 fragments. Coupling successfully afforded enone 132 in 70% 

yield. However, when enone 132 was subjected to identical conditions as the model study, only a 

7% yield of spiroketal 133 was obtained and this was only characterised using mass spectrometry 

(Scheme 1.23).  

This result of problematic acid-catalysed spirocyclisation is in accordance with other reports by 

Kozlowski et al.
52

 hence, Reiβig et al. endeavoured to further their understanding of the 

spirocyclisation process and conducted further model investigations. 

 

Reagents and Conditions: (a) Pd(OAc)2, NaHCO3, TBACl, 4Å MS, DMF, 60 °C 48 h, 70%. (b) i) Pd/C, H2, MeOH, rt., 

then conc. HCl (cat.), iPrOH, 40 °C, 7%. 

Scheme 1.23: Coupling of naphthalene 126 and isocoumarin 115 fragments and attempted spiroketalisation. 

Fully functionalised naphthalene fragment 126 was used successfully in to afford a spiroketal 

product with model isocoumarin 128. Model naphthalene 134 and fully functionalised isocoumarin 

115 were then coupled using the same protocol successfully affording ketone 136 (Scheme 1.24). 

Upon attempted spirocyclisation of ketone 132 however, use of a wide array of acidic conditions 

only resulted in recovery of starting material or decomposition. This result was in agreement with 
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Kozlowski et al. who reported that the negative mesomeric and inductive effects of the isocoumarin 

functional groups reduced the nucleophilicity of the phenol thereby inhibiting nucleophilic attack to 

form a spiroketal (Scheme 1.24).
52

 

 

Reagents and Conditions: (a) Pd(OAc)2, NaHCO3, TBACl, 3Å MS, DMF, 60 °C, 17 h, 40%. (b) Pd/C, H2, MeOH, rt., 3 

days. 

Scheme 1.24: Coupling of 134 and 115 and attempted spiroketalisation of 136.59 

In attempts to increase the nucleophilicity of the phenol, Reiβig et al. looked into the synthesis of 

dihydroisocoumarin precursor 139 and phthalide 140 with the intent to convert the precursors into 

the fully functionalised isocoumarin moiety post formation of the spiroketal core (Scheme 1.25). 

 

Scheme 1.25: Electronic factors of isocoumarin influencing reduction in nucleophilicity of phenol.59 
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Synthesis of dihydroisocoumarin 144 began with known aldehyde 141. Horner-Wadsworth-

Emmons reaction with phosphonate 56 followed by silyl deprotection with tetrabutylammonium 

fluoride and reduction of the double bond with sodium borohydride afforded alcohol 143. 

Treatment of 143 with acid afforded desired dihydroisocoumarin 144 (Scheme 1.26).  

 

Reagents and Conditions: (a) 56, NaHMDS, THF, −78 °C → rt. (a) i) TBAF-AcOH, (1:1), THF, −78 °C, 5 min. ii) 

NaBH4, THF, −78 → −30 °C, 5 h, 71% over three steps. (c) p-TsOH·H2O, PhMe, 70 °C, 2 h, 85%. 

Scheme 1.26: Synthesis of dihydroisocoumarin 144 by Reiβig et al.59 

Coupling of dihydroisocoumarin 144 and enone 134 and elaboration to trihydroxy ketone 146 was 

achieved using established conditions. While spiroketalisation was successful, some displacement 

of the hydroxyl and trans-esterification by the solvent resulted in a mixture of spiroketal products. 

Attempts to regenerate the isocoumarin moiety were also unsuccessful. Two additional spiroketals 

were synthesised containing the phthalide moiety using the same protocol but conversion of the 

phthalide moiety into a isocoumarin has not been reported (Scheme 1.27 and 1.28).
59

 

 

 

Reagents and Conditions: (a) Pd(OAc)2, NaHCO3, TBACl, DMF, 60 °C, 16 h, 77%. (b) H2 (8 atm), Pd/C, MeOH, rt., 5 

h, 75%. (c) AcCl, iPrOH or MeOH, HC(OMe)3, 60 °C, 16-48 h, 147 48%, dr = 1:1, 137 47%, dr = 1:1, 148 10%, dr = 1:1. 

Scheme 1.27: Coupling and spiroketalisation of dihydroisocoumarin 144.59 
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Reagents and Conditions: (a) NaBH4, EtOH, rt., 1 h, 95%. (b) Pd(OAc)2, NaHCO3, TBACl, DMF, 60 °C, 12 h, 79%. (c) 

H2 (8 atm), Pd/C, MeOH, rt., 5 h, 70%. (d) AcCl, MeOH, HC(OMe)3, 0 °C → rt., 25 h, 153 42%, 154 19%. 

Scheme 1.28: Synthesis of phthalide spiroketal 153 and 154.59 

Synthetic efforts from Reiβig et al. culminated in a convergent total synthesis of (±)-γ-rubromycin 

(9). Their concept of using an acid-mediated spirocyclisation was retained as the key step. The 

failed attempts of an acid-mediated spirocyclisation using a fully functionalised isocoumarin led to 

155 becoming the new synthetic target which bears an open chain isocoumarin precursor fragment. 

Ketone 155 could be afforded from copper catalysed 1,4-addition of a iodide 156 to enone 157. 

Enone 157 was obtained via addition of lithiated allene 127 to bromide 158 (Scheme 1.29).
71

 

 

Scheme 1.29: Retrosynthesis of (±)-γ-rubromycin (9) by Reiβig et al.71 

Initial investigation began using a similar protocol developed during investigations towards the 

synthesis of heliquinomycin (12). As γ-rubromycin (9) bears no benzylic alcohol group, it was 

envisaged that addition of lithiated allene 127 to bromide 158 would afford the desired enone 157. 

However, unsuccessful attempts to synthesise bromide 158 were attributed to use of an electron-

rich naphthalene causing the bromide to be too labile. To circumvent this problem, an alternative 

route the desired enone 157 was sought. Attention turned to phosphonate 159, metalation of which 

affords the ambient allyl anion 160. Reaction of anion 160 with aldehyde substrates afford 2-

methoxybuta-1,3-dienes via a Horner-Wittig type reaction. Acid hydrolysis of the resulting enol 

ether 162 affords the desired enone 163. As two positions for addition to allyl anion 160 exist, 
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namely α and γ,  in order to exclusively form the desired α-addition products, the γ-position was 

firstly blocked with a silyl group (Scheme 1.30).
72

 

 

Reagents and Conditions: (a) Base (b) chloro(trialkylsilane). (c) i) base ii) aldehyde. (d) acid. 

Scheme 1.30: Synthesis of enones using phosphonate 161.71 

Using this revised method, aldehyde 166 became the new target. Synthesis began using a protocol 

developed by Kozlowski et al. affording alcohol 165 in 10 steps.
73

 IBX oxidation of alcohol 145 

afforded the desired aldehyde 166 in 85% yield (Scheme 1.31). 

Synthesis of the silylated phosphonate 168 began with alkene 167 and was converted to 

phosphonate 159 using a procedure reported by Murray et al.
74

 Treatment of phosphonate 159 with 

n-butyl lithium and quenching of the anion with chloro(4-methoxyphenyl)dimethylsilane afforded 

γ-substituted silane 168 in 64% yield. Coupling of 166 and 168 proceeded through treatment of 

phosphonate 168 with potassium hexamethyldisilazane at reduced temperature followed by the 

addition of aldehyde and acid hydrolysis of intermediate enol ether affording key silylated enone 

169 (Scheme 1.31). 

 

Reagents and Conditions: (a) IBX, DMF, rt., 1 h, 85%. (b) n-BuLi, −78 °C, 10 min, then chloro(4-

methoxyphenyl)dimethylsilane, −78 °C → rt., 64%. (c) i) KHMDS, THF, −40 °C, 15 min, then 166, −78 °C → rt., 82%. 

ii) trichloroacetic acid, CH2Cl-H2O (25:1), rt., 45 min, 94%. 

Scheme 1.31: Synthesis of silyl enone 169 by Reiβig et al.71 

Synthesis of iodide 516 coupling partner began with vanillin 170 that was converted to aldehyde 

112 in four steps and using an established protocol.
68

 Protection of the phenol as a MOM ether 

followed by Horner-Wadsworth-Emmons reaction of aldehyde with phosphonate 56 afforded iodide 

156 in 75% yield over two steps (Scheme 1.32). 
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Reagents and Conditions: (a) MOMCl, iPr2NEt, DMF, rt., 1 h, 83%. (b) 56, LiHMDS, −78 °C, 5 min then 171, −78 °C 

→ rt., 90%. 

Scheme 1.32: Synthesis of iodide 156.71 

Following Knochel’s et al. procedure,
75

 iodide 156 was converted to the Grignard reagent 173 and a 

copper (I) catalysed 1,4-addition reaction with 172 proceeded to afford ketone 174 after acid 

hydrolysis of the silyl enol ether intermediate. Oxidation of 174 with DDQ gave quinone 175 and 

treatment with catalytic triflic acid in acetonitrile at reduced temperature afforded key spiroketal 

176 in 80% yield with retention of the acid labile tert-butyldimethylsilyl ether. Lactonisation was 

performed using HBF4·Et2O at elevated temperature to cleave the tert-butyldimethylsilyl group and 

form the desired isocoumarin functionality. Additional dearylation of the silyl group afforded a 

fluorosilane intermediate which upon treatment with peracids (e.g. mCPBA) led to protodesilylation 

rather than a Tamao-Fleming type oxidation product. A one-pot procedure was devised for 

conversion of spiroketal 176 to the desilylated produc. Treatment of 176 with HBF4·Et2O led to 

formation of the isocoumarin functionality and fluorination of the silane group. Basic work-up with 

methanol and triethylamine afforded desilylated product in over 66% yield. Final boron tribromide 

cleavage of the methyl ethers completed the synthesis of γ-rubromycin (9) in an overall 3.8% yield 

(Scheme 1.33). 

 

Reagents and Conditions: (a) iPrMgBr, Et2O-THF (4:1), −40 °C, 5 min. (b) CuI·2LiCl (0.20 M, THF), TMSCl, Et2O-

HMPA (10:1), −40 °C → rt., 30 min, then aq. H2SO4 (5%), THF, rt., 20 min, 85% over two steps. (c) DDQ, MeCN-H2O 

(4:1), 0 °C, 20 min, 91%. (d) TfOH (cat.) MeCN, −25 °C → rt., 1.5 h, 80%. (e) i) HBF4·Et2O, CH2Cl2, 50 °C, 15 min then 

0 °C, MeOH-NEt3, 0 °C → rt., 15 min 66%. ii) BBr3, CH2Cl2, −78 °C → 0 °C, 1.5 h, 40-50%. 

Scheme 1.33: Coupling and completion of synthesis of (±)-γ-rubromycin (9).71 
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1.5.4 Total Synthesis of (±)-γ-Rubromycin (9), Pettus et al.
76

 

In 2006, Pettus et al. reported a new approach for the construction of model rubromycin spiroketals. 

Use of a [3+2] oxidative cyclisation would avoid the problems associated with an acid-mediated 

spiroketalisation process. It was initially envisaged that construction of both the naphthalene and 

isocoumarin moieties would be undertaken post formation of the spiroketal core. This synthetic 

plan was implemented and resulted in the formation of fully functionalised naphthalene spiroketal 

177 using a series of oxidation and cyclisation procedures (Scheme 1.34 and 1.35).
41

 

 

Scheme 1.34: Retrosynthetic analysis of naphthoquinone spiroketal 177. 

 

Reagents and Conditions: (a) CAN, NaHCO3, THF, 0 °C, 56%; (b) DDQ, dioxane, 100 °C, 64%; (c) IBX, DMF, rt., (d) 

TMSCl, BnNEt3Cl, rt, 183 & 184 (2.3:1), 54%,  over 2 steps. (e) DDQ, CH2Cl2, rt., 57% from 183, 63% from 184. (f), 

CH2Cl2 53%. (g) i) NaH, MOMCl, THF, 0 °C, 80%. ii) Pd(OH)2, H2, Me2SO4, NaH, THF, 89%; iii) BF3•Et2O, CH2Cl2, 0 

°C, 93%. (h) Co(salen)2, O2, DMF, 89%. 

Scheme 1.35: Synthesis of naphthaquinone spiroketal 177. 41 
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Continued investigations resulted in application of their synthetic protocol to the synthesis of a 

small group of naphthoquinone spiroketals (21-26) for structure-activity relationship testing as 

described previously. The synthesis of these compounds showed  some functional group tolerance 

of the [3+2] oxidative cyclisation reaction for constructing naphthoquinone spiroketals.
38

 

 

Scheme 1.36: Overall proposed retrosynthesis of γ-rubromycin through use of [3+2] cycloaddition.76 

In 2011, Pettus et al. demonstrated the full functional group tolerance of their [3+2] oxidative 

cycloaddition strategy in their total synthesis of (±)-γ-rubromycin (9). It was proposed that fully 

functionalised naphthaquinone 189 and methylene chroman 190 will give access to key 5,6-

spiroketal core with final demethylation affording (±)-γ-rubromycin (9) in a short synthetic 

sequence (Scheme 1.36). 

Initial work began with synthesis of naphthaquinone 189 following Thomson’s protocol but in their 

hands methods were not easily scaled up and an alternative method was sought.
77

 Synthesis of α-

tetralone 192 from 1,2,4-trimethoxybenzene was successful in 3 steps. Application of Nicolaou’s 

bromination procedure afforded desired bromophenol intermediate and treatment with ceric 

ammonium nitrate afforded bromo-naphthoquinone 193 in 47% yield. Following reports of the 

unusual leaving group effects reported by Anufriev
78

 and utilised by Brimble et al,
79

 bromoquinone 

was converted to azidoquinone by bromide displacement with sodium azide in aqueous 

tetrahydrofuran. Regioselective displacement of azidoquinone 194 with methanol and cesium 

carbonate in toluene provided methyl ether 195 in 65% yield. Hydrolysis with aqueous potassium 

hydroxide in methanol afforded key naphthaquinone 189 completing the synthesis (Scheme 1.37). 

 

Reagents and Conditions: (a) LiHMDS, THF, −78 °C, then NBS, DBU, −78 °C → rt., 78% yield. (b) CAN, MeCN-H2O, 

0 °C, 60%. (c) NaN3, THF-H2O, rt. (d) Cs2CO3, toluene-MeOH, rt., 65% over 2 steps. (e) KOH, MeOH-H2O, 84%. 

Scheme 1.37: Synthesis of naphthoquinone 189 by Pettus et al.76 
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Synthesis of chroman 190 began with Reiβig’s known aldehyde 112 which was prepared in four 

steps from vanillin.
68, 70

 Heck reaction of aryl iodide with methyl acrylate and hydrogenation of the 

double bond afforded ester 196 in 87% yield. Acid-promoted lactonisation followed by Horner-

Wadsworth-Emmons reaction with Thompson’s phosphonate 191 gave unsaturated ester 198 as a 

mixture of isomers (E:Z 6:1). On exposure to Petasis reagent, ester 198 underwent selective 

methylenation in 72% yield. tert-butyldimethylsilyl deprotection and cyclisation afforded key 

coupling partner 190 in 94% yield (Scheme 1.38). 

 

Reagents and Conditions: (a) Pd(OAc)2, PPh3, methyl acrylate, LiCl, NEt3, DMF, 80 °C, 93%. (b) H2 (1 atm), Pd/C, 

EtOAc, 94%. (c) p-TsOH (cat.), toluene, reflux, 82%. (d) 191, LiHMDS, THF, −78 °C, then 197, 60%, E:Z = 6:1. (e) 

Cp2TiMe2, toluene, 70 °C, 72% yield, E:Z =8:1. (f) TBAF, THF, −78 °C, 94% yield.  

Scheme 1.38: Synthesis of chroman 190.76 

With both  coupling partners in hand, oxidative [3+2] cycloaddition in the presence of ceric 

ammonium nitrate in tetrahydrofuran was undertaken successfully affording a separable 1:2 mixture 

of o- and p-naphthoquinone spiroketals 200 and 201 where no equilibration between the two 

structures was observed. Final deprotection of p-naphthaquinone using boron tribromide provided 

racemic (±)-γ-rubromycin (9) in moderate 61% yield (Scheme 1.39).  

Further investigations into conversion of o-naphthoquinone 200 into p-naphthoquinone 201 were 

conducted. Attempts to effect rearrangement using protic conditions as reported by Kita et al. to 

effect a similar rearrangement only afforded starting material. However, subjecting o-

naphthoquinone 200 to excess boron tribromide in dichloromethane afforded (±)-γ-rubromycin (9) 

in 50% yield (Scheme 1.39).  

Through use of a late stage [3+2] cycloaddition of fully functionalised naphthalene unit 189 and 

isocoumarin 190, a total synthesis of γ-rubromycin (9)was completed in a highly convergent 

manner in 4.4% overall yield. 
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Reagents and Conditions: (a) CAN, NaHCO3, THF, rt., 1 h, 58%, (200:201 = 1:2). (b) BBr3 (6 eq.), −78 °C to −20 °C, 

1.5 h, 61%. (c) BBr3 (8 eq.), −78 °C to −20 °C, 1.5 h, 50%. 

Scheme 1.39: Coupling of 189 and 190 and completion of synthesis.76 

While the exact sequence of events still remains unknown, it was proposed that after demethylation, 

ring opening of the spiroketal takes place. Nucleophilic attack of the naphthol onto the oxonium 

results in ring closure affording (±)-γ-rubromycin (9) (Scheme 1.40). 

 

Scheme 1.40: Demethylation and subsequent ortho to para naphthaquinone spiroketal rearrangement/ tautomerization of 

200.76 
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1.5.5 Synthetic Efforts Towards Purpuromycin (13), Kozlowski et al.
20, 52, 62, 63, 73, 80-83

 

The contribution from Kozlowski and co-workers has been vast and has enabled a greater 

understanding of the unique problems associated with the synthesis of the rubromycins and more 

specifically, purpuromycin (13). Their initial goal was to develop a convergent synthesis focusing 

around the late stage acid-mediated spirocyclisation of a dihydroxyketone precursor to construct the 

spiroketal core.  

Retrosynthetically, key dihydroxyketone precursor 204 would arise from reductive cleavage of 

isoxazoline 205 resulting from a [3+2] cycloaddition between fully elaborated nitroalkane 206 and 

styrene 207 giving a highly convergent synthesis (Scheme 1.41). 

 

Scheme 1.41: Retrosynthetic analysis of purpuromycin by Kozlowski et al.52 

A. Synthesis of Isocoumarin 207 

Synthesis of isocoumarin alkene 217 began with commercially available catechol 208 which was 

subjected to carbon dioxide gas under high pressure and temperature to give 2,3-

dihydroxyterephthalate 209. Fischer esterification and methyl protection of phenols with dimethyl 

sulfate afforded 2,3-dimethoxyterephthalate 210 in very good yield. Iodination was carried out via 

nitration and reduction to afford the corresponding amine in preparation for Sandmeyer reaction to 

afford aryl iodide 211. Selective ester hydrolysis with aqueous lithium hydroxide and reduction of 

the resulting carboxylic acid to the alcohol followed by tert-butyldimethylsilyl protection afforded 

iodide 213. Heck reaction of aryl iodide 213 with methyl enol ether 218 afforded alkene 214 and 

treatment with hydrogen chloride in methanol resulted in lactone formation and deprotection of the 

tert-butyldimethylsilyl ether. Oxidation of alcohol 215 with Dess-Martin periodinane followed by 

protecting group manipulation furnished aldehyde 216. Finally, two-step homologation using 

diethyl zinc followed by reaction with tosic acid completed the synthesis of the desired olefin 217 

(Scheme 1.42). 
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Reagents and Conditions: (a) i) NaOH, ii) CO2, 80 atm, 200 °C, 48 h, 54%. (b) i) MeOH, HCl, 75%. ii) Me2SO4, K2CO3, 

quant. (c) AgNO3, TFAA. ii) H2, Raney Ni, iii) H+, NaNO2, KI, 86% over 3 steps. (d) LiOH, THF-H2O. (e) i) BH3, THF. 

ii) TBSCl, Im, 87% over 3 steps. (f) Pd(PPh3)4, K2CO3, 71%. (g) 5% HCl-MeOH, 83%. (h) i) DMP , CH2Cl2. ii) BBr3, 

CH2Cl2, −78 °C, 1 h then rt for 1 h. iii) K2CO3, BnBr, DMF, rt o/n, 82%. (i) i) TMEDA, Me2Zn, toluene, 95%. ii) p-

TsOH, toluene, reflux, 20 h, 84%. 

Scheme 1.42: Synthesis of isocoumarin fragment 217 by Kozlowski et al.52, 81 

B. Synthesis of Naphthalene Fragment: 

(i) 1
st
 Generation Synthesis 

With alkene 217 in hand, attention then focused on the nitroalkane 206 coupling partner. Synthesis 

began with vanillin 219 which was brominated with bromine in acetic acid followed by Dakin 

oxidation of the aldehyde to give the corresponding phenol which was protected as the benzyl ether. 

Formation of the Fischer chromium carbene complex 221 was undertaken through lithium halogen 

exchange of aryl bromide 220 and treatment with chromium hexacarbonyl followed by methylation 

using Me3OBF4. Reaction of the Fischer carbene with alkyne 228 in the presence acetic anhydride 

with heating reproducibly afforded naphthalene 222 in moderate 40-50% yields. Protection of the 

free hydroxyl as the benzyl ether enabled the two CH2OTBS groups to be distinguished through 

differing oxidation potentials, due to the electron donating nature of the C-7′ methoxy. Treatment of 

223 with DDQ afforded aldehyde 224 which was reduced to the alcohol with sodium borohydride 

and exposure to chloromethyl methyl ether provided MOM ether 225. Silyl deprotection and 

oxidation provided aldehyde 226. Final Dakin oxidation of aldehyde 226 with buffered mCPBA 

and immediate protection of the resulting unstable phenol as the benzyl ether afforded desired 

naphthalene 227 (Scheme 1.43). 
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Reagents and Conditions: (a) i) Br2, AcOH, rt., 10 min. ii) NaH, BnBr, nBu4NI, DMF, 0 °C-rt., o/n, 86% over 2 steps. iii) 

mCPBA, CH2Cl2 rt., o/n, then KOH, 73%. iv NaH, BnBr, nBu4NI, DMF, 0 °C-rt., o/n, 83%. (b) n-BuLi, Cr(CO)6, THF, 

−78 °C → rt., 3 h, then Me3OBF4, CH2Cl2, 0 °C 1.5 h, 97%. (c) 228, Ac2O, THF, 50 °C, 17 h, 53%. (d) nBu4NI, BnBr, 

K2CO3, acetone, 50 °C, 48 h, 81%. (e) DDQ, CH2Cl2-H2O (10:1), 1 h, rt., 80%. (f) i) NaBH4, THF-MeOH (4:1), 0 °C → 

rt., 1.5 h, 96%. ii) MOMCl, iPr2NEt, CH2Cl2, 0 °C → rt., o/n, 87%. (g) i) TBAF, THF, rt., 3 h, 99%. ii) DMP, CH2Cl2, 30 

min, rt., 90%. (h) i) mCPBA, NaHCO3, CH2Cl2, rt., o/n, then NH3, EtOH. ii) nBu4NI, BnBr, K2CO3, acetone, 55 °C, o/n, 

55% over 2 steps. 

Scheme 1.43: First generation synthesis of naphthalene fragment 227 by Kozlowski et al.82 

It was as this stage that the current method was deemed lengthy and key reactions were not to be as 

robust as first thought. The moderate yield obtained in the use of the Fischer carbene reaction and 

the unstable nature of the penultimate C-2 phenol intermediate contributed to the need for the 

development of a new more reliable synthetic route. 

(ii) 2
nd

 Generation Synthesis 

The 2
nd

 generation synthesis of naphthalene 235 began with a [4+2] cycloaddition between furan 

229 and dimethyl acetylenedicarboxylate 236. The resultant phenol was methylated then subjected 

to a double Claisen condensation with dimethyl succinate 237. Methylation using dimethyl sulfate 

followed by reduction of both ester and protection of alcohols as triethylsilyl ethers afforded 

naphthalene 232 in good yield. Again using the differing oxidation potentials due to the effects of 

the C-7 methoxy group, DDQ was selective in oxidation of the more electron-rich benzylic carbon 

affording desired aldehyde 233. Henry reaction and reduction of the resulting alkene afforded 

nitroalkane 234. Silyl deprotection and oxidation with Dess-Martin periodinane gave aldehyde 

which underwent Dakin oxidation followed by triethylsilyl protection of phenol to give key 

naphthalene coupling partner 235 (Scheme 1.44). 
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Reagents and Conditions: (a) 236, 1% HCl, 90%. (b) i) MeI, K2CO3, acetone, rt., 96%. ii) NaHMDS, 237, THF, 0 °C 

52%. (c) i) Me2SO4, K2CO3, acetone, rt., 97%. ii) LiAlH4, THF, 0 °C 94%. iii) TBSCl, Im, DMF, rt., o/n, quant. (d) i) 

DDQ, CH2Cl2-H2O, 1 h, rt., 88%. (e) i) NH4OAc, MeNO2, reflux, 93%. ii) NaBH4, SiO2, CHCl3-
iPrOH (5:1), rt., 82%. (f) 

i) HCl, MeOH, rt., 30 min 95%. ii) DMP, CH2Cl2, rt., 45 min, 96%. iii) B(OH)3, H2O2, H2SO4, THF, 9 h, then TESCl, Im, 

CH2Cl2, 1 h, rt., 72%. 

Scheme 1.44: Second generation synthesis of naphthalene fragment 235 by Kozlowski et al.52 

While successful in producing the desired naphthalene fragment 235, the synthetic route required 

Dakin oxidation to reveal the C-2 hydroxyl which had been shown to be unstable due to facile 

oxidation to a naphthoquinone and decomposition. Attempts to protect the phenol as the 

triethylsilyl ether was not as robust as hoped for, therefore an alternative synthesis that avoided this 

intermediate was sought. 

(iii) 3
rd

 Generation Synthesis 

For their third generation synthesis reported in 2008, commercially available 2,4,5-

trimethoxybenzaldehyde 164 facilitated construction of 238 via a Stobbe condensation/cyclisation 

process over 2 steps in 81% yield (Scheme 1.45). Phenyliodine bis(trifluoroacetate) oxidation in the 

presence of methanol allowed installation of the required methyl ether at C-4 followed by 

tautomerization using potassium tert-butoxide in ethanol affording naphthol 240. IBX oxidation in 

dimethylformamide formed ortho-quinone in good yield and selective protection of the more acidic 

phenol after sodium dithionite reduction, afforded naphthol 242 in moderate 71% yield. Final 

methylation of the remaining naphthol then afforded the desired ester 243 in preparation for 

installation of nitroalkane functionality. 

Initial attempts to form nitroketone 244 through reaction of ester 243 with the anion of 

nitromethane proved unsuccessful and was attributed to the steric hinderence of the ester by the two 

bis ortho-substituents surrounding the ester. Reduction of the ester with lithium aluminium hydride 

and oxidation of the alcohol to the aldehyde using Dess-Martin periodinane afforded aldehyde 246 

in moderate yield. Henry reaction with nitromethane then afforded nitroalcohol 247. Attempts to 

protect the resultant alcohol as a silyl ether only returned an elimination product or decomposition 

of starting material. Oxidation of the alcohol to ketone 244 was successful and also produced small 
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amounts of the eliminated product 249. This small amount of eliminated product was reduced with 

sodium borohydride to give nitroalkane 250 in good yield (Scheme 1.45). 

 

Reagents and Conditions: (a) i) tBuOK, diethyl succinate, tBuOH, rt., 2 h. ii) Ac2O, NaOAc, reflux, 4 h, then 1% KOH-

EtOH reflux 10 min. 81%. (b) PIFA, MeOH, rt., 5 min. (c) tBuOK, EtOH, 5 min, 99% over two steps. (d) IBX, DMF, 12 

h, rt., 82%. (e) Na2S2O4, PhH-H2O (1:1) then BnBr, KHCO3, DMF, 12 h, 71%. (f) MeI, NaHMDS, DMF 12 h, 97%. (g) 

LiAlH4, 0 °C-rt 6 h, 85%. (h) DMP, CH2Cl2 30 min, 0 °C, 71%. (i) MeNO2, n-BuLi, THF, 0 °C-rt 12 h, 86%. (j) DMP, 

CH2Cl2, 2 h, 246 (61%) and 249 (9%). (k) NaBH4, CH2Cl2-MeOH (1:1), 30 min, 83%. 

Scheme 1.45: Third generation synthesis of naphthalene fragment 250 by Kozlowski et al.73 

Reported as being a concise synthesis towards the naphthalene coupling partner for the synthesis of 

purpuromycin (13), the synthesis has not been optimised. However, it was stated that nitroalkene 

formation could be optimised as shown previously.
52

 

C. Coupling and Attempted Spirocyclisation 

Synthetic routes to both coupling fragments afforded naphthalene 235 and isocoumarin 217, hence 

attention then turned to the key [3+2] cycloaddition. Treatment of nitroalkane 235 with phenyl 

isocyanate and triethylamine and alkene 217 resulted in isoxazoline 251 in 79% yield. triethylsilyl 

deprotection, isoxazoline reductive ring opening and cleavage of the benzyl ether set the stage for 

spirocyclisation. Disappointingly no spiroketal product formed under acidic conditions even after 

extensive screening of an array of both Brønsted and Lewis acids. Oxidation state adjustment of the 

naphthalene still did not afford desired spiroketal upon exposure to acid. Further investigations 

were required to determine what factors were resulting in the failure of this key step (Scheme 1.46). 
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Reagents and Conditions: (a) PhNCO, NEt3, benzene, 48 h, rt., 79%. (b) i) HCl, MeOH, 5 h, rt., 86%. ii) B(OH)3, Raney 

Ni, H2, MeOH-H2O (5:1), 6 h, rt., 94%. (c) H2, Pd/C, EtOAc, rt., 88%. (d) Brønsted and Lewis acids. (e) i) TBSOTf, 

NEt3, DMF, 12 h, rt., 85%. ii) DDQ, MeCN-H2O (4:1), 5 min, rt., 99%. iii) H2, Pd/C, 12 h, rt., then TBAF, 90%. (f) p-

TsOH or PPTS.  

Scheme 1.46: [3+2]-cycloaddition and attempted spirocyclisation by Kozlowski et al.52 

Model systems were synthesised where both the naphthalene and isocoumarin portions were 

stripped of non-essential functionality and coupled with a fully substituted partner to conclude 

which portion of the molecule was inhibiting spirocyclisation. Naphthalene 235 and model styrene 

257 underwent cycloaddition, forming isoxazoline 258. Reductive cleavage then afforded the 

corresponding β-keto alcohol, whereupon treatment with catalytic tosic acid afforded spiroketal 259 

in 88% yield as a 1:1 mixture of diastereomers (Scheme 1.47). 

 

Reagents and Conditions: (a) PhNCO, NEt3, 48 h, rt., 84%. (b) i) Raney Ni, B(OH)3, H2, MeOH-H2O (5:1), 5 h, rt., 82%. 

ii) H2, Pd/C, EtOAc, o/n, then p-TsOH, CH2Cl2, 3.5 h, rt., 88%  

Scheme 1.47: Spiroketal formation using model styrene 259.52 

Using the same chemistry, styrenes 217 and 263 were coupled to model nitroalkane 260. Reductive 

cleavage again to corresponding β-keto alcohols was successful but exposure to acid only resulted 

in formation of the corresponding benzofurans 262 and 265 (Scheme 1.48). These results show that 
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the electron withdrawing groups associated with the isocoumarin have an effect on the ability of 

these systems to undergo acid-mediated spirocyclisation. 

 

Reagents and Conditions: (a) PhNCO, NEt3, 13 h, 60 °C, 97%. (b) i) Raney Ni, B(OH)3, H2, MeOH-H2O (5:1), 4 h, rt., 

80%. ii) H2, Pd/C, EtOAc, o/n, then p-TsOH, CH2Cl2, 45 min, rt., 82%. (c) PhNCO, NEt3, 15 h, 60 °C, 71%. (d) i) Raney 

Ni, B(OH)3, H2, MeOH-H2O (5:1), 24 h, rt., 80%. ii) H2, Pd/C, EtOAc, 17 h, then p-TsOH, CH2Cl2, 45 min, rt., 89%  

Scheme 1.48: Spiroketal formation using model nitroalkane 260.52 

It is proposed that upon generation of the naphthalene oxonium ion intermediate 267 there are two 

mechanistic pathways that can take place depending on the electronic nature of the functional 

groups present. If ‘Y’ are electron donating groups (EDG) then the spirocyclisation pathway (Path 

A) will dominate. This is attributed to the increase in nucleophilicity of the phenol causing 

nucleophilic attack of the oxonium forming the spiroketal 268. If ‘Y’ are electron withdrawing 

groups (EWG), then nucleophilic attack will not occur and elimination to the stable benzofuran 269 

becomes the dominant pathway (Schemen 1.49). 

 

Scheme 1.49: Spirocyclisation (a) and elimination (b) reaction pathways.52 

These conclusions were supported by the reported difficulties by Reiβig et al. in their synthetic 

investigations. As a result, possible alternative spiroketal precursors and cyclisation methods were 

pursued. In back to back papers, Kozlowski et al. began to delve deeper into the behaviour and 

mechanistic pathways of the acid-mediated spirocyclisation reaction. Three key strategies were 

investigated in pursuit of a total synthesis of purpuromycin (13), (i) the removal of the benzylic 
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protons associated with the naphthalene to inhibit benzofuran formation, (ii) alterations to the 

isocoumarin structure to increase the nucleophilicity of the phenol and (iii) alternative methods to 

form the spiroketal with the focus on a hemiketal addition strategy.
 31, 51a 

Using model systems and comparison of the NMR spectra, it was observed that the isocoumarin 

model system 270 will readily tautomerize to the hemiketal 271, however the more nucleophilic 

naphthalene phenol 252 does not. This suggests that the nucleophilicity of the isocoumarin phenol 

is not the sole factor influencing the spiroketalisation process (Scheme 1.50). 

 

Scheme 1.50: Comparison of hemiketal formation of the two different phenols.63 

In support if these experimental results, quantum mechanical calculations showed that the pyran 

oxocarbenium 276 was 11.6 kcal/mol lower in energy compared to the furan oxocarbenium 275 

(Scheme 2.51).  

Both the experimental and theoretical results confirm that 5-membered cyclic compounds are 

generally more unstable than their 6-membered counterparts. This conclusion however does not 

explain why there was a preference for furan formation in previous reports.
51, 52

 A possible 

explanation is that the energy required to overcome the ring strain to convert pyran oxocarbenium 

276 to spiroketal 254 is high and comparable in size to the energy barrier for furan oxocarbenium 

275 formation, whereupon the subsequent elimination to furan 277 is a facile process assuming that 

all intermediates are in equilibrium (Scheme 1.51).  
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Scheme 1.51: Potential spiroketalisation pathways of trihydroxyketone 253.63 

While it is theoretically possible to convert furan 277 to spiroketal 254, reports have shown that 

direct conversion of furan 277 to a spiroketal product it is not currently possible with this system.
50

 

The failure is attributed to the instability of the electron rich naphthalene that is prone to 

decomposition via  oxidative demethylation and the high stability of the naphthofuran product 

(Scheme 1.51).
51

 

D. Alternative Spirocyclisation Methods: A Diketone Approach 

In light of the results from experimental and theoretical observations, it became apparent that an 

alternative approach towards the construction of the spiroketal core of purpuromycin is required. 

The first of three possible alternative methods is described herein.  

Mechanistically naphthofuran 277 is afforded due to the fact that ketone 275 bears two adjacent 

benzyl hydrogens at C-4′. Once furan oxocarbenium 275 forms, irreversible elimination of a benzyl 

hydrogen affords naphthofuran 277. It was thought that through the removal of the benzyl 

hydrogens, this would inhibit the ability of naphthofuran 277 to form, hereby facilitating a 

successful spirocyclisation reaction (Scheme 1.52). 
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Scheme 1.52: Replacement of acidic protons with a ketone functional group.63  

Kozlowski et al. extensively investigated this hypothesis by replacing the benzyl hydrogens with a 

ketone functional group. A ketone was chosen as it replaces both benzyl hydrogens and its inherent 

electron-withdrawing nature helps to stabilise the electron-rich naphthalene and the reactivity of the 

existing carbonyl is increased. With no obvious advantage as to when to install the ketone, it was 

initially decided to undertake the transformation after reductive ring opening of the corresponding 

isoxazoline (Scheme 1.53). 

During their synthetic efforts it became apparent that installation of the ketone at C-4′ or even an 

alcohol group was not trivial. Initial attempts to effect oxidation of ketone 280 after reduction of the 

isoxazoline ring were unsuccessful (Oxone, phenyl isocyanate, oxygen, osmium tetroxide and 

mCPBA). Adjustment of the oxidation state of naphthalene 280 also did not prove useful. Use of 

selenium dioxide under modified Riley reaction conditions also did not convert ketone 285 to the 

desired diketone 286 (Scheme 1.53). 
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Reagent and Conditions: (a) 55% over 4 steps. (b) DDQ, MeCN-H2O, 98%. (c) 11% over 3 steps. (d) SeO2, NEt3, THF. 

Scheme 1.53: Attempted oxidation after union of fragments 280 and 285.63  

Altering the sequence of events also did not improve the outcome. Cycloaddition of nitroalcohol 

247 with styrene 257 failed, only affording decomposition of starting materials. Silyl protection of 

the alcohol prior to cycloaddition also proved unsuccessful. Although nitroketone 244 cyclised with 

isocoumarin 217 to give isoxazoline 287, reductive cleavage to afford the corresponding diketo-

alcohol only resulted in complex mixtures (Scheme 1.54).  

Despite rearranging the sequence of events and testing all possible variations, reduction of the 

isoxazoline ring proved impossible in the presence of an α-ketone and other forms of oxygen 

functionality at the benzylic position were incompatible with the cycloaddition reaction. After a 

closer look at the inability of nitroalcohol 247 to undergo silyl protection it was reasoned that the 

extensive substitution of the naphthalene, more specifically the benzyl and methyl ethers located at 

C-2 and C-4 respectively was prohibitively sterically demanding (Scheme 1.54). 

In support of this argument is the inability of ketone 285 to undergo α-oxygenation. To confirm this 

hypothesis, synthesis of a C-4 demethoxy naphthalene 289 was undertaken. 
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Reagents and Conditions: (a) PhNCO, NEt3, PhH. (b) PhNCO, NEt3, PhH, 56%.  

Scheme 1.54: Attempted union of fragments after diketone generation.63 

Synthesis of naphthalene 289 lacking methoxy at C-4 began from known ortho-quinone 

intermediate 288 following a similar route to the synthesis of 250 from 245 (Scheme 1.45) and 

afforded tert-butyldimethylsilyl protected nitroalcohol 289 after six steps. Cycloaddition with 

styrene 217 afforded isoxazoline 290 and required use of the stronger dehydrating agent p-nitro-

phenyl isocyanate with heating. Selective reduction with hydrogen and Raney Ni gave mainly 

decomposition and only trace amounts of β-keto-alcohol 291. Silyl deprotection followed by 

reductive cleavage of isoxazoline 292 also only resulted in decomposition (Scheme 1.55). 

Installation of oxygen functionality prior to union of the two fragments proved unsuccessful. The 

presence of existing α-oxygen functionality prevented reductive ring opening of the isoxazoline 

even when protected as a tert-butyldimethylsilyl ether. Hence attention now focused on the 

installation of the ketone post reductive ring opening of the isoxazoline.  
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Reagents and Conditions: (a) i) Na2S2O4, PhH, H2O, 5 min then BnBr, K2CO3, acetone, reflux, 6 h, 92%. ii) LiAlH4, 

THF, 0 °C, 2 h, 99%. iii) DMP, CH2Cl2, 1 h, rt., 86%. iv CH3NO2, n-BuLi, THF, 0 °C-rt., o/n, 86%. v TBS-imidazole, 

CH2Cl2, reflux, 40 h, 86%. (b) p-NO2PhNCO, NEt3, toluene, reflux, 15 h, 62%. (c) H2, Raney Ni, B(OH)3, THF, H2O, 

MeOH, 5-10% (d) HF, CH3CN, rt., 2.5 h, 43%. (e) HF-py or other similar conditions. (f) Raney Ni, B(OH)3, THF, H2O, 

MeOH. 

Scheme 1.55: Attempted synthesis of mono-ortho protected naphthalene and keto-diol 293.63  

Following a similar protocol to that used for the previous synthesis of 289, Henry reaction of the 

intermediate aldehyde with nitromethane followed by reduction of the alkene with sodium 

borohydride afforded the desired nitroalkane 294. Coupling of 294 with styrene 217 furnished 

isoxazoline 295 which was reductively ring opened to give β-keto alcohol 296 and protected as a 

tert-butyldimethylsilyl ether. The first approach was to generate the diketone in a two-step process 

via the corresponding benzylic alcohol. Exposure of ketone 297 to triethylamine and methanol-d 

was successful in achieving full deuterium incorporation at both the α-keto positions and 

transesterification of the isocoumarin methyl ester. With this evidence that enolisation should occur, 

ketone 297 was exposed to sodium hexamethyldisilazane and Davis oxaziridine but only 

decomposition resulted. Milder conditions were sought and treatment with SeO2 and NEt3 was 

finally successful in giving the desired 1,2-diketone 300 (Scheme 1.56). 
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Reagents and Conditions: (a) PhNCO, NEt3, PhH, 65-70 °C, 17 h, 93%. (b) H2, Raney Ni, B(OH)3, H2O, MeOH, THF, 8 

h. (c) TBSOTf, imidazole, DMF, rt., 18 h, 55% over two steps. (d) CD3OD, NEt3. (e) Davis oxaziridine, NaHMDS. (f) 

SeO2, NEt3, THF, 65-70 °C, 2.5 h, 71%. (g) DMP. 

Scheme 1.56: Synthesis of mono-ortho substituted 1,2-diketone 300.63  

With required diketone 300 in hand, elaboration to the spiroketal commenced. Hydrogenolysis of 

the benzyl ethers afforded tetrahydroxy-diketone 301 but on exposure to air, this compound 

spontaneously oxidised to ortho-quinone 302a. Subjecting tetrahydroxy-diketone 301 immediately 

to acidic conditions for spiroketalisation only afforded additional tautomers and silyl deprotection 

products (Scheme 1.57). 
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Reagents and Conditions: (a) H2, Pd/C, EtOAc. (b) O2. (c) TsOH, PhH. 

Scheme 1.57: Attempted spiroketalisation of 301.63  

Using the knowledge gained it was concluded that the spiroketal precursor should include a 

methine group at C-4 to allow diketone formation. PG1 protecting groups should be different from 

each other as well as PG2. The silyl protecting group must be able to withstand spiroketalisation 

conditions to prevent possible retro-Claisen reactions (Figure 1.9). 

 

Figure 1.9: Functional group requirements for a spiroketal precursor.63  

Synthesis of orthogonally protected naphthalene 307 began with reduction of ortho-quinone 288 

and selective benzylation of the more acidic hydroxyl group followed by methylation of the other. 

A protocol previously described was used to convert ester 304 to nitroalkane 307 (Scheme 1.58). 
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Reagent and Conditions: (a) i) Na2S2O4, PhH, rt., o/n then BnBr, KHCO3, 49%. ii) MeI, K2CO3, DMF, 22 h, rt., 99%. (b) 

i) LiAlH4, THF, 0 °C, 2 h, quant. ii) DMP, CH2Cl2, 0 °C 1.1 h, 87%. (c) CH3NO2, NH4OAc, reflux, 13 h, 99%, (d) 

NaBH4, CH2Cl2-CH3OH (1:1), 15 min, 97%.  

Scheme 1.58: Synthesis of orthogonally protected naphthalene 307.63  

Cycloaddition of the nitrile oxide derived from 307 with styrene 284, reduction of the isoxazoline 

and tert-butyldiphenylsilyl protection of the resulting keto-alcohol gave silyl ether 309 in 46% yield 

over three steps. Selenium dioxide mediated oxidation to form diketone was successful, with the 

condition that addition of 1 equivalent of water was key for high reproducible yields. Finally 

cleavage of the phenolic benzyl ethers and exposure of diol 310 to tosic acid in benzene at 100 °C 

afforded a diastereomeric mixture of the desired spiroketal 311 in a 50-86% yield, with a trace 

amount of the eliminated product 312 detected (Scheme 1.59). 

The successful spirocyclisation of ketone 310 to spiroketal 311 shows that through removal of the 

benzylic protons, a successful acid-mediated spirocyclisation can be effected using a fully 

functionalised isocoumarin fragment. This is only the second report of this type of transformation 

being successful, the other being reported by Reiβig et al. were only a 7% yield of a spiroketal 

product was obtained.
59
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Reagents and Conditions: (a) PhNCO, NEt3, PhH, 86% (b) i) Raney Ni, H2, B(OH)3, THF, MeOH, H2O, 91%. ii) 

TBDPSOTf, NEt3, DMF, 59%. (c) i) SeO2, NEt3, THF, H2O, 95%. ii) H2, Pd/C, EtOAc, 93%. (f) p-TsOH, PhH, 331 86%, 

312 trace. 

Scheme 1.59: Cycloaddition and spiroketal formation.63 

With the carbon skeleton of purpuromycin (13) completed, investigations into the reduction of the 

ketone at C-3′ and oxidation of the methine at C-4′ to complete the synthesis began. Reduction of 

ketone 311 via treatment with sodium borohydride afforded the corresponding alcohol but further 

reduction was unsuccessful under a range of conditions including hydrolytic, hydrogenolysis and 

exposure to trimethylsilyl chloride, trimethylsilyl iodide and dithionite. Alternative procedures such 

as dithiane formation followed by Raney nickel reduction or reaction with trifluoroacetic acid and 

triethyl silane both successfully removed the ketone but also resulted in substitution or reduction of 

the C-8 methoxy on the isocoumarin. To account for the formation of such products, a conjugative 

addition-elimination sequence of the isocoumarin was proposed to occur under the reaction 

conditions. Oxidation of 311 with DDQ gave quinone 316 but both direct and 1,4-addition type 

oxidations of C-4′ did not afford the desired C-4′ oxidised product, attributed to the now electron-

poor nature of the quinone ring system (Scheme 1.60).
63
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Reagents and Conditions: (a) NaBH4, CH2Cl2-MeOH, 33%. (b) i) 1,3-propanedithiol, BF3·OEt2, CH2Cl2, then Raney Ni, 

H2, B(OH)3, THF, MeOH, H2O or TFA, Et3SiH. (c) DDQ, MeCN, H2O, 53%. (d) BCl3, CH2Cl2. 

Scheme 1.60: Attempts to elaborate 311 to purpuromycin (13).63  

E. Alternative Spirocyclisation Methods: A Hemiketal Conjugate Addition Approach. 

In continuation of their efforts towards purpuromycin (13), Kozlowski et al. examined a second 

alternative method for spiroketalisation to avoid naphthofuran formation.
62

  

Revision of the disconnections for spiroketal formation revealed that breaking of the oxygen and C-

9a′ bond of quinone 320 opens up a hemiketal conjugate addition strategy eliminating the 
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possibility of naphthofuran formation.
52

 Reports from both Kita et al. and Pettus et al. show that 

successful spiroketal formation with a fully functionalised isocoumarin is obtainable through using 

alternative methods.
48, 76

 The failure to elaborate C-4′ demethoxy spiroketal 311 into purpuromycin 

(13) led to the use of fully substituted naphthalene fragments in future syntheses. 

Disconnection of the O1′ - C9a′ bond will give an equilibrium mixture of hemiketal 320 and 

hydroxyl ketone 321. 321 will be afforded from oxidation of key ketone precursor 322 which will 

follow from use of established methods via cycloaddition of nitroalkane 323 with known alkene 

324 following Raney nickel mediated reduction of the resulting isoxazoline ring (Scheme 1.61).
 

 

Scheme 1.61: Hemiketal conjugate addition strategy towards purpuromycin (13).62 

Synthesis of nitroalkane 328 began with known aldehyde 325 that was converted into 

pentamethoxy naphthalene 326 using benzyne chemistry.
39

 Using the distal electronic difference 

induced by the C-2 methoxy group, selective Vilsmeier formylation afforded aldehyde 327 prior to 

Henry reaction and reduction of double bond, furnishing nitroalkane 328 required for the key 

cycloaddition (Scheme 1.62). 

 

Reagents and Conditions: (a) POCl3, DMF, CHCl3, 67%. (b) i) MeNO2, NH4OAc, sealed tube, 120 °C, 21.5 h. ii) 

NaBH4, MeOH-CH2Cl2 (1:1), 61% over two steps. 

Scheme 1.62: Synthesis of naphthalene 328.62 
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Initial attempts were undertaken to couple naphthalene 328 and model isocoumarin 257 to give 

isoxazoline 329. Reductive ring opening with hydrogen and Raney nickel afforded keto-alcohol 330 

which had to be carefully protected as the tert-butyldimethylsilyl ether using 1 equivalent of tert-

butyldimethylsilyl triflate with rigorous exclusion of oxygen from the reaction mixture to supress 

formation of 327. Naphthalene oxidation with ceric ammonium nitrate successfully afforded both 

quinones 332 and 333 in good yield whereas DDQ only oxidised the more electron rich ring to 

afford 332.  

With access to both quinones 332 and 333 assured, investigation began into spiroketal formation. 

The benzyl ether of 332 was cleaved using hydrogen in the presence of palladium on carbon, but all 

attempts to effect hemiketal conjugate addition under an array of basic conditions yielded no 

spiroketal products. Further attempts to promote spirocyclisation using scandium (III) triflate were 

also unsuccessful. Attention then turned to quinone 333; debenzylation using same conditions was 

successful, however hemiketal conjugate addition under oxidising conditions only resulted in 

decomposition of starting material. These results show that even with a model isocoumarin, a 

hemiketal conjugate addition strategy will not succeed to afford the desired purpuromycin (13) 

(Scheme 1.63). 

 

Reagents and Conditions: (a) PhNCO, PhH, NEt3, 75 °C, 44 h, 80%. (b) Raney Ni, B(OH)3, H2, MeOH, H2O, THF, 13 h, 

rt., 95%. (c) TBSOTf, NEt3, CH2Cl2, 0 °C, 1.4 h, 47%. (d) CAN, MeCN, H2O, −15 °C, 10 min, 332 (65%) + 333 (30%). 

(e) Pd/C, H2, EtOAc, 24 h, 64%. (f) NEt3, K2CO3, KOH, KH, Sc(OTf)3 (g) Pd/C, H2, EtOAc, 24 h, then PhH, 

(benzoquinone or chloroanil or DDQ) sealed tube. 

Scheme 1.63: Coupling and attempted hemiketal conjugate addition attempts.62 
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F. Alternative Spirocyclisation Methods: An Electron-Rich Isocoumarin Approach. 

With the failure of the hemiketal conjugate addition approach, attention returned to acid-mediated 

spirocyclisation, this time using an electron-rich isocoumarin precursor. The major factor that 

results in failure of acid-mediated spirocyclisation is the electron-withdrawing nature of the 

isocoumarin. Modification of the isocoumarin to a more electron-rich surrogate would increase the 

nucleophilicity of the associated C-7 phenol potentially enabling a successful acid-mediated 

spirocyclisation. The three electron-withdrawing functional groups were therefore retrosynthetically 

disconnected and reinstalled post spiroketal formation (Scheme 1.64). 

 

Scheme 1.64: A reductive approach to an electron-rich isocoumarin.62 

First generation isocoumarin surrogate synthesis began with aldehyde 340. Selective methylation 

and bromination afforded bromo-aldehyde 341 using known procedures.
83

 Mannich reaction and 

subsequent displacement of the N-acylated species with acetate furnished 342 and acetate 

hydrolysis and chemo-selective benzylation afforded 343. Reduction of aldehyde and acetylation of 

both alcohols allowed for Stille coupling with allyltributyl tin in the presence of Pd(PPh3)4 

affording 344. Osmium tetroxide mediated dihydroxylation afforded diol 345 where selective silyl 

protection of the 1° alcohol and oxidation of 2° alcohol furnished ketone 346. Base induced acetate 

cleavage afforded the corresponding diol which existed predominantly as the hemiketal where 

treatment with pyridinium p-toluenesulfonate in methanol afforded ketal 347. Oxidation of alcohol 

347 and Wittig reaction furnished alkene 348 thus completing the synthesis (Scheme 1.65).
 

 

Reagents and Conditions: (a) i) MeI, KHCO3, DMF. ii) NBS, DMF, 58% over two steps. (b) i) Morpholine, CH2O, 

EtOH, reflux, 15 h. ii) Ac2O, reflux, 48 h, 50% over two steps. (c) i) NaOH, H2O, THF, 30 min, 94%. ii) BnBr, K2CO3, 

DMF, rt., 17 h, 80%. (d) NaBH4, MeOH, rt., 12 h. ii) Ac2O, py, CH2Cl2, rt., 5 d, 58% over two steps. iii) allyltributyl tin, 

Pd(PPh3)4, PhMe, 120 °C, 18 h, 62%. (e) OsO4, NMO, acetone, H2O, rt., 12 h, 83% (f) i) TBDPSCl, imidazole, DMF, rt., 

2.5 h, 68%. ii) DMP, CH2Cl2, rt., 12 h, 78%. (g) i) K2CO3, MeOH, 0 °C, 4 h, 91%. ii) PPTS, MeOH, rt., 42 h, 57%. (h) i) 

DMP, CH2Cl2, rt., 1 h, 80%. ii) Ph3PCH2, THF, 10 min, 98%. 

Scheme 1.65: First generation synthesis of an electron rich isocoumarin surrogate.62 
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Attention then focused on the cycloaddition of surrogate isocoumarin 348 with model naphthalene 

260 and afforded isoxazoline in good 89% yield. Reductive cleavage using Raney nickel followed 

by debenzylation with hydrogen in the presence of palladium on carbon afforded trihydroxyketone 

350 which existed predominantly as the hemiketal. Attempted spiroketalisation was performed 

using tosic acid in benzene however only a trace amount of desired spiroketal 351 was detected by 

mass spectrometry amongst a complex mixture of inseparable products. This result was attributed 

to the acid labile methyl ketal of the isocoumarin surrogate (Scheme 1.66). 

 

Reagents and Conditions: (a) PhNCO, NEt3, PhH, rt., 15 h, 89%. (b) i) Raney Ni, H2, B(OH)3, MeOH, THF, H2O, rt., 

3.75 h. ii) Pd/C, H2, EtOAc, rt., 18 h, 34% over two steps. (c) p-TsOH, PhH, rt., 1 h, trace. 

Scheme 1.66: Cycloaddition and attempted spiroketalisation.62 

Encouraged by the detection of a spiroketal product, a new surrogate excluding the acid sensitive 

ketal became the new target. Advanced intermediate 347 was dehydrated with sulfuric acid to give 

alkene 351. Dess-Martin periodinane oxidation of the alcohol and Wittig reaction afforded desired 

cycloaddition partner352 (Scheme 1.67). 

 

Reagents and Conditions: (a) H2SO4, 4 Å MS, acetone, rt., 84 h, 60%. (b) i) DMP, CH2Cl2, rt., 50 min, 85%. ii) Ph3PCH2, 

THF, 10 min, 79%. 

Scheme 1.67: Second generation isocoumarin surrogate synthesis.62 

Cycloaddition of new isocoumarin surrogate 352 again with model naphthalene 260 afforded 

isoxazoline 353. Using a similar protocol to that used previously, Raney nickel reduction furnished 

keto-alcohol 354. Attempts to cleave the benzyl protecting group however resulted in complex 

mixtures of products attributed to extended quinone methide formation resulting in elimination of 

the silyl ether group. It was proposed that removal of the double bond to block the extended 

conjugation would inhibit quinone methide formation (Scheme 1.68). 
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Reagents and Conditions: (a) PhNCO, NEt3, PhH, rt., 36 h, 70%. (b) i) Raney Ni, H2, B(OH)3, MeOH, THF, H2O, rt., 2 

h, 73%. ii) Pd/C, H2, EtOAc. 

Scheme 1.68: Cycloaddition of second generation isocoumarin surrogate.62 

The difficult proposition of reduction of the alkene in the presence of a benzyl ether was 

undertaken. Treatment of isoxazoline 353 with palladium on carbon under a hydrogen atmosphere 

resulted in differing orders of reactivity, with alkene reduction occurring prior to benzyl ether 

cleavage and upon extended reaction times reduction of isoxazoline was observed. The 

hydrogenation reaction mixture was directly treated with tosic acid and afforded a mixture of four 

spiroketal diasteromers of 357, one of which could be separated (Scheme 1.69).  

 

Reagents and Conditions: (a) Pd/C, H2, EtOAc, rt., 36 h. (b) p-TsOH, PhH, rt., 20 min, 34% over two steps. 

Scheme 1.69: Successful spiroketal 357 formation.  

Application and further elaboration of this method to synthesize purpuromycin (13) has not 

currently been reported. 
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1.5.6 Formal Synthesis of (±)-γ-Rubromycin (9), Brimble et al.
79

  

In 2009, the formal synthesis of (±)-γ-rubromycin (9) was reported by our group. Synthesis was 

accomplished through an acid-mediated double deprotection/spiroketalisation to form the key 5,6-

spiroketal core. Di-protected dihydroxyketone 359 was prepared by Sonogashira coupling of 

alkynol 361 with iodide 362 and subsequent oxidation of the resulting alcohol and reduction of the 

alkyne. Alkynol 361 and iodide 362 were synthesised from commercially available starting 

materials. With the reported difficulties of effecting an acid-mediated spirocyclisation using a fully 

elaborated isocoumarin,
52, 59

 an alternative method using an open chain isocoumarin precursor was 

expected to allow smooth spirocyclisation while the retaining required pendant functionality for 

construction of the isocoumarin at a later stage (Scheme 1.70). 

 

Scheme 1.70: Retrosynthetic analysis of (±)-γ-rubromycin (9) by Brimble et al.79 

Initial investigations into the synthesis of the naphthalene fragment began with targeting aldehyde 

363. Initial attempts resulted in the successful synthesis of naphthaquinone intermediate 367 from 

1,2,4-trimethoxybenzene 365 over 10 steps. 367 contains the correct oxygen substitution as well as 

the desired C-2 allyl chain in preparation for conversion to the corresponding aldehyde via 

dihydroxylation-oxidative cleavage. However, due to difficulties experienced with some reactions 

performed on large scale and poor yields, a revised, more efficient synthesis of 367 was undertaken 

based on using better established protocols towards highly substituted naphthalene structures 

(Scheme 1.71). 
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Scheme 1.71: Attempted synthesis of aldehyde 363. 

A revised synthesis was envisaged to proceed through bromo-quinone 193 for which robust 

protocols for its synthesis have been reported.
84

 

 

Scheme 1.72: Revised retrosynthetic analysis of alkynol 361. 

Synthesis of alkynol 361 commenced from 1,2,4-trimethoxybenzene 365 using modified 

procedures reported by Clive et al. to afford bromo-quinone 193 in 44% yield over five steps.
84

 Key 

to the synthesis was the regioselective O–allyloxylation to give Claisen precursor 371. Initial 

reactions using bromo-quinone193 resulted in only decomposition of starting material and/or poor 

yields. Extensive investigations into activation via catalysis, heat or radiation were conducted with 

minimal success. Conditions were finally found that afforded high yields of substituted products. 

Use of cesium carbonate and excess allyl alcohol effected substitution but both the ipso 371 and 

cine 372 substitution products were observed as an inseparable mixture (Scheme 1.73).  

 

Reagents and Conditions: (a) NBS, CH2Cl2, rt., 4.5 h, 80%. (b) furan, NaNH2, THF, 50 °C, 4 h, 89%. (c) HCl (cat.), 

MeOH, reflux, 20 min, 99%. (d) i) Pyridinium bromide perbromide, Celite®, THF, rt., 30 min, 87%. ii) Na2Cr2O7, aq. 

H2SO4 (4 M), acetone, 10 min then iPrOH, 1 h, 72%. (e) allyl alcohol, Cs2CO3, PhMe, rt., 1h.   

Scheme 1.73: Synthesis of bromo-quinone 193.79 

Investigations then switched to the influence of the leaving group. Screening the effects of a 

bromide, iodide and the more unusual azide leaving group was investigated. While a limited 

number of examples using an azide as a leaving group have been reported, its application in the 

synthesis of complex molecules remained largely unexplored at the time.
78

 Its application as a 

pseudohalogen is driven by its comparable electronegativity (N3 = 7.7, Br = 7.5, I = 6.7 eV) and its 



 

62 

 

smaller size (I>Br>>N3) in the hope of affording exclusively the desired C-2 substitution/ipso 

product 371.
85

 

The corresponding iodide 373, bromide 193 and azide 194 were synthesised and exposed to the 

same reaction conditions of allyl alcohol, cesium carbonate in toluene at rt for 1 h. Iodide 373 gave 

exclusively the cine-substitution product 372, bromide 193 gave a 3:2 mixture of the ipso:cine 

substitution and azide 194 afforded exclusively the desired ipso product 371. These results show 

that for this system both electronegativity and sterics of the leaving group play a considerable role 

in the regioselectivity of the reaction (Table 1.1). 

  

R
1
= Ipso-Cine Product Ratio Combined Yield 

Br (193) 60-40 64% 

N3 (194) 100-0 80% 

I (373) 0-100 86%
a 

a Yield over two steps from bromo-quinone 193 

Reagents and Conditions: (a) allyl alcohol, Cs2CO3, PhMe, rt., 1h. 

Table 1.1: Regio-chemical selectivity effect of leaving groups in O-allyloxylation reaction.79  

In continuation of the synthesis, Claisen rearrangement of 371 was effected by exposure to 

microwave irradiation in toluene at 140 °C, affording 367 in near quantitative yield. Immediate 

protection of the hydroxyl as an EM ether followed by reductive methylation afforded alkene 373. 

A one pot dihydroxylation-oxidative cleavage procedure furnished aldehyde 363 and treatment with 

excess ethynylmagnesium bromide completed the synthesis of alkynol 361 coupling partner in 12 

steps (Scheme 1.74).  

 

Reagents and Conditions: (a) NaN3, MeCN, rt., 3 days. (b) allyl alcohol, Cs2CO3, PhMe, rt 1 h, 80% over two steps. (c) i) 

PhMe, 140 °C, microwave, 200 W, 30 min, 98%. ii) EMCl, iPr2NEt, DMAP, CH2Cl2, 0 °C → rt., 89%. iii) NaS2O4, 

TBABr (cat.), THF-H2O (1:1) 20 min then MeI, Cs2CO3, Na2S2O4 (cat.) , H2, DMF, 60 °C, 2 h, 92%. (d) OsO4 (cat.), 2,6-

lutidine, NaIO4, dioxane-H2O (3:1), 3 h, 90%. (e) ethynylmagnesium bromide (0.5 M in THF), THF, 0 °C → rt., 1 h, 

90%. 

Scheme 1.74: Competition of the synthesis of alkynol 361.79 
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Synthesis of the iodide coupling partner 362 began with commercially available guaiacol (366). 

Bromination using N-bromosuccinimide in dimethylformamide followed by protection of the 

phenol as the EM ether afforded 374 in 74% over two steps. Using a modified procedure reported 

by Danishefsky et al. and utilised by Kita et al., the sequential dropwise addition of dimethyl 

malonate then aryl bromide 374 to a pre-formed solution of LDA in tetrahydrofuran at –78 °C 

successfully afforded homophthalic ester 375 in a regioselective manner.
48, 86

 The controlled slow 

addition was critical in forming the homophthalic ester as increased amounts of undesired side 

products resulted with faster additions. Consistently reproducible results were best achieved 

through use of a syringe pump. Removal of the EM group using silica supported sodium bisulfate 

was required to facilitate ortho-iodination. Regioselective iodination was only achieved using 

tetramethylammonium dicloroiodate and sodium bicarbonate in dichloromethane on the free phenol 

substrate. No reaction was observed using EM protected phenol 364 even with long reaction times 

(three days). Finally reprotection of the phenol as the EM ether completed the synthesis of the 

isocoumarin coupling partner 362 (Scheme 1.75). 

 

Reagents and Conditions: (a) i) NBS, DMF, 0 °C, 30 min, 83%. ii) EMCl, iPr2NEt, CH2Cl2, 0 °C → rt., 89%. (b) LDA, 

THF, 0 °C, 30 min, then dimethyl malonate, 0 °C, 30 min, then 374, THF, 0 °C → rt., 1h, 71%. (c) NaHSO4·SiO2, 

CH2Cl2, rt., 16 h, 92%. (d) i) Me4NICl2, NaHCO3, CH2Cl2, rt., 2 h, 51%. ii) EMCl, iPr2NEt, CH2Cl2, 0 °C → rt., 93%. 

Scheme 1.75: Synthesis of isocoumarin precursor 362 by Brimble et al.79  

With both coupling partners in hand, Sonogashira coupling using Pd(PPh3)4, copper (I) iodide and 

cesium carbonate in dimethylformamide afforded alkynol 360 in excellent yield with only trace 

amounts of the Glaser alkyne homo-coupled product. Alkyne reduction and IBX oxidation of the 2° 

alcohol at elevated temperature afforded spiroketal precursor 359 in near quantitative yield. Acid-

mediated double EM deprotection and subsequent spiroketalisation was successful using silica 

supported sodium bisulphate, forming the key 5,6-spiroketal core. Finally selective hydrolysis of 

the aliphatic ester and oxidation state adjustment of the naphthalene using ceric ammonium nitrate 

in aqueous acetonitrile afforded quinone 101. Experimental data of 101 were consistent with the 

late stage intermediate reported by Kita et al. from which conversion to (±)-γ-rubromycin (9) could 

be achieved using reported procedures (Scheme 1.76).
48

 



 

64 

 

 

Reagents and Conditions: (a) Pd(PPh3)4, CuI, Cs2CO3, DMF, rt., 6 h, 91%. (b) i) Pd/C, H2, NaHCO3, EtOAc, rt., 99%. ii) 

IBX, DMSO, 60 °C, 30 min, 95%. (c) NaHSO4·SiO2, CH2Cl2, rt., 4 h, 80%. (d) i) aq. KOH (10%), MeOH, 0 °C → rt., 16 

h. ii) CAN, MeCN-H2O (5:1), 0 °C, 30 min, 58% over two steps. 

Scheme 1.76: Coupling of 361, 362 and completion of the formal synthesis of (±)-γ-rubromycin (9) by Brimble et al.79  
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1.5.7 Synthesis of (±)-γ-Rubromycin (9) and (±)-δ-Rubromycin (11), Li et al.
87, 88

 

A. Formal Synthesis of (±)-γ-Rubromycin (9) 
87

 

In 2012, Li et al. reported their formal synthesis of (±)-γ-rubromycin (9) in continuation of their 

synthetic efforts into spiroketal construction via oxidative hypoiodite cycloetherification reactions 

(Scheme 1.77).
89

 

 

Reagents and Conditions: (a) mCPBA, TBAF, TBAI, THF, rt., 5 min, 27-92%. 

Scheme 1.77: Hypoiodite-catalytic oxidative cycloetherification to form spiroketals.89 

The synthesis targeted Brimble’s advanced pentacyclic spiroketal intermediate 358 resulting from 

oxidative hypoiodite cycloetherification of substituted ketone 378. Ketone 378 resulted from 

addition of the anion of 380 to aldehyde 381 followed by elimination of the hydroxyl group. Key 

coupling partners 380 and 381 were expected to be available from known ortho-quinone 288 and 

phenol 364 (Scheme 1.78). 

 

Scheme 1.78: Retrosynthetic analysis of (±)-γ-rubromycin (9) by Li et al.87 

Synthesis of aldehyde 383 began from known phenol 364, synthesised from guaiacol 366 in 5 steps 

according to reported procedures.
79

 Allylation of phenol 364 under standard conditions followed by 
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thermally induced Claisen rearrangement afforded alkene 382. Protection of the phenol as an EM 

ether followed by ozonolysis completed the synthesis of aldehyde 383 in 77% yield over 4 steps 

from 364 (Scheme 1.79). 

 

Reagents and Conditions: (a) allyl bromide, K2CO3, acetone, reflux, 12 h, 98%. (b) PhNEt2, 240 °C, 6 h, 95%. (c) i) 

EMCl, iPr2NEt, CH2Cl2, 0 °C → rt., 4 h, 90%. ii) O3, MeOH, −78 °C, 1 h, then Me2S, rt., 2 h, 92%.  

Scheme 1.79: Synthesis of isocoumarin precursor 383 by Li et al.87 

Synthesis of ketone 380 began from Kozlowski’s advanced ortho-quinone intermediate 384. 

Reduction of 288 to the diol and reaction with methyl bromoacetate in the presence of potassium 

bicarbonate in dimethylformamide afforded 385. Methylation of naphthol and hydrolysis of both 

methyl and ethyl esters afforded di-acid 386 in good yield. Dieckmann condensation in the presence 

of acetic anhydride and sodium acetate in refluxing acetic acid afforded acetate 387 prior to 

conversion to ketone 380 via acidic hydrolysis (Scheme 1.80). 

 

 

Reagents and Conditions: (a) Na2S2O4, H2O, PhH then methyl bromoacetate, KHCO3, DMF, 0 °C → rt., 12 h, 82%. (b) 

i) MeI, K2CO3, acetone, reflux, 12 h, 98%. ii) 10% KOH, MeOH, 80 °C, 1.5 h, 90%. (c) NaOAc, Ac2O, AcOH, reflux, 5 

h, 85%. (d) 1.0 M HCl, aq. MeOH, reflux, 2 h, 88%. 

Scheme 1.80: Synthesis of ketone 380 by Li et al.87 

The final stages of the synthesis required union of the two fragments, naphthalene 380 and aldehyde 

383. Pleasingly, both the anions of 380 and 387 successfully added to aldehyde 383 to afford 

alcohol 388. Initial attempts to directly deoxygenate alcohol 388 were unsuccessful and a two-step 

procedure proceeding via a mesylate intermediate was required. Hydrogenation of the double bond 

and cleavage of the EM ether afforded 378 in preparation for cyclisation. Ketone 378 was treated 

with catalytic tetrabutylammonium iodide and two equivalents of both mCPBA and 

tetrabutylammonium fluoride in tetrahydrofuran at room temperature to afford the desired 

spiroketal 390 in 88% yield. Complete reduction of ketone 390 was performed through reduction to 
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the corresponding alcohol with sodium borohydride followed by treatment with triethylsilane and 

trifluoroacetic acid to afford pentacyclic spiroketal 358 thus completing the formal synthesis of (±)-

γ-rubromycin (9) (Scheme 1.81). 

 

Reagents and Conditions: (a) LiHMDS, THF, −78 → −40 °C, 4 h, 82%. (b) LDA, THF, −78 → −40 °C, 4 h, 85%. (c) i) 

MsCl, NEt3, −78 → 0 °C, 1 h, 86%. ii) H2, Pd/C, MeOH, dioxane, 2 h, 98%. (d) TFA, 0 °C, 0.5 h, 98%. (e) mCPBA, 

TBAF, TBAI, THF, rt., 1 h, 88%. (f) i) NaBH4, MeOH, 0 °C, 10 min, 95%. ii) Et3SiH, TFA, 50 °C, 5 min, 81%. 

Scheme 1.81: Union of fragment 380, 381 and completion of the formal synthesis.87 
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B. Total Synthesis of (±)-δ-Rubromycin (11) 
88

 

In 2013, Li et al. reported the first total synthesis of (±)-δ-rubromycin (11) in continued efforts to 

develop more convergent synthetic strategies to the rubromycins, in conjunction with investigating 

alternative methods for the construction of the 5,6-spiroketal core.  

With their reported success of synthesis of an array of spiroketal systems based on the rubromycins 

using a gold-catalysed double intramolecular alkyne hydroxylation reaction, the next step was to 

apply the key reaction to the synthesis of a rubromycin natural product (Scheme 1.82).  

 

Reagents and Conditions: (a) Ph3PAuCl, AgOTf, CH2Cl2, rt., 4-7 h, 45-68%. 

Scheme 1.82: Synthesis of rubromycin based spiroketals via gold-catalysied alkyne hydroxylation 

Retrosynthetically, the synthesis revolved around a key transition metal catalysed spiroketalisation 

of alkyne 393. It was proposed that this method would avoid the electron-withdrawing resonance 

and inductive effects, reported by both Kozlowski and Reiβig et al. to prevent spirocyclisation.
52, 59

 

Spiroketal precursor 393 would be synthesised from iodide 394 and alkyne 398 through a 

Sonogashira coupling. Iodide 394 would result from cycloaddition of known bromo-quinone 396 

and functionalised diene 397. Isocoumarin-alkyne 398 would result from a protocol developed by 

Kita et al., to complete conversion of diester 399 to 398.
48

 Precursor 399 would result from 

functional group manipulations of the known alkene 400 from their previous (±)-γ-rubromycin (9) 

synthesis (Scheme 1.83).
87

 

 

Scheme 1.83: Retrosynthetic analysis of (±)-δ-rubromycin (11) by Li et al.88 
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Synthesis of iodide 394 began with cycloaddition of bromo-quinone 396 and diene 397 affording a 

mixture of tert-butyldimethylsilyl and desilylated adducts in a 72% combined yield. The tert-

butyldimethylsilyl ether was removed using tetrabutylammonium fluoride and the non-hydrogen 

bonded phenol protected as an EM ether. Ortho iodination followed by methylation of remaining 

phenol completed the synthesis of iodide 394 (Scheme 1.84). 

 

Reagents and Conditions: (a) 397, PhH, rt., 8 h, 20%, R=H 52%. (b) i) TBAF, THF, 0 °C → rt., 0.5 h, quant. ii) iPr2NEt, 

EMCl, CH2Cl2, 0 °C, 4 h, 96%. (c) NIS, Me4NICl2, NaHCO3, MeCN, 68 °C, 7 h. (d) MeI, Cs2CO3, acetone-DMF (3:1), 

reflux, 12 h, 74% over two steps. 

Scheme 1.84: Synthesis naphthoquinone 394 by Li et al.88 

Hydroboration/oxidation of intermediate alkene 368 from a previous synthesis afforded 1° alcohol 

401. Pyridinium chlorochromate oxidation and modified Seyferth-Gilbert reaction of the aldehyde 

successfully afforded alkyne 403. Following a protocol of Kita et al., selective hydrolysis of the 

aliphatic ester followed by condensation of the carboxylic acid with phosphoranylidene 408 

afforded 405. Oxidation with DMDO in methanol resulted in immediate cyclisation upon treatment 

with potassium tert-butoxide and final EM deprotection completed the synthesis of isocoumarin 

406 (Scheme 1.85). 

 

Reagents and Conditions: (a) BH3·SMe2, THF, NaOH, H2O2, 0 °C → rt., 4 h, 79%. (b) PCC, NaOAc, SiO2, CH2Cl2, rt., 

3 h, 76%. (c) 407, K2CO3, MeOH, rt., 2 h, 98%. (d) aq. KOH (10%), MeOH, rt., 8 h. (e) 408, EDCI, DMAP, CH2Cl2, rt., 

5 h, 51% over two steps. (f) i) DMDO, MeOH, 0 °C, 5 min then tBuOK, MeOH, 0 °C → rt., 4 h, 78%. ii) NaHSO4·SiO2, 

CH2Cl2, rt., 4 h, 97%.  

Scheme 1.85: Synthesis of isocoumarin moiety 406 by Li et al.88 

Subsequent synthetic investigations using the isocoumarin precursor 403 were successful resulting 

in formation of the corresponding 5,6-spiroketal. The fully functionalised isocoumarin fragment 

was used to effect a more convergent synthesis. Sonogashira coupling of iodide 392 and alkyne 406 

afforded a mixture of alkyne 409 and benzopyran 410. Attempts at AuCl-induced pyran formation 

of alkyne 409 were unsuccessful. As the desired pyran 410 was a by-product from the Sonogashira 
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coupling, alkyne 409 was subjected to PdCl2(PPh3)2 and triethylamine in acetonitrile at elevated 

temperature to afford benzopyran 410 in 89% yield. EM ether deprotection with silica-supported 

sodium bisulfate and cyclisation furnished spiroketal 411 and demethylation with boron tribromide 

completed the synthesis of (±)-δ-rubromycin (11) (Scheme 1.86). 

 

Reagents and Conditions: (a) PdCl2(PPh3)2, CuI, NEt3, DMF, 60-80 °C, 4 h, 409 30%, 410 35%. (b) PdCl2(PPh3)2,
 NEt3, 

MeCN, 70 °C, 3 h, 89%. (c) NaHSO4·SiO2, CH2Cl2, rt., 12 h, 80%. (d) BBr3, CH2Cl2, −78 °C → −20 °C, 0.5 h, 60%. 

Scheme 1.86: Convergent total synthesis of (±)-δ rubromycin (11).88 

Key to the construction of the spiroketal core was the initial nucleophilic attack of the isocoumarin 

hydroxyl group to the Pd-coordinated alkyne. This is only the second time that this kind of 

transformation has been undertaken during the synthesis of the rubromycins, the first example was 

reported by Kozlowski et al. during efforts towards the synthesis of purpuromycin (13) using a 

diketone precursor. In both cases, the transformation was undertaken not using a fully substituted 

naphthalene fragment therefore, broad conclusions as to the effectiveness of this method towards 

the synthesis of the other rubromycins cannot be drawn. 

1.6 Concluding Remarks 

The rubromycins have continued to inspire synthetic interest due to their interesting array of 

biological activity as well as their unique structural complexity. As most members of this family of 

antibiotics continue to resist succumbing to total synthesis, many differing opinions and 

conclusions have been drawn as to how and why many syntheses have failed.  

Investigations focused on an acid-mediated spirocyclisation of a suitable precursor as the key step 

have met the greatest resistance during synthesis. Key factors that influence the reaction have 

slowly revealed themselves. Initial findings focused on the functional groups of the isocoumarin 

fragment and their negative effects. Further structural investigations, both theoretical and 
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experimental, established that the steric and electronic factors associated with the heavily 

substituted naphthalene fragment are also a major contributing factor.  

 

Scheme 1.87: Summary of the various synthetic methods used to access the rubromycin structures. 

As synthetic investigations continue, the hurdles required to be over-come to achieve the synthesis 

of each individual natural product are becoming apparent. The overall goal of gaining a complete 

understanding of the chemical behaviour of these compounds during synthesis and therefore, a 

general synthetic strategy for their construction, remains a very challenging prospect. 

Therefore, the aim of this project is to investigate the electronic effects of the isocoumarin ring 

system in conjunction with a fully substituted naphthalene fragment in acid-mediated 

spirocyclisations to afford 5,6-spiroketals. Further investigations to install oxygen functionality 

around the spiroketal core will then culminate in a flexible total synthesis of the griseorhodin family 

of antibiotics. 
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2 Discussion 

2.1 Overview 

Previous work within the group has achieved the successful formal synthesis of (±)-γ-rubromycin 

(9) using an acid-mediated spirocyclisation of a dihydroxyketone as the key step.
79

 Structurally, γ-

rubromycin (9) differs from the griseorhodins through bearing a methyl ester (red) at C-7 where 

the griseorhodins bear a methyl group (blue). In addition, the griseorhodins contain a range of 

oxygen functionality (green) on the 5,6-spiroketal core. Therefore, the aim of this project is to 

develop a fixable synthetic strategy towards the more structurally complex griseorhodins through 

using an acid-mediated spirocyclisation as the key step (Figure 2.1). 

 

Figure 2.1: Griseorhodin family of natural products. 

Reported attempts at total syntheses of the rubromycins using an acid-mediated spirocyclisation 

as the key step have been problematic. Attempts at cyclisation of dihydroxyketones bearing fully 

functionalised isocoumarin moieties were unsuccessful.
52, 59, 63

  

 

Figure 2.2: Electronic effects of the isocoumarin pendant functionality.51, 52, 59 
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Reiβig et al. and Kozlowski et al. reported that the electron-withdrawing nature of both the C-7 

methyl ester and the lactone of the isocoumarin moieties of the rubromycin reduce the 

nucleophilicity of the phenol, inhibiting spirocyclisation (Scheme 2.1). Elimination to form highly 

stable naphthofurans and oxidative decomposition resulted from attempted spirocyclisation.
51, 52, 59

 

Functional group modification of the isocoumarin is therefore required to increase the 

nucleophilicity of the phenol to afford a more electronically balanced dihydroxyketone precursor 

to enable spiroketalisation to occur. 

 

Scheme 2.1: Reaction pathways for isocoumarins under acidic spirocyclisation conditions. 

Elucidation of the biosynthetic pathways for production of griseorhodin A (1) revealed that the C-

7 methyl group is oxidised, furnishing the methyl ester of the rubromycins after spiroketal 

formation.
1
 We proposed that substitution of the methyl ester with a methyl group would 

eliminate the negative mesomeric effect (Scheme 2.1). This potentially would increase the 

nucleophilicity of the phenol enough to facilitate successful acid-mediated spiroketalisation using 

a fully functionalised isocoumarin. 

To confirm that this modification will enable successful spirocyclisation, investigations began 

with the synthesis of a griseorhodin model, 413 (Scheme 2.2). 413 only differs from the natural 

products in having no oxygen functionality on the spiroketal core. Retrosynthetically, 

griseorhodin model 413 was proposed to be synthesised from protected dihydroxy ketone 415 

(Scheme 2.2). 415 should be available from alkynol 416, resulting from the union of alkyne 361 

and halogenated isocoumarin 417 using a Sonogashira cross-coupling. 
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Scheme 2.2: Retrosynthesis of griseorhodin model 413. 

2.2 Synthesis of Isocoumarin 417 

Isocoumarins are biologically important structures. They exhibit a wide array of activity including 

antimicrobial, antifungal, anti-inflammatory, phytotoxic, anticancer and anti-diabetic properties.
90

 

Synthetically, methods for their construction are vast in number owing to the many potential 

substitution patterns available (Figure 2.3).
90

 

 

Figure 2.3: Isocoumarin general structure. 

A simple and flexible synthesis of this fragment is desirable for a concise total synthesis of 417. 

Synthetic methods for its construction needed to be carefully chosen to allow structural 

modification for potential future structure-activity relationship studies.  

2.2.1 First-Generation Isocoumarin Synthesis 

Isocoumarin 417 should result from late stage iodination or bromination of isocoumarin 418 

(Scheme 2.3). The required functionality for lactone formation could be derived from functional 

group modification of the known phenol 364. Phenol 364 is available from commercially 

available guaiacol (366) and its synthesis has been previously reported using a modified protocol 

based on that developed by Danishefsky et al.
79, 86
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Scheme 2.3: Retrosynthesis of isocoumarin 417 

Synthesis commenced with bromination of guaiacol (366) using bromine in dichloromethane at 

low temperature, followed by protection of the phenol as an EM ether using chloromethyl ethyl 

ether (Scheme 2.4). Regioselective reaction of the intermediate benzyne of 344 with the 

preformed anion of dimethyl malonate in tetrahydrofuran at – 78 °C afforded homophthalic ester 

375 in 49% yield as a single product. Consistent execution of this transformation to achieve 

reproducible yields was difficult. All glassware, solvents and reagents had to be rigorously dried 

and a syringe pump was required for additions of dimethyl malonate and bromide 344 to the 

reaction mixture as addition had to be very carefully controlled. Despite these requirements, 

homophthalic ester 375 was eventually obtainable in multi-gram quantities.  

 

Reagents and Conditions: (a) Br2, CH2Cl2, −78 °C → −5 °C, 1 h, quant. (b) EMCl, iPr2NEt, DMAP, CH2Cl2, 0 °C → 

rt., o/n, 96%. (c) i) LDA, THF, dimethyl malonate, −78 °C, 1 h then 374, THF, −78 °C → rt., 1 h, 49%. 

Scheme 2.4: Synthesis of homophthalic ester 375. 

It is postulated that conversion of aryl bromide 374 to homophthalic ester 375 proceeds through 

benzyne intermediate A (Scheme 2.5). Formal [2+2] cycloaddition with the preformed anion of 

dimethyl malonate affords cyclobutane C and after fragmentation of the cyclobutane, protonation 

of enolate D affords 375. Regioselectivity is proposed to result from inductive electron 

withdrawal by the methoxy substituent promoting electrophilic attack of C-5 over C-6 of benzyne 

intermediate A.
91-93

  

 

Scheme 2.5: Proposed mechanism for addition of dimethyl malonate to bromide 344.91-93 
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With scalable access to 375 achieved, the EM group was cleaved under acidic conditions 

followed by base hydrolysis of the esters using aqueous potassium hydroxide in refluxing ethanol 

affording the corresponding homophthalic acid 420 (Scheme 2.6).  

Next, we wished to convert homophthalic acid 420 to keto acid 421 (Scheme 2.6). This key 

transformation affords a methyl ketone functional group which is required for construction of the 

lactone and the C-3 methyl group of isocoumarin 417.   

 

Reagents and Conditions: (a) NaHSO4·SiO2, CH2Cl2, rt., 16 h, 80%. (b) KOH, EtOH-H2O (3:1), reflux, 6 h, 98%. (c) 

Ac2O, py, rt., o/n then aq. NaOH, 60 °C, 3 h. 

Scheme 2.6: Continuation of synthesis of isocoumarin 417. 

The Dakin-West Reaction 

The Dakin-West reaction is best noted for the synthesis of β-acetoamido ketones from α-amino 

acids (Scheme 2.7).
94

 Further studies have seen application of these conditions to aryl acetic acids 

leading to formation of β-aryl ketones. A key requirement for this transformation is an acidic α-

CH group that enables anion formation required for subsequent installation of the ketone 

functionality. 

 

Scheme 2.7: Dakin-West transformation. 

Mechanistically, it is proposed that the reaction commences with acetylation of acid 422 to give 

anhydride 423 (Scheme 2.8). Deprotonation at the benzylic position forms enolate B, which in 

turn reacts with acetic anhydride to form a new carbon-carbon bond, to install the β-aryl ketone 

functionality. Nucleophilic deacetylation of the anhydride then generates the decarboxylation 

precursor C. Decarboxylation and tautomerisation of enolate E then affords the desired β-aryl 

ketone 423.
95
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Scheme 2.8: Proposed mechanism of the Dakin-West reaction.95 

In 2006, Bickar et al. reported their investigations into optimised conditions for this 

transformation. They observed that amine catalysts afforded the best yields of the methyl ketone 

products from substituted aryl acetic acids, with minimal formation of 1,3-disubstituted acetone 

side products. In their reports, pyridine and 1-methylimidazole catalysts afforded the best 

results.
95

 

It was decided to apply these reaction conditions to the conversion of homophthalic acid 420 to 

keto-acid 421 (Table 2.1).  

Screening of amines revealed that pyridine afforded the highest yield of 421 opposed to 1-

methylimidazole and N,N-dimethylaminopyridine. Longer reaction times afforded more of the 

desired product, but yields began to plateau with reaction times greater than 12 hours. Using an 

excess of pyridine opposed to catalytic quantities, afforded the desired methyl ketone 421 in 90 % 

yield.  
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Entry Amine (mol %) Solvent  Temp  Time (h) Yield (%) 

1 pyridine (20%) acetic anhydride rt. 3 47 

2 1-methylimidazole (20%) acetic anhydride rt. 3 26 

3 DMAP (20%) acetic anhydride rt. 3 22 

4 pyridine (20%)  acetic anhydride rt. 8 70 

5 pyridine (20%) acetic anhydride rt. 24 75 

6 pyridine (250%) acetic anhydride rt. 12 90 

Reagent and Conditions: (a) i) amine, Ac2O, ii) 1.0 M NaOH, 60 °C, 3 h. 

Table 2.1: Conditions for Dakin-West reaction. 

Having achieved satisfactory yields of keto-acid 421, further treatment of 421 with a catalytic 

quantity of perchloric acid in a mixture of ethyl acetate and acetic anhydride (5:1) furnished the 

desired lactone 424, with concomitant acetylation of the phenol (Scheme 2.9). Lactone formation 

was confirmed by the appearance of characteristic signals for H-4 at 6.16 ppm and C-4 at 103.0 

ppm in the respective NMR spectra. Exposure of acetate 424 to mild base in methanol yielded 

isocoumarin 427 in preparation for the halogenation step in a total of 8 steps. (Scheme 2.9). 

In later experiments, due to the difficult separation of 421 from starting materials, crude keto-acid 

421 was directly treated with perchloric acid to afford isocoumarin 424 in an improved 80% yield 

over two steps. 

 

Reagents and Conditions: (a) Ac2O, py, rt., o/n then 1.0 M NaOH, 60 °C, 3 h. (b) HClO4 (cat.), EtOAc-Ac2O (5:1), 30 

min, rt., 81% over two steps. (c) Sat. aq. NaHCO3, MeOH-H2O (2:1), rt., o/n, 80%. (d) Electrophilic iodinating and 

brominating reagents (See table 2.2).  

Scheme 2.9: Attempted synthesis of halo-isocoumarin 427. 

With access to both isocoumarins 424 and 425, investigations into the ortho-halogenation step 

began (Table 2.2). Unfortunately, all attempts to effect the halogenation using either iodinating or 

brominating reagents were unsuccessful using both 424 and acetylated product 425, even under 

forcing conditions. 
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Entry Reagents Solvent Temp Result 

1 NIS MeCN 0 °C → rt. → 50 °C no reaction 

2 NIS CH2Cl2 0 °C → rt. → reflux no reaction 

3 NIS, Pd(OAc)2 MeCN 100 °C, sealed tube decomposition 

4 Me4NICl2,NaHCO3 CH2Cl2 rt. → reflux no reaction 

5 Me4NICl2, KHCO3 CH2Cl2 rt. → reflux no reaction 

6 Me4NICl2 H2SO4 0 °C → 100 °C decomposition 

7 Me4NICl2, AgSO4 H2SO4 0 °C → rt. decomposition 

8 NBS CH2Cl2 0 °C → rt. → reflux no reaction 

9 NBS DMF 0 °C → rt. → 60 °C no reaction 

10 NBS, 
i
Pr2NH CH2Cl2 0 °C → rt. → reflux no reaction 

11 Br2 AcOH 0 °C → rt. → 50 °C no reaction 

Table 2.2: Attempted halogenation of isocoumarins 424 and 425.  

Attempts to iodinate C-6 of isocoumarins 424 and 425 by treatment with N-iodosuccinimide in 

either acetonitrile or dichloromethane at elevated temperatures gave no reaction (entries 1 & 2). 

Reaction under forcing conditions with N-iodosuccinimide in acetonitrile at 100 °C in a sealed 

tube with a co-ordinating catalyst led to decomposition of the starting materials (entry 3). Using 

the less common tetramethylammonium dichloroiodate reagent in conjunction with base yielded 

no desired product (entries 4 & 5).  

Use of tetramethylammonium dichloroiodate in the presence of silver (II) sulfate in sulfuric acid, 

which has been reported to iodinate deactivated aromatic systems, also proved fruitless (entries 6,  

7).
96

 Finally, attempts to brominate under various conditions were also unsuccessful (entries 8-

11). 

It was proposed that the electron withdrawing effect of the isocoumarin lactone was drawing 

sufficient electron density away from the aromatic ring to inhibit the initial electrophilic attack of 

the halogenating agent (Scheme 2.10). 

 

Scheme 2.10: Failure of isocoumarin halogenation due to electron-poor aromatic ring. 
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As the halide functionality is required for coupling with alkynol coupling partner 361 under 

Sonogashira conditions, a new synthetic plan was required, where installation of the halide 

occurred prior to formation of the lactone. 

2.2.2 Second-Generation Isocoumarin Synthesis 

As well as the inability to install the key halide functionality, two other drawbacks arose during 

the synthesis. Acetylation of the phenol during lactone formation requires protecting group 

exchange prior to spirocyclisation. Secondly, obtaining clean keto-acid 421 from the crude 

reaction mixture was difficult due to poor separation from the starting material by column 

chromatography. To circumvent these problems, a new synthetic strategy to halo-isocoumarin 417 

was sought more using an alternative hydroxyl protecting group. 

The second generation synthesis of isocoumarin 417 proceeded using the same methods 

developed in the previous synthesis (Scheme 2.11). Isocoumarin 417 would be available from 

keto acid 428 after functional group modification of homophthalic acid 429. 429 would be 

prepared from homophthalic ester 430, which in turn would be accessed from phenol 364. 

 

Scheme 2.11: Second generation retrosynthesis of halo-isocoumarin 417. 

Synthesis began with regioselective halogenation of phenol 364. Despite the iodide leaving group 

being more reactive in Sonogashira cross coupling reactions, it was observed that the 

corresponding iodide was not stable under the subsequent reaction conditions. A bromide 

substituent was therefore was chosen and the synthesis concentrated on accessing bromo 

isocoumarin 435.  

Successful regioselective bromination of phenol 364 was initially achieved using N-

bromosuccinimide in dichloromethane (Scheme 2.12). However, yields of 40–50% were 

unsatisfactory. Alternative conditions using bromine in buffered acetic acid were successful 

affording high yields of bromide 433 and successfully delivering 433 on a multi-gram scale. 

A robust hydroxyl protecting group was required to survive the duration of the synthesis. 

Protection as a benzyl ether was chosen due to its stability under both acidic and basic conditions 

and selective cleavage via hydrogenolysis. The benzyl protecting group has also been used 

successfully in other synthetic efforts towards the rubromycins.
52

  

Treatment of phenol 433 under standard conditions involving benzyl bromide and potassium 

carbonate in refluxing acetone successfully delivered benzyl ether 431 in good yield. 
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Characteristic benzylic signals for the methylene group and five aromatic signals for the phenyl 

group were observed in the 
1
H NMR spectrum. NOE experiments revealed a correlation between 

H-5 and H-1′ methylene (431) and no correlation between the benzylic methylene group and H-6 

(432) confirming the desired regiochemistry of benzyl ether 431 (Figure 2.4).  

 

Figure 2.4: NOE confirmation of regiochemistry of 431. 

Hydrolysis of both esters with excess aqueous potassium hydroxide in refluxing ethanol afforded 

the corresponding homophthalic acid. Dakin-West reaction using the established conditions then 

afforded keto-acid 434 in 85% yield. Gratifyingly, 434 was easily separable from starting material 

by purification using silica gel chromatography.
 
Lactone formation was performed using a 

catalytic amount of perchloric acid in a mixture ethyl acetate and acetic anhydride (5:1) at room 

temperature, completing the synthesis of isocoumarin 435. 

 

Reagents and Conditions: (a) Br2, NaOAc, AcOH, rt., 1 h, 92%. (b) BnBr, K2CO3, acetone, reflux, 81%. (c) KOH, 

(EtOH-H2O (3:1), reflux, 6 h, 98%. ii) Ac2O, py, rt., o/n then aq. NaOH, 60 °C, 3 h, 85%. (d) HClO4 (cat.), EtOAc-

Ac2O (5:1), 30 min, rt., 94%. 

Scheme 2.12: Second generation synthesis of isocoumarin 435. 
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2.3 Synthesis of Alkynol 361. 

With a robust route to bromo isocoumarin 435 established, attention now turned to the synthesis 

of alkynol 361 in preparation for Sonogashira cross-coupling. The synthesis of the alkynol 361 

was undertaken using the established protocol developed during the formal synthesis of (±)-γ-

rubromycin (9).
79

 Some reaction conditions were able to be optimised to decrease reaction times 

and improve yields (Scheme 2.13).
 
 

The synthesis of alkynol 361 began with bromination of 1,2,4-trimethoxybenzene 365 using 

bromine in dichloromethane at low temperature. Freshly-prepared LDA in tetrahydrofuran at –78 

°C was added to a mixture of bromide and furan (15 equivalents), affording cyclic ether 369 in 

96% yield.
84

 Regioselective ring opening of cyclic ether 369 using hydrochloric acid gave the 

naphthol as a single product. Ortho-bromination of naphthol using pyridinium bromide 

perbromide
97

 in tetrahydrofuran afforded bromo naphthol 436 that was then oxidised to 

bromoquinone 193 upon treatment with Jones’ reagent. Conversion to the azidoquinone 194 was 

performed using sodium azide in acetonitrile. The crude product was directly subjected to the 

allyloxylation conditions of allyl alcohol and cesium carbonate in toluene with gentle heating. 

Allyl ether 371 was obtained in good yield, and more importantly, as a single regioisomer. 

Claisen rearrangement induced by microwave irradiation and protection of the newly-exposed 

hydroxyl group afforded EM ether 437 in excellent yield. Reduction using sodium dithionite 

afforded the corresponding hydroquinone that was immediately carried on to the methylation step 

using excess methyl iodide and cesium carbonate in dimethylformamide furnished 373. A one pot 

osmium tetroxide/sodium periodate dihydroxylation-oxidative cleavage afforded the aldehyde 

which was then converted to desired alkynol 361 upon exposure to excess ethynylmagnesium 

bromide in tetrahydrofuran, completing the synthesis of alkynol 361 coupling partner (Scheme 

2.13).  

 

Reagents and Conditions: (a) i) Br2, CH2Cl2, 0 °C, 5 min, quant. ii) furan, LDA, THF, −78 °C → rt., o/n, 96%. (b) i) 

HCl (cat.), MeOH, reflux, 30 min, 95%. ii) pyridinium bromide perbromide, THF, 0 °C → rt., 30 min, 89%. (c) 

Na2Cr2O7, 4.0 M H2SO4, acetone, 10 min then iPrOH, 1 h, 65%. (d) NaN3, MeCN, rt., 3 days. (e) allyl alcohol, Cs2CO3, 

PhMe, 60 °C, 1 h, 75% over two steps. (f) i) PhMe, 140 °C, microwave, 200 W, 30 min, quant. ii) EMCl, iPr2NEt, 

DMAP, CH2Cl2, 0 °C → rt., 99%. (g) Na2S2O4, TBABr (cat.), THF-H2O (1:1) 20 min then MeI, Cs2CO3, Na2S2O4 
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(cat.), H2, DMF, 60 °C, 3 h, 87%. (h) i) OsO4 (cat.), 2,6-lutidine, NaIO4, dioxane-H2O (3:1), rt, 3.5 h, 86%. ii) 

ethynylmagnesium bromide (0.5 M in THF), THF, 0 °C → rt., 1 h, 97%.  

Scheme 2.13: Synthesis of alkynol 361. 

2.4 Coupling of 361 & 435 and Attempted Synthesis of Griseorhodin 

Model 413 

2.4.1 Sonogashira Coupling of Alkynol 361 and Isocoumarin 435: 

With both 361 and 435 in hand, attention turned to the Sonogashira cross coupling.  

Unfortunately, the extensively optimised conditions from the previous formal synthesis of (±)-γ-

rubromycin (9), namely the use of Pd(PPh3)4, copper (I) iodide, cesium carbonate in 

dimethylformamide, afforded no desired cross coupled product (Scheme 2.14). Black reaction 

mixtures formed over time, resulting from degradation of the starting materials, hence alternative 

conditions were sought. 

 

Reagents and Conditions: (a) Pd(PPh3)4, CuI, Cs2CO3, DMF, rt.  

Scheme 2.14: Attempted Sonogashira coupling of alkynol 361 and bromide 435. 

Investigation into the cross-coupling of 361 and 435 began with model studies where alkynol 361 

was substituted for alkyne 438 (Table 2.3). Isocoumarin 435 and model alkyne 438 as coupling 

partners were treated with a range of palladium catalysts, using several different ligands, copper 

co-catalysts, amine bases, inorganic bases, solvents and atmospheres.
79, 98-102
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Entry Pd Catalyst  

(mol %) 

Cu 

Catalyst  

(mol %) 

Ligand  

(mol %) 

Base (eq.) Solvent Conditionsb Yield 

(%) 

1 Pd(PPh3)2Cl2 (20) CuI (10) - NEt3 (2.0) DMF rt, o/n 32 % 

2 Pd(PPh3)2Cl2 (20) CuI (10) - iPr2NH 

(2.0) 

DMF rt, o/n. 20 % 

3 Pd(PPh3)2Cl2 (20) CuI (10) - NEt3 (2.0) DMF N2-H2 (1:1) 

atmosphere, 80 °C, 

4 h. 

65 % 

4 Pd(PPh3)2Cl2 (20) CuI (10) - NEt3 (4.0) DMF N2-H2 (1:1) 

atmosphere, 80 °C, 

4 h. 

48 % 

5 Pd(PPh3)2Cl2 (20) CuI (10) - Cs2CO3 DMF N2-H2 (1:1) 

atmosphere, 80 °C, 

6 h. 

22 % 

6a Pd(PPh3)2Cl2 (20) CuI (10) - NEt3 (2.0) DMF N2-H2 (1:1) 

atmosphere, 80 °C, 

4 h. 

81 % 

7 Pd(PPh3)2Cl2 (20) - - - piperdine 85 °C, 3 h. 33 % 

8 Pd(PPh3)2Cl2 (20) - PPh3 (25) NEt3 (10) THF rt, o/n trace 

9 Pd(dba)3 (20) - PPh3 (25) NEt3 (10) THF rt, o/n trace 

10 Pd(dba)3 (20) - Johnphos 

(25) 

NEt3 (10) THF rt, o/n trace 

11 Pd(dba)3 (20) - tri-o-tolyl-

phosphine 

(25) 

NEt3 (10) THF rt, o/n trace 

12 Pd(dba)3 (20) - PCy3 NEt3 (10) THF rt, o/n trace 

13 Pd(dppf)2Cl2 (20) CuI (15) - NEt3 (10) DMF rt, o/n 15 % 

14 Pd(PPh3)4 (20) CuI (15) - NEt3 (10) DMF rt, o/n 0 % 

15 Pd(OAc)2 (10) CuI (15) PPh3 (25) NEt3 (1.5) DMF rt, o/n 41 % 

16a Pd(OAc)2 (10) CuI (15) PPh3 (25) NEt3 (1.5) DMF rt, o/n 90 % 

a 2.0 equivalents of alkyne used. b Nitrogen atmosphere was used unless stated otherwise. 

Table 2.3: Screening of Sonogashira cross-coupling conditions. 
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Investigations began with the use of Pd(PPh3)2Cl2 in conjunction with copper (I) iodide and 

triethylamine in dimethylformamide at room temperature, that afforded cross-coupled product 

439 in a modest 32% yield (entry 1). The use of diisopropylamine as the base did not improve the 

yield (entry 2). 

Ho et al. have reported that using a hydrogen atmosphere diluted with nitrogen afforded greater 

yields of cross-coupled product due to the hydrogen reacting with any trace oxygen in the 

mixture, preventing oxidation of Pd(0) to Pd(II) which can cause homo-coupling of the alkyne 

(Glaser coupling).
98

 Application of these conditions to the coupling of 438 and 435, furnished 439 

in 65% yield (entry 3). Further attempts to improve yields by the addition of an amine base or the 

use of an inorganic base were unsuccessful (entries 4-5). Finally the use of an extra equivalent of 

alkyne did afford an excellent 81% yield of 439 (entry 6).  

Attempts to effect a copper-free coupling using conditions reported by Xiang et al. were also 

successful affording a moderate 33 % yield of product 439 (entry 7).
102

 Further screening using 

tetrahydrofuran as a solvent only afforded trace amounts of cross-coupled product as determined 

by TLC analysis (entries 8-12). 

Screening of additional palladium catalysts eventually afforded the result that use of a 

combination of palladium (II) acetate, copper (I) iodide, triphenylphosphine, triethylamine in 

dimethylformamide afforded a modest 41 % yield of 439 (entry 15). Again the use of two 

equivalents of alkyne increased the yield to 90 % (entry 16).  

The two conditions which afforded the greatest yield of 439 both required a second equivalent of 

alkyne 361. Resigned to this fact, the conditions reported in entry 15, Table 2.3 were routinely 

used to effect the cross-coupling of alkynol 361 with isocoumarin 435.  

 

Reagents and Conditions: (a) Pd(OAc)2, CuI, PPh3, NEt3, DMF, rt., 24 h, 440 48%, 441 53%.  

Scheme 2.15: Sonogashira coupling of 361 and 435. 

Proceeding with these established conditions, a 48% yield of the desired cross-coupled product 

440 was achieved with 53% of homo-coupled (Glaser product) alkyne 441 (Scheme 2.15).  



 

89 

 

Coupling of alkynol 361 with iodide 362 was successful in affording 91% of the cross-coupled 

product 360 and only trace amount of the homo-coupled alkyne 411 (Scheme 2.16). This shows 

the facile nature in which aryl iodides undergo Sonogashira cross-coupling opposed to aryl 

bromides.   

 

Reagents and Conditions: (a) Pd(PPh3)4, CuI, Cs2CO3, DMF, rt, 16 h, 360 91%, 441 trace. 

Scheme 2.16: Successful Sonogashira coupling using alkynol 361 and iodide 362 by Brimble et al.79 

Attempts to reduce the amount of alkynol 361 from 2.0 to 1.0 equivalents only resulted in reduced 

yields of the desired cross-coupled product 360. Slow addition of a solution of alkynol 361 in 

dimethylformamide increased yields to 64% but were not consistent. Nevertheless, synthesis 

towards the griseorhodin model 413 continued while alternative cross-coupling conditions were 

sought. 

2.4.2 Synthesis of Ketone 443 and Attempted Spirocyclisation 

With cross-coupled product 360 in hand, attention turned to elaboration of 360 to spiroketal 444 

(Scheme 2.17).  

Oxidation of the alcohol using IBX in dimethyl sulfoxide at room temperature afforded eyone 442 

in 80% yield. Reduction of alkyne to the alkane and debenzylation was effected using hydrogen at 

atmospheric pressure in the presence of 10% palladium on carbon in ethyl acetate, affording the 

key spirocyclisation precursor 443 in nearly quantitative yield.  
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 Reagents and Conditions: (a) IBX, DMSO, 5 h, rt., 80%. (b) H2, Pd/C, EtOAc, 1 h, rt., 99%.  

Scheme 2.17: Synthesis of ketone 443 and attempted spirocyclisation. 

Attention then turned to the key acid-mediated spirocyclisation. Initial attempts were to use the 

established conditions of silica supported sodium bisulfate in dichloromethane at room 

temperature, as these conditions afforded spiroketal 358 in 80% yield from 359 (Scheme 2.18).
79

 

 

Reagents and Conditions: (a) NaHSO4·SiO2, CH2Cl2, rt, 4 h, 80%. 

Scheme 2.18: Successful double EM deprotection and spirocyclisation of ketone 359 by Brimble et al.79 

Disappointingly, attempts to effect spirocyclisation of 443 using silica-supported sodium bisulfate 

in dichloromethane at room temperature were unsuccessful (Scheme 2.19). The initial appearance 

of a more polar spot on TLC was observed, but prolonged reaction times led to decomposition 

with no spiroketal product detected. 

 

Reagents and Conditions: (a) NaHSO4·SiO2, CH2Cl2, rt, o/n. 

Scheme 2.19: Attempted spirocyclisation of 443. 

As the one pot deprotection-cyclisation had proved unsuccessful, EM ether 443 was converted to 

dihydroxyketone 445 using excess pyridinium p-toluenesulfonate in dichloromethane. 445 was 

then subjected to a range of acid-catalysed spirocyclisation conditions (Table 2.4). 
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Reagents and Conditions: (a) PPTS, CH2Cl2, 12 h, rt., 90%. 

Scheme 2.20: EM deprotection of 443 and attempted spirocyclisation of 445. 

Investigations began again using silica supported sodium bisulfate, unfortunately again only 

decomposition resulted (entry 1). Attempts to effect cyclisation using pyridinium p-

toluenesulfonate in a range of solvents both protic and aportic did not afford any spiroketal 

product (entries 2-6). Efforts using camphorsulfonic and tosic acids were also unsuccessful, 

reactions performed at room temperature returned starting material after 24 hours and attempts to 

facilitate cyclisation with heating led to decomposition (entries 7-14). Exposure of 445 with 

hydrochloric acid under anhydrous conditions only afforded decomposition as well (entry 15). 

Attention then turned to treatment of 445 with Lewis acids. Under all conditions no reaction was 

afforded upon exposure to scandium (III) triflate (entries 16-19). The use stronger Lewis acids 

only resulted in decomposition of the starting material. 
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Entry Acid Solvent Temperature Result 

1 NaHSO4·SiO2 CH2Cl2 rt. decomposition 

2 PPTS CH2Cl2 rt. no reaction 

3 PPTS CH2Cl2 reflux decomposition 

4 PPTS MeCN rt. no reaction 

5 PPTS MeCN reflux decomposition 

6 PPTS tBuOH reflux decomposition 

7 CSA CH2Cl2 rt. no reaction 

8 CSA CH2Cl2 reflux decomposition 

9 CSA MeOH rt. no reaction 

10 CSA MeOH reflux decomposition 

11 p-TsOH CH2Cl2 rt. no reaction 

12 p-TsOH CH2Cl2 reflux decomposition 

13 p-TsOH PhH rt. no reaction 

14 p-TsOH PhH reflux no reaction 

15 HCl (anhydrous) THF rt. decomposition 

16 Sc(OTf)3 CH2Cl2 rt. no reaction 

17 Sc(OTf)3 CH2Cl2 reflux no reaction 

18 Sc(OTf)3 MeCN rt. no reaction 

19 Sc(OTf)3 MeCN 60 °C no reaction 

20 Ti(O
i
Pr)4 CH2Cl2 rt. decomposition 

21 BF3·OEt2 CH2Cl2 rt. rapid decomposition 

Table 2.4: Screening of attempted spirocyclisation conditions using Brønsted and Lewis acids. 

It became clear that dihydroxyketone 445 would not spirocyclise upon treatment with acid. It was 

also observed during these investigations that 445 was unstable over time, storage under an inert 

atmosphere and at below zero temperatures did not decrease the rate of decomposition.  
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2.5 Enzymatic Spiroketalisations 

While endeavours into chemical spiroketal construction are extensive, enzyme-mediated 

spirocyclisations are not as widely reported.  

A research program in this area is being carried out by Osada et al. at the RIKEN Advanced 

Science Institute in Saitama, Japan. Investigations have been conducted into the biosynthesis of 

asymmetric spiroketal natural products and more particularly, the enzymes responsible for 

construction of the spiroketal moiety of reveromycin A (446) (Figure 2.5).
103

  

 

Figure 2.5: Reveromycin A (446) 

Isotope labelling experiments confirmed the biosynthetic construction of the spiroketal of 

reveromycin A (446) (Scheme 2.21). Rather than an epoxide ring opening, spiroketal formation 

proceeds through a dehydrative pathway similar to a chemically induced acid-mediated 

spirocyclisation. 

 

Scheme 2.21: Potential spiroketal reaction pathways of Reveromycin A (446).103 

Their research culminated in the elucidation of the biosynthesis of reveromycin A (446) and led to 

the discovery of the two key enzymes, RevG and RevJ, responsible for dihydroxyketone and 

stereospecific spiroketal construction respectively (Scheme 2.22). Conversion of dihydroxyketone 

448 to spiroketal 449 under non-enzymatic conditions afforded a mixture of spiroketals 449a and 

449b. In contrast treatment with RevJ in basic conditions (pH = 8) afforded solely spiroketal 449a 

confirming the asymmetric control of RevJ.
103
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Scheme 2.22: Asymmetric enzymatic spiroketalisation during biosynthesis of reveromycin A (446).103 

2.5.1 Attempted Enzymatic Spiroketalisation 

In attempts to further their investigations, Osada et al. wished to investigate if non-biological 

based bis-benzannulated dihydroxyketones would undergo asymmetric spirocyclisation upon 

treatment with RevJ. At the commencement of this investigation, methods to access stereospecific 

bis-benzannulated spiroketals were unknown. Potential methods for asymmetric construction of 

bis-benzannulated spiroketals is of great interest to our group and others. 

In light of this common interest, two dihydroxyketones synthesised in our lab were sent to Osada 

et al. to investigate whether RevJ could effectively convert bis-benzannulated dihydroxyketones 

450 and 445 stereospecifically into the corresponding spiroketals (Scheme 2.23).  

 

Scheme 2.23: Possible asymmetric spiroketal products regulated by RevJ. 
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Optimised conditions developed by Osada et al. during their successful enzymatic 

spirocyclisation for reveromycin A (446) were used in attempts to spirocyclise 450 and 445 and 

are described herein. 

Precursors 450 and 445 were separately incubated with RevJ in distilled water buffered with Tris-

HCl (pH = 8.0) at 30 °C for 3 and 17 hours. The reaction was terminated by addition of 

acetonitrile and RevJ was removed by centrifugation and the reaction mixture analysed by 

HPLC/MS. Disappointingly, analysis using results for both acidic and buffered (phosphate buffer 

pH = 7.8) HPLC columns showed no formation of spiroketal products for either 450 or 445 

(Scheme 2.24). It was therefore tentatively concluded that RevJ could only control the 

stereochemistry of compounds that are specific to the enzyme and cyclise spontaneously 

themselves.   

 

Scheme 2.24: Attempted spirocyclisation of dihydroxyketones 450 and 445 under RevJ catalysis. 

2.6 Alternative Strategies for the Synthesis of the Isocoumarin Moiety 

It appeared apparent that exchanging the methyl ester for a methyl group at C-3 did not increase 

the nucleophilicity of the associated phenol enough to enable successful spirocyclisation (Scheme 

2.25).  

 

Scheme 2.25: Failed cyclisation of dihydroxyketone 445. 

As a result, additional structural modifications were required. Therefore, an isocoumarin 

precursor was proposed to be used for the synthesis, with conversion to the fully functionalised 

isocoumarin taking place after spiroketal formation. 
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2.6.1 Isocoumarin Overview 

The failure of acid-mediated spirocyclisation of dihydroxyketones precursors bearing fully 

functionalised isocoumarins has been attributed to the poor nucleophilicity of the phenol.
52, 59

 

Additional steric and conformational energy barriers for nucleophilic attack of the naphthalene 

phenol have also been reported to be high enough that alternative reaction pathways become 

facile (i.e. oxidative demethylation degradation or benzofuran formation).
63

 Potential 

modifications of the naphthalene unit to address their steric and conformational issues are limited. 

However, further structural modifications to the isocoumarin portion to alter the nucleophilicity of 

the phenol can be undertaken with comparative ease. 

The ideal isocoumarin precursor will have to bear a sufficiently nucleophilic phenol to facilitate 

spirocyclisation, as well as appropriate pendant functionality to subsequently form the 

isocoumarin lactone under mild and/or selective conditions. The key functionalities of the 

isocoumarin that require attention are the electron-withdrawing lactone and the electron 

delocalising effects of the double bond via conjugation (Figure 2.6). 

 

Figure 2.6: Key electron-withdrawing functionality of the isocoumarin. 

Previous reports by Reiβig et al. and Kozlowski et al. have shown that by removing the 

conjugative effects through saturation of the double bond, as well as the lactone carbonyl group, 

they were able to conduct an acid-mediated spirocyclisation with a model naphthalene (Scheme 

2.26).
59

 The formal synthesis of γ-rubromycin (9) from our group showed that an open chain 

isocoumarin precursor is successful in affording a spiroketal product.
79
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Scheme 2.26: Successful acid-mediated spirocyclisations using isocoumarin precursors.59, 62, 79  

2.6.2 Synthesis of Isocoumarin Precursors 

In light of these reports, investigations began into suitable isocoumarin precursors. Alterations 

were to be made where the formation of the lactone or installation of the double bond could be 

subsequently undertaken using mild conditions, protecting the electron rich naphthalene and 

spiroketal moieties. A stepwise approach was taken to remove the electron withdrawing 

properties of the isocoumarin (Scheme 2.27).  

Firstly, removal of conjugation through saturation of the double bond afforded 

dihydroisocoumarin A, a method similarly employed by Reiβig et al.
59

 Next, the more structurally 

significant breaking of the lactone bond affords potential open chain precursors B and C. 

 

  

Scheme 2.27: Potential isocoumarin precursors. 



 

98 

 

2.6.3 Synthesis of Isocoumarin precursors 452, 453 and 454 

All isocoumarin precursors could be prepared from advanced intermediate 434 (Scheme 2.28). 

Ketone 452 was prepared simply by methylation of the acid with methyl iodide. Reduction of the 

ketone using sodium borohydride in tetrahydrofuran-methanol (1:1) afforded the corresponding 

alcohol, which upon acidic aqueous workup afforded the saturated dihydroisocoumarin 453, in 

80% yield over two steps. Silyl ether 454 was prepared in a similar manner by reduction of the 

ketone to give the corresponding alcohol which was then protected as the silyl ether using tert-

butyldiphenylsilyl triflate and 2,6-lutidine in dichloromethane to afford 454. 

 

Reagents and Conditions: (a) i) MeI, K2CO3, acetone, 50 °C, 3 h, 80%. (b) NaBH4, THF-MeOH (1:1), 0 °C, 20 min 

then 1.0 M HCl, 20 min, quant. (c) i) NaBH4, THF-MeOH (1:1), 0 °C, 20 min then TBDPSOTf, 2,6-lutidine, CH2Cl2, 0 

°C, 4 h then rt., o/n, 78%. 

Scheme 2.28: Synthesis of isocoumarin precursors 452, 453 and 454. 

Have established robust routes to aryl bromides 452, 453 and 454, attention then focused on their 

Sonogashira cross-coupling with alkynol 361 in order to effect elaboration to the corresponding 

spiroketals. 

2.7 Couplings and Spirocyclisations 

2.7.1 Coupling and Elaboration Using Isocoumarin Precursor 453 

Isocoumarin precursor 453 was coupled with alkynol 361 using the established Sonogashira 

cross-coupling conditions (Scheme 2.29). Cross-coupled product 455 was then oxidised using 

IBX and complete reduction of triple bond and debenzylation was effected using 10% palladium 

on carbon under a hydrogen atmosphere in methanol. Using methanol as the solvent afforded 

cleaner, more reproducible results than ethyl acetate. Mono-protected dihydroxyketone 456 was 

then subjected to an array of Brønsted and Lewis acid conditions, to attempts to effect cyclisation 

to 457. 
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Reagents and Conditions: (a) Pd(OAc)2, CuI, PPh3, NEt3, DMF, 24 h, 23%. (b) i) IBX, DMSO, 4 h, rt., 80%. ii) H2, 

Pd/C, MeOH, 2 h, rt., quant. (c) various Brønsted and Lewis Acids (Table 2.5). 

Scheme 2.29: Coupling and failed spirocyclisation of isocoumarin precursor 456. 

 

Entry Acid
a 

Solvent Temperature Result 

1 NaHSO4·SiO2 CH2Cl2 rt. decomposition 

2 PPTS CH2Cl2 rt. no reaction 

3 PPTS CH2Cl2 reflux decomposition 

4 PPTS tBuOH reflux decomposition 

5 p-TsOH CH2Cl2 rt. no reaction 

6 p-TsOH CH2Cl2 reflux decomposition 

7 p-TsOH PhH rt. no reaction 

8 p-TsOH PhH reflux no reaction 

9 HCl (anhydrous) THF rt. decomposition 

10 Sc(OTf)3 CH2Cl2 rt. no reaction 

11 BF3·OEt2 CH2Cl2 rt. rapid decomposition 

a excess acid was used in reaction mixtures. 

Table 2.5: Attempted spirocyclisation of 456  

Despite the reported success of a very similar model substrate, spirocyclisation of 436 was 

unsuccessful under all conditions investigated (Table 2.25).
59

 A potential reason for this 

difference is the greater substitution of the fully substituted naphthalene 456 and therefore greater 

electron density, potentially making it more prone to decomposition than its model counterpart 

136 (Scheme 2.30). 
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Scheme 2.30: Successful and unsuccessful spirocyclisations using dihydroisocoumarin precursor.  

2.7.2 Development of New Sonogashira Cross-Coupling Conditions 

The likely importance of using an isocoumarin precursor for the synthesis had become clearly 

apparent. As a result, the added synthetic steps to convert the isocoumarin precursor to the fully 

functionalised isocoumarin post union with alkynol 361 raised concerns as this would further 

limit the amounts of advanced material available.  As two equivalents of alkynol 361 are required 

for acceptable yields during Sonogashira cross-coupling (See section 2.4.1), new cross-coupling 

conditions that were more synthetically economical became a priority.  

Under classical Sonogashira cross-coupling conditions, a copper co-catalyst is required to form 

copper acetylide to enable transmetalation with a palladium complex (Scheme 2.31). As Glaser 

homo-coupled product 441was observed in all reaction mixtures, the copper acetylide that forms 

in situ may potentially be too reactive, having a preference for homo coupling over the desired 

cross coupling. It seems reasonable that conditions where the copper co-catalyst is not required in 

the reaction mixture may reduce or eliminate the potential for Glaser homo-coupled product 441 

to be formed. 
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Scheme 2.31: Mechanism of competition between Sonogashira and Glaser coupling reactions. 

In addition, isocoumarin precursor 452 bearing a β-aryl ketone, also showed a tendency to enolise 

and undergo ring closure to form the isocoumarin lactone prematurely (Scheme 2.32). To 

examine this carefully, ketone 452 was subjected to the established Sonogashira conditions and 

lactone formation was observed over periods of 2-4 hours, confirmed through both TLC and 

NMR analysis. 

Therefore, taking both issues into account, new conditions were sought, ideally excluding a 

copper co-catalyst to reduce the potential of the Glaser coupling product 441. We aimed to 

identify an effective base weak enough to prevent potential enolisation and subsequent 

lactonisation of ketone 452. 
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Scheme 2.32: Undesirable isocoumarin formation under Sonogashira cross-coupling conditions. 

In 2004 Senanayake et al. reported modified conditions to effect Larock indole formation of 

ortho-halo anilines with di-substituted alkynes. Treatment with palladium (II) acetate in 

conjunction with 1,1′-di-tert-butylphosphinoferrocene (D
t
BuPF) ligand and potassium carbonate 

in N-methyl-2-pyrrolidone at elevated temperatures afforded 2,3-substituted indoles with high 

regioselectivity (Scheme 2.33).
104

  

It was noted by Sperry et al. during their synthetic investigations into a total synthesis of (+)-

terreusinone 460b, that these conditions could potentially also promote Sonogashira cross-

coupling. Implementation of the conditions on di-bromoaniline 458 and alkyne 459 was 

successful in affording highly functionalised indole 460a, albeit in a low 26% yield (Scheme 

2.33).
105

 However, application of these reported conditions to effect union of alkynol 361 with 

isocoumarin precursors was highly successful and is discussed in section 2.7.3. 

 

Reagents and Conditions: (a) Pd(OAc)2, D
tBuPF, K2CO3, NMP, 110-160 °C 

Scheme 2.33: Sonogashira coupling product afforded from indolisation reaction.104, 105 

Mechanistically, some conjecture remains over the exact intermediates formed and how they react 

to form the subsequent products in a copper free Sonogashira cross-coupling. However, a general 

mechanism is described herein (Scheme 2.34).
106
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The catalytic cycle commences with oxidative insertion of the Pd
(0)

 A complex into the aryl halide 

B bond, in common with many Pd catalytic cycles. Alkyne complexation forms the Pd
(II)

 species 

E, followed by deprotonation with base affords palladium complex F. Reductive elimination 

forms cross-coupled product G with regeneration of the Pd catalyst. The exact sequence of events 

around the deprotonation step varies and is largely dependent on the ligands, whether or not 

amines are present, and the electronic nature of the two starting materials.
106

 

 

Scheme 2.34: Proposed general mechanism of a copper free Sonogashira cross coupling.106 

2.7.3 Coupling and Elaboration Using Isocoumarin Precursor 454 

Due to the lack of success in using isocoumarins containing the lactone functionality, attention 

turned to the acyclic isocoumarin precursors. These compounds lack the lactone functionality 

further reducing the electron-withdrawing properties on the phenol-containing aromatic ring. 

Initial investigations commenced with open chain precursor 454 (Scheme 2.35). 

Isocoumarin precursor 454 and alkynol 361 were subjected to the new cross-coupling conditions 

described by Senanayake et al. and successfully afforded coupled product 461 in an excellent 

84% yield. Gratifyingly, these conditions only required one equivalent of each coupling partner 

and the undesired homo-coupled alkynol 441 was not detected in the crude reaction mixtures. 

These new conditions afforded a more scalable synthesis of coupled product 461. 

With alkynol 461 in hand, treatment with IBX followed by debenzylation and reduction of alkyne 

was effected by hydrogen in the presence of palladium on carbon in methanol to afford 

spirocyclisation precursor 462. 462 was then treated with silica-supported sodium bisulfate in 

dichloromethane at room temperature for six hours. TLC analysis over the duration of the reaction 

initially revealed a more polar compound being formed that was tentatively assumed to be the EM 

deprotected dihydroxyketone. Upon extended reaction times, the newly formed spot faded on 

TLC and a less polar spot than the starting material began to form. After complete conversion, the 

new compound was isolated and confirmed to be spiroketal 463. 
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The successful formation of spiroketal 463 was supported by a characteristic quaternary carbon 

resonance at 109.8 ppm in the 
13

C NMR spectrum assigned as the spirocentre 2/2′. The 
1
H NMR 

spectrum exhibited a multiplet (due to overlapping methoxy signals) at δH 3.64-3.73 ppm and 

doublet at δH 3.42 ppm, with a common geminal coupling constant of J = 16.8 Hz that were 

assigned to the diasterotopic protons, H-3A′ and H-3B′. A doublet of doublet of doublets with 

coupling constants of J = 13.4, 6.2 and 2.2 Hz at 2.39 ppm and a multiplet at δH 2.20-2.27 were 

assigned to protons H-3A and H-3B. Multiplets at δH 3.17-3.31 and δH 2.57-2.76 were assigned to 

the methylene protons of H-4A and H-4B and all splitting patterns were consistent with a similar 

reported structure.
79

 High resolution mass spectrometirc analysis saw a peak [M+Na] of 921.3852 

corresponding to the mass of C50H62NaO13Si confirming the structure of 463. 

 

Reagent and Conditions: (a) Pd(OAc)2, D
tBuPF, K2CO3, NMP, 150 °C, 1.5 h, 84%. (b) i) IBX, DMSO, 5 h, rt., 82%. 

ii) H2, Pd/C, MeOH, 2 h, rt., quant. (c) NaHSO4·SiO2, CH2Cl2, rt., 6 h, 48%. 

Scheme 2.35: Coupling and attempted elaboration to spiroketal 463. 

With the successful installation of the spiroketal moiety, all that remained was to construct the 

isocoumarin fragment to furnish the carbon skeleton of the griseorhodin model 413. However, 

final formation of the isocoumarin lactone was hampered due to failure to cleave the silyl 

protecting group (Table 2.6). Various fluoride reagents were surveyed with no desilylated product 

detected.  
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Entry Conditions Solvent Temperature Result 

1 TBAF THF rt. no reaction 

2 TBAF, AcOH THF rt. no reaction 

3 3HF·NEt3 THF rt. no reaction 

4 HF·pyridine THF rt. no reaction 

Table 2.6: Conditions for attempted TBDPS deprotection. 

Further extensive investigations into successful silyl ether cleavage were not undertaken as 

concurrent investigations into coupling and elaboration of 361 and precursor 452 afforded 

spiroketal product. This synthesis was deemed a more direct route towards griseorhodin model 

413 and is described in detail in the following section. 

2.7.4 Coupling and Elaboration Using Isocoumarin Precursor 452 

In light of the success in forming a spirocyclic product with an open-chain isocoumarin, attention 

had turned to precursor 452 containing a methyl ketone in place of the tert-butyldiphenylsilyl 

protected alcohol. 

Using the same synthetic protocol, precursor 452 was coupled with alkynol 361 using the 

optimised coupling conditions with no evidence of either isocoumarin formation or alkynol 

homocoupled product 441. Subsequent IBX oxidation, reduction of the triple bond and 

debenzylation led to ketone 466 in a satisfactory 43% yield, over 3 steps (Scheme 2.36). 

With EM protected dihydroxyketone 466 in hand, treatment with silica supported sodium 

bisulfate in dichloromethane at room temperature afforded spiroketal 467 in an acceptable 53% 

yield. The structure was confirmed upon analysis of the 
13

C NMR spectrum which exhibited a 

characteristic resonance at δC 109.8 ppm that was assigned to C-2/2′. The splitting patterns for H-

3′, H-3 and H-4 in the 
1
H NMR spectrum were also consistent with previously synthesised 

spiroketal 463. 
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Reagents and Conditions: (a) Pd(OAc)2, D
tBuPF, K2CO3, NMP, 70 °C, 1.5 h, 50%. (b) IBX, DMSO, 3 h, rt., 85%. c) 

H2, Pd/C, MeOH, 2 h, rt., quant. (d) NaHSO4·SiO2, CH2Cl2, rt., 9 h, 53%. (e) NaH, THF, 0 °C → rt., 30 min, 48%. 

Scheme 2.36: Coupling of 361 and 452 and successful elaboration and cyclisation to spiroketal 444. 

Gratifyingly, treatment of 467 with sodium hydride in tetrahydrofuran induced enolisation of the 

ketone, which spontaneously cyclised to form the lactone of spiroketal 444. As the starting 

material and product exhibited the same Rf, the progress of the reaction was monitored by 
1
H 

NMR monitoring the spectrum for H-6′ at δH 6.08 ppm and an obvious shift for H-5′ was also 

observed (Figure 2.7).  
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Figure 2.7: NMR spectra of 467 (Blue), an intermediate mixture of 467 and 444 (Red) and 444 (Green). 

At this point we had finally completed the construction of the carbon skeleton of the griseorhodin 

model 413 and more importantly, the carbon skeleton of the griseorhodin family of natural 

products.   

With 444 in hand, all that was left to complete the synthesis of 413 was to adjust the oxidation 

state of the naphthalene and global demethylation (Scheme 2.37). Initial attempts to convert 

naphthalene 444 to naphthaquinone 438 upon treatment with aqueous ceric ammonium nitrate 

were unsuccessful, only trace amounts of 438 were afforded with a majority of the starting 

material decomposing. Pleasingly however, treatment of 444 with DDQ using the conditions 

reported by Kozlowski et al. was successful affording the desired quinone 438 in 64% yield. Final 

demethylation using boron trichloride in dichloromethane at 0 °C gave a bright purple solution 

which upon purification afforded a bright red solid. The 
1
H NMR spectrum revealed three 

resonances at δH 13.06, 12.29, 11.14 ppm, corresponding to 4-OH, 9-OH and 10′-OH 

respectively. High resolution mass spectrum data exhibited a positive ion for [M+H] C25H19O10, 

confirming the structure of the expected griseorhodin model 413. 

Reagents and Conditions: (a) DDQ, MeCN-H2O (10:1), 0 °C, 15 min, 64%. (b) BCl3, CH2Cl2, 0 °C, 10 min, 90%. 

Scheme 2.37: Coupling, spirocyclisation and completion of the model griseorhodin 413 synthesis. 
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Having completed of the synthesis of 413, it was concluded that the presence of the lactone 

functional group was the key inhibiting factor precluding successful acid-mediated 

spirocyclisation of these densely oxygenated dihydroxyketone systems. Both lactone-containing 

isocoumarins 445 and 456 (Red) failed to spirocyclise (Scheme 2.38). While Reiβig et al. had 

reported a successful spirocyclisation using a precursor containing a lactone, this example only 

contained a simpler model naphthalene fragment. The failure of the similar ketone 456 to undergo 

spirocyclisation demonstrated that the added complexity and electron density of the fully 

substituted naphthalene system had a profound effect on the cyclisation reaction. 

In contrast, both open chain isocoumarin precursors 462 and 466 (blue) successfully formed 

spiroketal products. This clearly confirms that these types of precursors are required for any 

future synthetic investigation into the total synthesis of the griseorhodin natural products (Scheme 

2.38). 

 

Scheme 2.38: Griseorhodin spirocyclisation studies; open chain precursors 462 and 466 cyclise, but lactone 445 and 

456 do not. 
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2.8 Overview of the Griseorhodin Model 413 Synthesis 

Synthesis of the griseorhodin model 413 was completed in 28 overall steps from commercially 

available 1,2,4-trimethoxybenzene 365 and guaiacol (366) (Scheme 2.39). Coupling of alkynol 

361 and isocoumarin precursor 452 was achieved using copper-free Sonogashira cross-coupling 

conditions with no evidence of Glaser homo-coupled product 441. The use of the open chain 

isocoumarin precursor 452 was required to achieve successful acid-mediated spirocyclisation. 

Spiroketal 467 was then easily converted into the fully functionalised isocoumarin. 

 

Scheme 2.39: Completed synthesis of the griseorhodin model 413. 

Having achieved a successful synthesis of griseorhodin model 413, investigations continued with 

execution of the synthesis of the griseorhodin family of natural products. 
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2.9 Investigations into the Synthesis of the Griseorhodin Family of 

Natural Products 

2.9.1 Overview 

With completion of the model spiroketal 413 synthesis, focus turned to methods to effect 

installation of the required oxidation patterns present in the griseorhodin natural products (Figure 

2.8). A benzyl alcohol functional group (red) is present in five of the six natural products, with 

7,8-dideoxy-6-oxo-griseorhodin C (6) containing a benzyl ketone. With this in mind, the 

development of synthetic methods to install this key functionality will be conducted first to enable 

access to all members of the griseorhodin family. 

.

 

Figure 2.8: Key oxygen functionalities of the griseorhodins. 

2.9.2 Installation of Oxygen Functionality 

Initial investigations aimed to install the required hydroxyl at C-3ʹ through benzylic oxidation 

(Scheme 2.40). However, methods for this transformation generally require harsh reagents and 

conditions, using transition metal catalysis in conjunction with peroxides, oxygen or aqueous 

solutions as sources of electrophilic oxygen.
107-109

 

A preliminary investigation into benzylic oxidation was undertaken on spiroketal 444. Treatment 

of 444 with a catalytic amount of chromium trioxide and excess tert-butyl hydroperoxide in 

dichloromethane at room temperature afforded no evidence for formation of an oxidised product 

with a majority of the starting material decomposing under the reaction conditions. Having the 

already established the sensitivity of the naphthalene fragment to undergo oxidative 

decomposition, this method was not pursued and alternative procedures to install the desired 

functionality were sought. 
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Reagents and Conditions: (a) CrO3 (cat.), tBuOOH, CH2Cl2, rt. 

Scheme 2.40: Attempted benzylic oxidation of spiroketal 444. 

With the goal of developing a flexible synthetic strategy to all members of the griseorhodins, a 

key intermediate from which all the griseorhodins could be synthesised was required. 

Retrosynthetically, five members of the family can be derived from a common intermediate 472 

(Scheme 2.41).  

Access to the pendant functionality on the spiroketal core could potentially be installed through 

functional group modification of the alkyne group. Key to the synthesis will be the construction of 

diol 473 (Scheme 2.41). 

 

Scheme 2.41: Elaboration of alkyne to afford desired oxygen functionality of griseorhodins. 
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Kozlowski et al. reported that direct α-keto oxidation of ketone 285 was not possible, most likely 

due to steric hindrance of the C-4ʹ methoxy group. (Scheme 2.42) This was confirmed when 

removal of the C-4′ methoxy group allowed the desired oxidation to proceed.
63

 

 

Scheme 2.42: Removal of C-4ʹ methoxy permits benzylic oxidation to form diketone 299 by Kozlowski et al.63 

Therefore, in light of these reports, the installation of the required benzyl oxygen functionality 

will be undertaken at an earlier stage in the synthesis, prior to the coupling of the naphthalene 473 

and isocoumarin 452 fragments. 

2.9.3 Synthetic Investigations towards Alkyne diol 473 

A. First Generation Synthesis of Naphthalene Fragment 473 

Initial endeavours into the synthesis of 473 were to utilise the added electron-density that is added 

by the extensive methoxy substitution. Electrophilic aromatic substitution (EAS) proceeds via 

nucleophilic attack by the aromatic ring onto an electrophile. Therefore, generally, electron rich 

aromatic systems proceed more readily. Wang et al. developed methods for Lewis acid activated 

EAS of substituted aromatic substrates using ethyl glyoxalate, affording aromatic α-hydroxy 

esters. (Scheme 2.43). Successful substitutions on unsubstituted and mono-substituted naphthol 

substrates were reported.
110

  

 

Reagents and Conditions: (a) Ethyl glyoxalate, Yb(OTf)3, CH2Cl2, 2 h, 82%. 

Scheme 2.43: Electrophilic aromatic substitution of naphthol 474 affording α-hydroxy ester 475.110 

It was envisiaged that this methodology could be used to prepare the required benzyl alcohol 447 

and install suitable pendant functionality for elaboration to key alkynol intermediate 476. 

Retrosynthetically alkynol 476 could be synthesised from ester 477 after reduction to the 

aldehyde, followed by acetylide addition (Scheme 2.44). Ester 477 would result from EAS of 



 

113 

 

naphthalene 476 and ethyl glyoxalate. Naphthalene 478 is prepared via borylation, oxidation and 

protection of the naphthol, using a literature-based sequence from bromo naphthalene 479. 479 is 

a literature compound synthesised from bromo quinone 193 used in the previous synthesis.  

 

Scheme 2.44: Retrosynthesis of alkynol 476. 

Using established reductive methylation conditions, bromo quinone 193 was reduced to the 

hydroquinone using aqueous sodium dithionite in tetrahydrofuran (Scheme 2.45). The crude 

hydroquinone was then subjected directly to methylation using methyl iodide and cesium 

carbonate in dimethylformamide at 50 °C under a hydrogen atmosphere, affording bromo 

naphthalene 479 in 86% yield. Conversion of bromo naphthalene 479 to the corresponding 

boronic acid and subsequent oxidation was performed using conditions described by Reiβig et al. 

via initial treatment of bromide 479 with t-butyl lithium in tetrahydrofuran at −100 °C to effect 

anion formation. Immediate addition of trimethyl borate followed by an aqueous ammonium 

chloride workup was required to obtain high yields of boronic acid 480. Oxidation using aqueous 

hydrogen peroxide in the presence of sodium hydroxide afforded naphthol 481 in 84% yield.
69

 

 

Reagents and Conditions: (a) Na2S2O4, TBABr (cat.), THF-H2O (1:1), 20 min, then MeI, Cs2CO3, Na2S2O4 (cat.), H2, 

DMF, 60 °C, 3 h, 86%. (b) t-BuLi, B(OMe)3, THF, −100 °C → rt., 30 min then then sat. aq. NH4Cl, 96%. (c) H2O2 

(30% aq. solution), 1.0 M NaOH, rt., 15 min, 84%. (d) ethyl glyoxylate, Yb(OTf)3, CH2Cl2. 

Scheme 2.45: Attempted synthesis of naphthalene 482. 

With naphthol 481 in hand, attention turned to EAS to afford naphthol 482. Investigations were 

conducted in which excess of both ethyl glyoxylate and ytterbium (III) trifluoromethanesulfonate 

were added to naphthol 481, but no desired substituted product was detected (Scheme 2.45). It 

was observed that naphthol 481 decomposed with time upon dissolution in organic solvents. It 

was therefore envisioned that protection of naphthol 481 as an EM or Bn ether would increase its 

stability. However, attempts to form either the EM or Bn ethers of naphthol 481 failed (Table 

2.7). 
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Entry R Reagents Solvent Temp Result 

1 EM EMCl, 
i
Pr2NEt, 

DMAP 

CH2Cl2 0 °C → rt. decomposition 

2 EM EMCl, NaH THF 0 °C → rt. decomposition 

3 MOM MOMCl, 
i
Pr2NEt, DMAP 

CH2Cl2 0 °C → rt. decomposition 

4 Bn BnBr, K2CO3 acetone 0 °C → rt. → 40 °C decomposition 

5 Bn BnBr, NaH THF 0 °C → rt. decomposition 

Table 2.7: Attempted protection of naphthol 481. 

Chemical transformations proved difficult on naphthol 481 due to its instability. Reiβig et al. 

reported similar trouble with this intermediate during their synthetic efforts.
69

 

B. Second Generation Synthesis of Naphthalene Fragment 476 

With the unstable nature of the naphthol 481 proving troublesome, direct conversion of bromide 

479 to the corresponding aromatic ether was investigated (Scheme 2.46). This would potentially 

avoid the generation of the unstable naphthol intermediate 481. 

 

Scheme 2.46: Direct conversion of 479 to ether 483 avoiding unstable naphthol 481. 

Etherification of aryl halides using a copper catalyst has been extensively investigated (Scheme 

2.47). Huang et al. reported the use of Chan-Lam type conditions to couple aryl halides with 

aliphatic alcohols in the presence of copper (I) iodide and strong base.
111

 Reports from 

Maheswaran et al. showed that successful O-arylation and O-alkylation of aromatic halides using 

copper (I) iodide in conjunction with the (˗)-sparteine ligand in dimethyl sulfoxide.
112

 

Alternatively in 1998, Evans et al. coupled aryl boronic acids with phenolic compounds under 

Ullmann type reaction conditions of copper (II) acetate, amine base at ambient temperature and 

atmosphere to afford an array of substituted biaryl ethers.
113
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Reagents and Conditions: (a) LiOtBu, CuI, 80-120 °C, 18-28 h. (b) CuI, (-)-sparteine, K2CO3, DMSO, 80 °C, 12 h. (c) 

Cu(OAc)2, 4 Å MS, amine base, CH2Cl2, 25 °C, 18 h. 

Scheme 2.47: Reported copper-mediated etherification of aryl halides and boronic acids.111-113 

Using this methodology, conversion of bromide 479 or boronic acids 480 to the corresponding 

aryl ether was investigated. Using benzyl alcohol as the nucleophile, aryl benzyl ether 490 would 

be afforded. This is desirable as benzyl ethers are stable towards both acidic and basic conditions 

and are selectively cleaved via hydrogenolysis. Benzyl alcohol is also cheap and readily available 

hence it can be used in large excess if required. 

Unfortunately all attempts to convert either bromide 479 or boronic acid 480 to desired benzyl 

ether 490 were unsuccessful. Reaction of bromo naphthalene 479 under conditions listed in table 

2.8 showed no reaction at room temperature and upon gradual heating to 100 °C decomposition 

was observed. Attempted reaction using boronic acid 480 only led to the recovery of starting 

material after 24 hours and decomposition resulted using extended reaction times (> 72 h). 
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Entry R
1
 Reagents Solvent Temp Result 

1 Br CuI, LitOBu. BnOH rt.-100 °C decomposition 

2 Br CuI, (-)-sparteine, Cs2CO3, 

BnOH. 

DMSO rt.-100 °C decomposition 

3 Br CuI, (-)-sparteine, K2CO3, 

BnOH. 

DMSO rt.-100 °C decomposition 

4 Br Cu[(-)-sparteine]2, K2CO3, 

BnOH. 

DMSO rt.-100 °C decomposition 

5 Br CuI, (-)-sparteine, K2CO3. BnOH rt.-100 °C decomposition 

6 Br CuI, (-)-sparteine, Cs2CO3. BnOH rt.-100 °C decomposition 

7 B(OH)2 Cu(OAc)2, Pyridine, 4 Å MS, 

BnOH, O2 

CH2Cl2 rt. starting material 

8 B(OH)2 Cu(OAc)2, NEt3, 4 Å MS, 

BnOH, O2 

CH2Cl2 rt. starting material 

9 B(OH)2 Cu(OAc)2, DMAP, 4 Å MS, 

BnOH, O2 

CH2Cl2 rt. starting material 

10 B(OH)2 Cu(OAc)2
a
, Pyridine, 4 Å MS, 

BnOH, O2 

CH2Cl2 rt. starting material 

a 1.2 equivalents of Cu(OAc)2 used, 10-20 mol% of copper catalyst used in all other reactions. 

Table 2.8: Attempted aryl etherification reactions.  

Failure of the etherification under Ullmann-type conditions is potentially due to the 

decomposition of the naphthalene during oxidative addition to the copper-benzyl alkoxide 

complex (Scheme 2.48, A) due to the electron rich nature of the naphthalene structure, which has 

been demonstrated previously to be unstable 

Boronic acid 480 coupling reactions under Chan-Lam type conditions showed no reaction. This is 

possibly accounted for by the inability of boronic acid 480 to partake in the transmetalation with 

the copper-benzyl alcohol complex, hence the starting boronic acid remained unchanged in the 

reaction mixture (Scheme 2.48 B). 
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Scheme 2.48: Catalytic cycles of the Chan-Lam and Ullmann coupling reactions.114, 115 

With the failure of the Ullmann type reaction, potentially due to the electron rich naphthalene, a 

reduction in the electron density through removal of some of the electron donating groups was 

postulated to be a way to provide a more stable naphthalene structure and facilitate successful 

etherification. 

Potential structural alterations of the naphthalene fragment are limited. One modification that can 

be made is removal of the C-4 methoxy group. This removes an electron donating group and 

reduces possible unforeseen steric issues that may pose additional complications (Figure 2.9).  

 

Figure 2.9: Structures of 491 and unsubstituted C-4ʹ 492. 

Synthesis of C-4 unsubstituted naphthalene 492 is achieved via methylation of intermediate 

naphthol 493. 
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Entry Reagents Solvent Temp Reaction Time (h) Yield (%) 

1 MeI, K2CO3 acetone reflux 12 41% 

2 Me2SO4, K2CO3 acetone reflux 12 52% 

3 Me2SO4, KOH, TBABr THF-H2O (5:3) rt. 4 92% 

Table 2.9: Conditions for methylation of naphthol 493. 

The key to obtaining high yields for the methylation of bromo naphthol 493 was found to be the 

use of dimethyl sulfate in tetrahydrofuran with aqueous potassium hydroxide and a phase transfer 

catalyst (Scheme 2.49). Bromide 493 is then converted to the corresponding boronic acid 495 

using established lithium halogen exchange with t-butyl lithium followed by quenching with 

trimethyl borate at reduced temperature. 

 

Reagents and Conditions: (a) Me2SO4, TBABr, 1.6 M KOH, THF, rt., 4 h, 92%. (b) t-BuLi, B(OMe)3, THF, −100 °C 

→ rt., 30 min then sat. aq. NH4Cl, 66%. 

Scheme 2.49: Synthesis of C-4 unsubstituted naphthalenes 494 and 495. 

With access to both bromo naphthalene 494 and corresponding boronic acid 495 secured, attempts 

to effect the etherification step using the conditions used previous were investigated. 

Unfortunately all attempted conditions were unsuccessful in delivering the etherification product 

496 (Scheme 2.50). 

 

Scheme 2.50: Failed etherification of bromide 494 and boronic acid 495. 

Given that the synthesis of substituted naphthalene 496 was unsuccessful, alternative methods for 

construction of the desired alkyne diol 473 were investigated (Scheme 2.51). 
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Scheme 2.51: Failed attempts for synthesis of ether 490 or 496. 

Brief synthetic investigations were undertaken into the directing abilities of the substituents on the 

naphthalene ring during lithiation. For this investigation to begin, conversion of boronic acid 495 

to either the MOM or EM ether was required. It was chosen to convert 495 to the corresponding 

EM ether as our group has had good experience with the use of the EM ethers (Scheme 2.52). 

Boronic acid 495 was therefore oxidised to the corresponding naphthol 496 using aqueous 

hydrogen peroxide and sodium hydroxide. Crude 496 was then directly protected as the EM ether 

upon treatment with sodium hydride and chloromethyl ethyl ether in tetrahydrofuran. 

 

Reagents and Conditions: (a) H2O2 (30% aq. solution), 1.0 M NaOH, rt., 15 min. (b) EMCl, NaH, THF, 0 °C → rt, o/n, 

80% over two steps. 

Scheme 2.52: Synthesis of EM ether 497. 

With EM ether 497 in hand, regiospecific lithation was undertaken by treatment with n-butyl 

lithium in tetrahydrofuran and the newly formed anion was quenched with deuterated methanol 

(Scheme 2.53). Upon 
1
H NMR analysis of the reaction mixture, deuterated naphthalene 498 was 

afforded in 50% yield as the sole product. This result shows that the ortho-directing potential of 

the EM group was not strong enough to overcome the directing ability of the two ortho-methoxy 

groups. 
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Reagents and Conditions: i) n-BuLi, THF, −78 °C→ 0 °C 1 h. ii) MeOD, −78 °C → rt., 1 h, 50%. 

Scheme 2.53: Lithiation and deuterium quench experiment. 

This result is similar to reports by Reiβig et al. where ortho-lithiation of 499 and quenching the 

anion with dimethylformamide provided a mixture of formylated products, including trace 

amounts of diformylated 501 (Scheme 2.54).
69

 

 

Reagents and Conditions: (a) n-BuLi, TMEDA, DMF, THF or Et2O. 

Scheme 2.54: Formylation of naphthalene 499 by Reiβig et al.69 

Attempts to functionalise the naphthalene were unsuccessful due to instability and undesirable 

properties. Therefore, a new synthetic plan towards key alkyne diol 473 was required. 

C. Third Generation Synthesis of Naphthalene Fragment 473 

At this point the issue of instability of highly oxygenated naphthol 473 synthesis forced a 

substantial reassessment of how the naphthalene unit could be constructed. The previous synthesis 

builds the naphthalene framework from left to right starting with ring A which arises from 

commercially available 1,2,4-trimethoxybenzene 365 (Scheme 2.55). Subsequent reactions then 

construct ring B and the required pendant functionality. In the course of using this method, 

functional group installation and modification of the desired benzyl alcohol has to be performed 

on a fully-substituted naphthalene framework which proved to be very unstable.  

To circumvent this instability, the method in which the naphthalene unit is constructed is 

reversed. In this the synthesis begins with ring B, arising from commercially available 2,5-

dimethoxybenzaldehyde 506. Installation of the desired benzyl alcohol functionality is performed 

prior to construction of ring A, potentially providing a more robust pathway. This new sequence 

of naphthalene fragment construction would result in the key benzyl alcohol functionality being 

installed on a potentially more stable substituted benzene framework. A similar approach and 

rationale was reported by Reiβig et al. to be successful for their synthetic investigations towards 

the rubromycins.
69
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Scheme 2.55: 1. Original construction direction of the successful model synthesis. 2. Proposed new method of 

construction. 

Retrosynthetically, the key protected alkynol 502 could be accessed from bromide 503 via a 

borylation, oxidation and methylation sequence (Scheme 2.56). 502 would result from oxidation 

of naphthol 503 to the corresponding quinone and reductive methylation. Installation of ring A of 

bromide 503 should be achieved following a similar protocol to the model griseorhodin synthesis, 

via Diels-Alder cycloaddition of bromide 504 with furan followed by regiospecific ring opening 

of the cyclic ether and bromination using pyridinium bromide perbromide. Acetal 504 would be 

afforded from ester 505 which will be available from functional group manipulation of 505. The 

key benzyl alcohol of 505 would be formed through ortho-anion addition of a protected phenol 

available from Dakin oxidation of commercially available 2,5-dimethoxybenzaldehyde 506. 

 

Scheme 2.56: Retrosynthesis of alkyne 502. 

Synthesis began with 2,5-dimethoxybenzaldehyde 506 which was converted to the corresponding 

phenol 507 through Dakin oxidation using m-CPBA acid in dichloromethane, followed by 

aqueous base hydrolysis of the formate intermediate (Scheme 2.57). The resulting phenol was 

protected as the EM ether in order to effect directed ortho-lithiation in the following step. EM 

ethers are structurally very similar to MOM ethers which are known to be strong ortho-metalation 
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directing groups.
116

 Lithiation with n-butyl lithium gave the ortho-anion of 508, which was treated 

with ethyl glyoxalate affording the desired alcohol 509.  

 

Reagents and Condition: (a) mCPBA, CH2Cl2, 0 °C → rt., o/n then 1.0 M NaOH, MeOH, rt., 3 h, 94%. (b) EMCl, 

iPr2NEt, DMAP, CH2Cl2, 0 °C→ rt., o/n, 80%. (c) n-BuLi, ethyl glyoxalate, Et2O, 0 °C → rt., o/n. 

Scheme 2.57: Synthesis of alcohol 509. 

In order to optimise the reaction, both diethyl ether and tetrahydrofuran were investigated as 

reaction solvents (Table 2.10). The results showed that even with the addition of 

tetramethylethylenediamine to promote ortho-lithiation in tetrahydrofuran, use of diethyl ether 

gave higher yields of the desired product 509 (entries 1-4). A reduction in the number of 

equivalents of n-butyl lithium from 2.0 to 1.1 improved the yield significantly (entry 5). A survey 

of reaction times for anion formation showed that using reaction times between 60 to 90 minutes 

at room temperature gave the best results, whereas use of longer reaction times did not improve 

the yield (entries 6-8).  

The use of 2.0 equivalents of ethyl glyoxalate gave a 45% yield of 509 while addition of excess 

electrophile resulted in a reduction in yield (entries 9-11). Finally, use of freshly distilled ethyl 

glyoxalate, dissolved in diethyl ether at high dilution gave the best results, affording 55% of the 

desired addition product and 34% recovery of starting material 508 (entry 12). 
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Entry n-BuLi 

(eq.) 

Ethyl 

Gloxylate
a 

Solvent Temperature
b 

Time to form 

anion (h)
c 

Yield (%) 

1 2.0 1.5 THF
d 

−78 °C 1.5 12 

2 2.0 1.5 THF
d 

−10 °C 1.5 trace 

3 2.0 1.5 Et2O −78 °C 1.5 11 

4 2.0 1.5 Et2O −10 °C 1.5 19 

5 1.1 1.5 Et2O −10 °C 1.5 39 

6 1.1 1.5 Et2O −10 °C 0.5 30 

7 1.1 1.5 Et2O −10 °C 1.0 39 

8 1.1 1.5 Et2O −10 °C 2.0 38 

9 1.1 2.0 Et2O −10 °C 1.0 45 

10 1.1 3.0 Et2O −10 °C 1.0 40 

11 1.1 4.0 Et2O −10 °C 1.0 32 

12 1.1 2.0
e 

Et2O −10 °C 1.0 55 

a 50% w/w solution in PhMe. b Temperature of reaction during both n-BuLi  and ethyl glyoxalate additions. c Time at 

room temperature. d TMEDA (2.0 eq.) added. e Redistilled ethyl glyoxalate solution used (50% w/w in PhMe). 

Table 2.10: Optimisation of ortho-anion addition to ethyl glyoxalate. 

Having established a robust procedure to obtain 509, synthesis continued with protection of 509 

using tert-butyldimethylsilyl triflate affording silyl ether 510 (Scheme 2.58). An attempt to reduce 

ester 510 to the aldehyde with one equivalent of DIBAL only afforded 1° alcohol 511 and starting 

ester 510. Therefore, a two-step procedure of ester reduction to the alcohol with DIBAL (two 

equivalents) followed by oxidation with IBX afforded the desired aldehyde 512 in excellent 88% 

yield over two steps.  

With aldehyde 512 in hand, attention turned to the acetylide addition step to install the key alkyne 

functionality. Disappointingly, initial attempts to effect the addition using ethynylmagnesium 

bromide in tetrahydrofuran only afforded complex mixtures. 

A variety of acetylide nucleophiles were investigated, but all attempts were unsuccessful (Table 

2.11). Results included no reaction, complex mixtures and decomposition depending on the nature 

of the metal counter ion. 
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Reagents and Conditions: (a) n-BuLi, ethyl glyoxalate, Et2O, 0 °C → rt., o/n, 55%. (b) TBSOTf, 2,6-lutidine, CH2Cl2, 

0 °C, 45 min, 91%. (c) DIBAL, PhMe, −78 °C → rt., 16 h, 91%. (d) IBX, DMSO, rt., 3 h, 97%. 

Scheme 2.58: Synthesis of aldehyde 512. 

 

Nucleophile Solvent Temp Result 

 
THF 0 °C – rt. – 5 0 °C no reaction 

 Et2O 0 °C – rt. no reaction 

 THF 0 °C – rt. complex mixture 

 Et2O 0 °C – rt. complex mixture 

 

THF 0 °C – rt. decomposition 

Table 2.11: Attempted alkyne additions to aldehyde 512. 

Attempts to isolate products from the complex mixtures obtained showed evidence for formation 

of an alkyne proton in the 
1
H NMR spectrum, but with loss of tert-butyldimethylsilyl and/or the 

EM protecting groups (Scheme 2.59). A small amount of phenol 517 resulting from migration of 

the EM group from the aryl phenol to the newly-formed aliphatic alcohol was also observed. 

Resonances in the 
1
H NMR spectra due to the presence of hydroxyl protons were also observed. 

Only trace amounts of products were obtained, precluding structure determination.  

 

Scheme 2.59: Possible products detected in trace amounts during acetylide addition to 512. 

The array of products resulting from loss and potential migration of the various functionalities on 

512 suggested that significant steric congestion exists around the reaction centre. The above 

results suggest that steric congestion is such that cleavage and/or migration of various groups is 

the preferred reaction pathway. This conclusion is supported by the results reported by Kozlowski 

et al., where attempts to effect benzylic oxidation of 280 on a fully substituted naphthalene were 

unsuccessful (Scheme 2.60).
63

 An alternative route was sought to circumvent this setback. 
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Scheme 2.60: Unsuccessful benzylic oxidation of 280 by Kozlowski et al.63 

D. Fourth Generation Synthesis of Naphthalene Fragment 473 

As steric congestion of the benzylic position appeared to be the key limiting factor, methods for 

reducing steric interaction were next investigated. It was proposed that the majority of the 

congestion results from the C-4 methoxy group, the C-2′ silyl group and the C-2 EM group 

(Scheme 2.61). This steric crowding of the aldehyde reaction centre leads to cleavage and 

migration of the pendant functional groups. 

 

Scheme 2.61: Failed acetylide addition to aldehyde attributed to steric congestion 

In their synthetic endeavours towards purpuromycin (13), Kozlowski et al. found that removal of 

the C-4 methoxy group to effect benzylic oxidation of naphthalene 520, enabled access to the 

corresponding 1,2-diketone (Scheme 2.62). This result confirmed that the steric congestion caused 

by the C-4 methoxy was hindering access to the desired reaction centre. While removing the C-4 

methoxy allowed for successful benzylic oxidation, later efforts to reinstall the required C-4 

methoxy were unsuccessful. Due to this difficulty, investigations into alternative methods for 

reducing steric congestion around C-3 to C-1′ were to be explored.   

 

Scheme 2.62: Successful benzylic oxidation of a C-4 unsubstituted naphthalene by Kozlowski et al.63 

An alternative possible method to reduce congestion involves moving the C-3 alkyl chain away 

from the C-4 methoxy group (Scheme 2.63). This idea could potentially be achieved via acylation 
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of the C-2 phenol and once the required alkyne functionality has been installed, the functionalised 

acyl chain could be subjected to migration to the required C-3 position. 

 

Scheme 2.63: Steric congestion in the naphthalene fragment. 

The reduced steric hindrance created by alkylating the phenol would potentially allow greater 

ease of access to the reaction centre at C-2, enabling installation of the required alkyne 

functionality.  

Retrosynthetically, this method could be implemented starting from acylated phenol 523 (Scheme 

2.64). A Fries or Snieckus type rearrangement of ester 523 could be used to effect the desired 

migration step. Ester 523 would be prepared from addition of alkyne to acyl chloride 524, which 

would in turn be available from phenol 507.   

 

Scheme 2.64: Retrosynthesis of diketone 522. 

In order to investigate this acylation/migration approach to install the C-3 functionality, synthesis 

of diketone 522 began with Dakin oxidation of benzaldehyde 506, to give phenol 507 using 

previously established conditions (Scheme 2.65). Treatment of phenol with oxalyl chloride and 

pyridine in dichloromethane afforded acyl chloride 524 in 80% yield. Unfortunately however, 

treatment of 524 under Castro-Stevens type coupling conditions using catalytic copper (I) iodide, 

triethylamine and trimethylsilyl-acetylene did not afford any of the desired alkyne 526.
117

 Only 

phenol 507 could be isolated from the reaction mixture.  

In attempts to further induce reaction at the C-2 carbonyl group, acid chloride 524 was converted 

to the Weinreb amide by treatment with N,O-dimethylhydroxylamine hydrogen chloride in the 

presence of triethylamine. Attempted Grignard reaction with ethynylmagnesium bromide in 

tetrahydrofuran again only resulted in recovery of phenol 507.  Phenol 507 results from 

nucleophilic attack at the ester carbonyl rather than the desired Weinreb amide. This unforeseen 
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preference for nucleophilic attack at the adjacent ester carbonyl forced a rethink of the synthetic 

strategy to effect installation of the acetylene. 

 

Reagents and Conditions: (a) i) mCPBA, CH2Cl2, 0 °C → rt., o/n. ii) 1.0 M NaOH, MeOH, rt., 3 h, 94%. (b) oxalyl 

chloride, py, CH2Cl2, 0 °C, 30 min, 80%. (c) N,O-dimethylhydroxylamine HCl, NEt3, CH2Cl2, 0 °C → rt., 45 min, 

quant. (d) Castro-Stevens conditions.117 (e) ethynylmagnesium bromide, THF, 0 °C → rt.  

Scheme 2.65: Attempted synthesis of alkyne 526. 

2.10  Summary and Conclusion 

During these synthetic investigations towards the griseorhodin family of natural products, an 

extensive understanding of the electronic requirements to effect a successful acid-mediated 

spirocyclisation has been gained. The synthesis of the griseorhodin model 413 established that in 

order to achieve an acid-mediated spirocyclisation of a dihydroxyketone precursor, use of an open 

chain isocoumarin precursor is required (Scheme 2.66). Using the knowledge gained from the 

synthesis of 413, efforts towards a synthesis of the griseorhodin natural products was undertaken. 

Attention focused on the synthesis of the common intermediate 472 from which all the 

griseorhodin natural products could be synthesised from.   
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Scheme 2.66: Summary of synthetic route towards griseorhodin model 413. 

However, all current attempts to synthesise alkyne diol 473 have currently been unsuccessful 

(Scheme 2.67). The extensive methoxy substitution on the naphthalene resulted in considerable 

instability. Attempted reactions using fragments of this type only resulted in undesired reaction 

pathways and decomposition products. Efforts to circumvent this instability through revised 

synthetic sequences revealed potential steric congestion issues with the desired reaction centres. 

All attempts to impose distance between the offending groups and reaction centres resulted in 

undesired reaction products. 



 

129 

 

 

Scheme 2.67: Failed routes towards alkyne diol 473. 

In continuation of our search for a synthetic route to these unique compounds, alternative 

pathways will have to be identified that involve mild and selective reaction conditions to prevent 

decomposition of the highly oxygenated sensitive naphthalene fragment. The steric bulk of all 

pendant functionality will also need to be kept to a minimum. 

2.11  Future Directions 

2.11.1 HWE Coupling Strategy  

Given the problems that result from the presence of an electron rich naphthalene fragment and the 

failure of the alkyne anion addition to aldehyde 512, alternative coupling methods for union of the 

naphthalene and isocoumarin precursor fragments will have to be explored. 

Retrosynthetically, griseorhodin C (2) could be prepared from 1,2-diketone 528 (Scheme 2.68). 

528 can be constructed from diol 427 which could arise from union of alkyne diol 473 and 

bromide 452. In turn 473 could be furnished from enyne 529 after Horner-Wadsworth-Emmons 

coupling of aldehyde 530 with phosphonate 531.  
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Scheme 2.68: Retrosynthesis of griseorhodin C (2) using a HWE coupling strategy.  

Union of aldehyde 530 and phosphonate 531 could be effected using a Horner-Wadsworth 

Emmons reaction to afford enyne 529 (Scheme 2.70). Reports from Reiβig et al. support this 

strategy with their successful union of a functionalised phosphonate to MOM protected aldehyde 

166 (Scheme 2.69).
71

  

 

Reagents and Conditions: KHMDS, THF, −40 °C, 15 min, then 166, −78 °C → rt., 82%. 

Scheme 2.69: Successful HWE coupling of 166 and 168 reported by Reiβig et al.71 

Selective dihydroxylation of the alkene in the presence of an alkyne has been investigated and has 

successfully in afforded alkyne diol products as demonstrated by Sharpless et al.
118

 Deprotection 

of the silyl group prepares 473 for Sonogashira cross-coupling with 452, to afford diol 427 which 

upon oxidation of the diol would afford 1,2-diketone 533.
119

 Lindlar reduction of the alkyne 

affords the corresponding alkene in preparation for a second dihydroxylation. Protection of the 

newly formed 1,2-diol gives 1,2-diketone 528 setting the stage for spirocyclisation to spiroketal 
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527. Oxidation of the naphthalene to the quinone, followed by ketone reduction should give 

quinone 534. Global deprotection would then afford griseorhodin C (2) thus completing the 

synthesis.  

If successful this method will provide a platform from which the other members of the 

griseorhodin family can be synthesised. 

 

Reagents and Conditions: (a) 531, LiHMDS, THF then 530 THF. (b) i) (DHQD)2-PHAL, K3[Fe(CN)6], K2CO3, OsO4, 

tBuOH-H2O (1:1), 0 °C. ii) K2CO3, MeOH. (c) Pd(OAc)2, 
tBu2PF, K2CO3, NMP, 70 °C. (d) i) TEMPO, PhICl2, py, 

CHCl3. ii) Lindlar catalyst, H2, EtOAc. (e) i) OsO4, NMO, actetone-H2O (3:1). ii) diol protection. (f) acid. (g)  i) DDQ, 

MeCN-H2O (10:1). ii) NaBH4, THF-MeOH (1:1). (h) global deprotection. 

Scheme 2.70: Proposed synthesis of griseorhodin C (2). 
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3 Experimental 

3.1 Methods and Materials 

Unless otherwise stated, all reactions and distillations were performed under an atmosphere of dry 

nitrogen in oven dried glassware. Commercially available starting materials and reagents were 

used as received unless otherwise noted. Diethyl ether (Et2O), dioxane and tetrahydrofuran (THF) 

were freshly distilled over sodium/benzophenone ketyl.  Acetonitrile (MeCN), dichloromethane 

(CH2Cl2) and ethanol (EtOH) were freshly distilled from calcium hydride. Toluene (PhMe) was 

freshly distilled over sodium. Diisopropylamine (
i
Pr2NH), diisopropylethylamine (

i
Pr2NEt) and 

triethylamine (Et3N) were distilled from calcium hydride and stored over potassium hydroxide. 

Dimethylformamide (DMF) and dimethylsulfoxide (DMSO) were freshly distilled from 

molecular sieves (Linde type 4 Å). Reactions performed at low temperature were either cooled 

with a hexane-liquid nitrogen bath to reach −100 °C, acetone-dry ice bath to reach –78 °C, brine-

ice bath to reach −10°C or a water-ice bath to reach 0 °C. Reactions were monitored by thin-layer 

chromatography (TLC) carried out on E. Merck silica gel plates using UV light as visualizing 

agent and an ethanolic solution of vanillin or ammonium molybdate with heat as developing 

agents. Flash column chromatography was performed using Kieselgel S 63-100 μm (Riedel-de-

Hahn) silica gel. Melting points were determined on a Kofler hot-stage apparatus. Infrared (IR) 

spectra were recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer using a diamond ATR 

sampling accessory. NMR spectra were recorded at room temperature in CDCl3 or MeOD 

solutions on either a Bruker DRX300 spectrometer operating at 300 MHz for 
1
H nuclei and 75 

MHz for 
13

C nuclei or on a Bruker DRX400 spectrometer operating at 400 MHz for 
1
H nuclei and 

100 MHz for 
13

C nuclei.  Chemical shifts are reported as parts per million (ppm) relative to 

tetramethylsilane (δ 0 for H
1 

NMR), CDCl3 ( 7.26 (CHCl3) for 
1
H NMR,  77.0 for 

13
C NMR), 

MeOD ( 3.31 for 
1
H NMR,  49.0 for 

13
C NMR) and coupling constants (J) are reported in hertz 

(Hz) to the nearest 0.1 ppm. 
1
H NMR data are reported as chemical shift in ppm, followed by 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, ddd = 

doublet of doublet of doublets, dt = doublet of triplets, m = multiplet, b = broad), coupling 

constants where applicable, relative integral, and assignment. All 
13

C NMR spectra were acquired 

using broadband decoupled mode and assignments were determined using DEPT sequences. Mass 

spectra were recorded on a Bruker microTOF QII (electrospray ionisation, ESI) mass 

spectrometer. 
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3.2 Experimental Procedures 

3.2.1 Preparation of Alkynol 361 

 

1-bromo-2,4,5-trimethoxybenzene, 368 

 

To a stirred solution of 1,2,4-trimethoxybenzene 365 (6.0 g, 35.7 mmol) in CH2Cl2 (150 mL) at 0 

°C was added a solution of Br2 (5.96 g, 1.92 mL, 37.5 mmol) in CH2Cl2 (45 mL) dropwise and the 

mixture stirred for 5 min. Aq. NaHSO3 (120 mL, 10%) was added and the mixture was warmed to 

rt. over 10 min. The organic layer was separated and washed with sat. aq. NaHCO3 (120 mL), 

brine (120 mL), dried over anhydrous MgSO4 and solvent removed in vacuo to afford the title 

compound (8.91 g, quant) as a crystalline solid; M.p. = 52.9-54.0 °C, (Lit = 55.7-56.5 °C); Rf: 

0.35 (hexanes-EtOAc, 4-1); δH (400 MHz; CDCl3) 7.02 (s, 1H, H-6), 6.53 (s, 1H, H-3), 3.85 (s, 

3H, OCH3), 3.83 (s, 3H, OCH3), 3.80 (s, 3H, OCH3); δC (100 MHz; CDCl3) 150.2 (C, C-2), 149.0 

(C, C-4), 143.7 (C, C-5), 116.4 (C-H, C-6), 101.0 (C, C-1), 98.8 (C-H, C-3), 57.1 (CH3, OCH3), 

56.5 (CH3, OCH3), 56.2 (CH3, OCH3). 

Spectroscopic data were in good agreement with those previously reported.
84
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1,4-dihydro-5,6,8-trimethoxy-1,4-epoxynaphthalene, 369 

 

To a stirred solution of 
i
Pr2NH (1.23 g, 1.71 mL, 12.0 mmol) in THF (20  mL) at −78 °C was 

added n-BuLi (7.50 mL, 1.6 M, 12.0 mmol) dropwise and the mixture was warmed to 0 °C for 30 

min then cooled back to −78 °C. The solution was added via a cannula to a stirred solution of aryl 

bromide 368 (2.0 g, 8.10 mmol) and furan (8.27 g, 8.8 mL, 122 mmol) in THF (30 mL) at −78 °C. 

The reaction mixture was slowly warmed to rt. o/n (cooling bath remained in place). Water (30 

mL) was added slowly and the aq. layer was separated and extracted with EtOAc (3 × 20 mL). 

The combined organic extracts were washed with brine (30 mL), dried over anhydrous MgSO4 

and solvent removed in vacuo. The crude product was purified by flash chromatography 

(hexanes-EtOAc, 4-1) to afford the title compound (1.83 g, 96%) as a pale yellow solid; M.p. = 

94.2-94.4 °C, (Lit = 91-93 °C); Rf: 0.26 (hexanes-EtOAc, 4-1); δH (400 MHz; CDCl3) 7.03 (d, J = 

5.4 Hz, 1H, H-2 or H-3), 6.98 (d, J = 5.5 Hz, 1H, H-3 or H-2), 6.12 (s, 1H, H-7), 5.95 (s, 1H, H-1 

or H-4), 5.91 (s, 1H, H-4 or H-1), 3.85 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 3.81(s, 3H, OCH3); δC 

(100 MHz; CDCl3) 151.3 (C, C-6 or C-8), 148.2 (C, C-8, C-6), 143.0 (CH, C-2 or C-3), 141.6 

(CH, C-3, C-2), 140.1 (C, C-5), 138.6 (C, C-8a), 126.0 (C, C-4a), 96.1 (CH, C-7), 80.7 (CH, C-1 

or C-4), 80.1 (CH, C-4 or C-1), 61.2 (CH3, OCH3), 56.7 (CH3, OCH3), 56.3 (CH3, OCH3). 

Spectroscopic data were in good agreement with those previously reported.
84
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5,7,8-trimethoxynaphthalen-1-ol, 370 

 

To a stirred slurry of Diels-Alder adduct 369 (3.25 g, 13.9 mmol) in MeOH (30 mL) was added 

conc. HCl (10 drops) at rt. The reaction mixture was heated at reflux for 25 min then concentrated 

in vacuo. The residue was diluted with water (15 mL) and then extracted with EtOAc (3 × 15 

mL). The combine organic extracts were washed with brine (20 mL), dried over anhydrous 

MgSO4 and solvent removed in vacuo. The crude product was purified by flash chromatography 

(hexanes-EtOAc, 4-1) to afford the title compound (3.07 g, 95%) as a pale yellow solid; M.p. = 

94.0-94.4 °C, (Lit = 95-97 °C); Rf: 0.41 (hexanes-EtOAc, 4-1); δH (400 MHz; CDCl3) 9.71 (s, 1H, 

OH), 7.62 (d, 1H, J = 8.4 Hz, H-4), 7.18 (t, 1H, J = 8.0 Hz, H-3), 6.87 (d, 1H, J = 7.2 Hz, H-2), 

6.51 (s, 1H, H-6), 3.97 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 3.87 (s, 3H, OCH3); δC (100 MHz; 

CDCl3) 153.1 (C, C-1), 152.8 (C, C-5 or C-7), 146.9 (C, C-7 or C-5), 136.4 (C, C-8), 124.5 (CH, 

C-3), 122.8 (C, C-4a), 117.9 (C, C-8a), 112.9 (CH, C-4), 111.0 (CH, C-2), 95.1 (CH, C-6), 62.0 

(CH3, OCH3), 56.9 (CH3, OCH3), 55.5 (CH3, OCH3). 

Spectroscopic data were in good agreement with those previously reported.
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2-bromo-5,7,8-trimethoxynaphthalen-1-ol, 493 

 

To a stirred solution of naphthol 370 (11.3 g, 48.4 mmol) in THF (250 mL) at 0 °C was added a 

solution of pyridinium bromide perbromide (23.2 g, 72.6 mmol) in THF (50 mL) and a spoonful 

of Celite
®
. The mixture was warmed to rt. and stirred for 30 min. The reaction mixture was 

diluted with EtOAc (150 mL) and washed with 10% aq. Na2S2O3 (3 × 100 mL), brine (80 mL), 

dried over anhydrous MgSO4 and solvent removed in vacuo. The crude product was purified by 

flash chromatography (hexanes-EtOAc, 4-1) to afford the title compound (15.1 g, quant) as a light 

brown solid; M.p. = 111.8-113.0 °C; Rf: 0.29 (hexanes-EtOAc, 4-1); δH (400 MHz; CDCl3) 10.42 

(s, 1H, OH), 7.45 (d, J = 8.8 Hz, H-4), 7.32 (d, J = 8.8 Hz, H-3), 6.53 (s, 1H, H-6), 3.98 (s, 3H, 

OCH3), 3.94 (s, 3H, OCH3), 3.91 (s, 3H, OCH3); δC (100 MHz; CDCl3) 152.8 (C, C-1), 149.1, 

147.7 (2 x C, C-5 & C-7), 135.5 (C, C-8), 127.9 (CH, C-3), 121.3 (C, C-4a), 118.4 (C, C-8a), 

114.1 (CH, C-4), 105.4 (C, C-2), 95.0 (CH, C-6), 62.1 (CH3, OCH3), 56.9 (CH3, OCH3), 55.6 

(CH3, OCH3). 

Spectroscopic data were in good agreement with those previously reported.
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2-bromo-5,7,8-trimethoxynaphthalene-1,4-dione, 193 

 

To a solution of bromide 493 (14.0 g, 44.7 mmol) in acetone (200 mL) was added a solution of 

Na2Cr2O7 (13.5 g, 51.4 mmol) in H2SO4 (96 mL, 4.0 M) and stirred at rt. for 15 min. 
i
PrOH (120 

mL) was then added and stirring continued for 1 h. The mixture was diluted with EtOAc (100 

mL) and 3 spoonfuls of Celite
®
 were added. The mixture was filtered through a silica gel plug and 

washed with EtOAc until filtrate ran clear. The filtrate was washed with water (3 × 80 mL), dried 

over anhydrous MgSO4 and solvent removed in vacuo. Crude product was purified by flash 

chromatography (hexanes-EtOAc, 2-3) to afford the title compound (9.57 g, 65%) as a bright 

orange solid; M.p. = 170.4-171.1 °C, (Lit = 169-171 °C); Rf: 0.34 (hexanes-EtOAc, 2-3); δH (400 

MHz; CDCl3) 7.28 (s, 1H, H-3), 6.78 (s, 1H, H-6), 4.01 (s, 3H, OCH3), 3.99 (s, 3H, OCH3), 3.89 

(s, 3H, OCH3); δC (100 MHz; CDCl3) 180.2 (C, C-1 or C-4), 177.4 (C, C-4 or C-1) 159.8 (C, C-5 

or C-7 or C-8), 158.2 (C, C-5 or C-7 or C-8), 144.5 (C, C-5, C-7 C-8), 141.3 (CH, C-3), 137.4 (C, 

C-2), 125.3 (C, C-8a), 112.3 (C, C-4a), 101.6 (CH, C-6), 61.3 (CH3, OCH3), 56.7 (CH3, OCH3), 

56.3 (CH3, OCH3). 

Spectroscopic data were in good agreement with those previously reported.
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2-(allyloxy)-5,7,8-trimethoxynaphthalene-1,4-dione, 371 

 

To a stirred solution of bromo-quinone 193 (1.77 g, 5.44 mmol) in MeCN (50 mL) was added 

NaN3 (0.422 g, 6.50 mmol) and stirred at rt. for 3 days. The reaction mixture was filtered through 

silica and silca was washed with EtOAc (100 mL). The solvent removed in vacuo to yield the 

crude azide. 

To a stirred solution of the crude azide in toluene (20 mL) was added allyl alcohol (5.55 mL, 81.2 

mmol) and Cs2CO3 (5.29 g, 16.3 mmol) and stirred at rt. for 1 h. The mixture was filtered through 

a plug of Celite
®
, washed with EtOAc (100 mL) and the solvent removed in vacuo. The crude 

product was purified by flash chromatography (EtOAc, neat) to afford the title compound (1.24 g, 

75%) as a yellow crystalline solid; M.p. = 130.9-131.6 °C, (Lit = 124-126 °C); Rf: 0.36 (EtOAc, 

neat); δH (400 MHz; CDCl3) 6.74 (s, 1H, H-6), 5.95-6.05 (m, 1H, H-2ʹ), 5.93 (s, 1H, H-3), 4.43 

(ddd, J = 16.8 Hz, 2.4 Hz, 1.2 Hz, 1H, H-3ʹB) 5.32 (ddd, J = 10.8 Hz, J = 2.4, J = 1.6 Hz, 1H, H-

3ʹA), 4.47 (m, 2H, H-1ʹ), 3.94 (s, 6H, 2x OCH3), 3.84 (s, 3H, OCH3); δC (100 MHz; CDCl3) 183.5 

(C, C-4), 179.6 (C, C-1), 159.1 (C, C-5 or C-7 or C-8), 157.5 (C, C-5 or C-7 or C-8), 157.3 (C, C-

2), 144.1 (C, C-5 or C-7 or C-8), 130.8 (CH, C-2ʹ) 125.7 (C, C-8a), 119.4 (CH2, C-3ʹ), 112.6 (C, 

C-4a), 111.7 (CH, C-3), 102.2 (CH, C-6), 69.6 (CH2, C-1ʹ), 61.2 (CH3, OCH3), 56.8 (CH3, OCH3), 

56.1 (CH3, OCH3). 

Spectroscopic data were in good agreement with those previously reported.
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2-allyl-3-hydroxy-5,6,8-trimethoxynaphthalene-1,4-dione, 367 

 

A solution of allyl ether 371 (0.30 g, 0.99 mmol) in toluene (3.0 mL) was irradiated to 140 °C 

(200 W) for 30 min in a sealed tube (10 mL pressure-rated reaction vial) in a self-tuning single 

mode irradiating synthesizer. The resulting solution was concentrated in vacuo afford the title 

compound (0.30 g, quant) as a dark yellow crystalline solid; M.p. = 132.1-132.5 °C, (Lit = 118-

120 °C); Rf: 0.54 (EtOAc, neat); δH (400 MHz; CDCl3) 7.40 (br s, 1H, OH), 6.75 (s, 1H, H-7), 

5.80-5.91 (m, 1H, H-2ʹ), 5.08-5.13 (m, 1H, H-3ʹA), 4.94-4.97 (m, 1H, H-3ʹB), 3.93 (s, 6H, 2 × 

OCH3), 3.81 (s, 3H, OCH3), 3.24-3.26 (d, J = 6.4 Hz, 2H, H-1ʹ); δC (100 MHz; CDCl3) 182.7 (C, 

C-1), 180.6 (C, C-4), 158.5 (C, C-5 or C-6 or C-8), 157.7 (C, C-5 or C-6 or C-8), 151.5 (C, C-3), 

144.3 (C, C-5 or C-6 or C-8, 134.2 (CH, C-2ʹ), 123.4 (C, C-4a), 121.7 (C, C-2), 115.9 (CH2, C-

3ʹ), 112.7 (C, C-8a), 103.1 (CH, C-7),  61.0 (CH3, OCH3), 56.7 (CH3, OCH3), 56.1 (CH3, OCH3), 

27.5 (CH2, C-1ʹ). 

Spectroscopic data were in good agreement with those previously reported.
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2-allyl-3-(ethoxymethoxy)-5,6,8-trimethoxynaphthalene-1,4-dione, 437 

 

To a stirred solution of crude quinone 367 (1.5 g, 4.93 mmol) in CH2Cl2 (30 mL) at 0 °C was 

added sequentially DMAP (60mg, 0.49 mmol), 
i
Pr2NEt (1.72 mL, 9.56 mmol) and chloromethyl 

ethyl ether (0.69 mL, 7.40 mmol). The reaction mixture was warmed to rt. and stirred for 16 h. 

Water (20 mL) was then added and aq. layer was separated and extracted with CH2Cl2 (3 × 25 

mL). The combined organic extracts were washed with brine (30 mL), dried over anhydrous 

MgSO4 and the solvent removed in vacuo. The crude product was purified by flash 

chromatography (hexanes-EtOAc, 1-3) to afford the title compound (1.78 g, 99%) as an orange 

oil; Rf: 0.41 (hexanes-EtOAc, 3-7); δH (400 MHz; CDCl3) 6.78 (s, 1H, H-7), 5.86-5.93 (m, 1H, H-

2ʹ), 5.42 (s, 2H, OCH2O), 5.11-5.16 (m, 1H, H-3ʹA), 5.00-5.03 (m, 1H, H-3ʹB), 3.98 (s, 3H, OCH3), 

3.97 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 3.77 (q, J = 6.8 Hz, 2H, OCH2CH3), 3.33 (d, J = 6.4 Hz, 

2H, H-1ʹ), 1.21 (t, J = 7.2 Hz, 3H, OCH2CH3); δC (100 MHz; CDCl3) 182.3 (C, C-1), 180.6 (C, C-

4), 158.6 (C, C-5 or C-6 or C-8), 157.0 (C, C-5 or C-6 or C-8), 154.2 (C, C-3), 142.9 (C, C-5 or 

C-6 or C-8), 134.1 (CH, C-2ʹ), 132.8 (C, C-2) 125.7 (C, C-4a), 115.7 (CH2, C-3ʹ), 112.2 (C, C-

8a), 101.3 (CH, C-7),  95.7 (CH2, OCH2O), 65.0 (CH2, OCH2CH3) 60.9 (CH3, OCH3), 56.2 (CH3, 

OCH3), 55.7 (CH3, OCH3), 27.5 (CH2, C-1ʹ), 14.5 (CH3, OCH2CH3). 

Spectroscopic data were in good agreement with those previously reported.
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2-allyl-3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalene, 373 

 

To a solution of quinone 437 (0.50 g, 1.27 mmol) in THF (9 mL) was added TBABr (cat.) and a 

freshly prepared aq. solution of Na2S2O4 (2.40 g, 13.7 mmol in 9 mL H2O) and the mixture was 

stirred vigorously at rt. for 30 min. The aq. layer was separated and extracted with EtOAc (3 × 10 

mL). The combined organic extracts were washed with brine (20 mL), dried over anhydrous 

MgSO4 and solvent removed in vacuo.  

Under a H2 atmosphere, a solution of crude hydroxyquinone in DMF (4 mL) was added to a 

stirred slurry of Cs2CO3 (4.46 g, 13.7 mmol) and Na2S2O4 (cat.) in DMF (4 mL). Methyl iodide 

(0.52 mL, 8.82 mmol) was then added and the mixture heated at 60 °C for 3 h. The mixture was 

filtered through Celite
®
 and washed with EtOAc (30 mL). Water (10 mL) was added to the filtrate 

and the aq. layer was separated and extracted with EtOAc (3 × 15 mL). The combined organic 

extracts were washed with brine (20 mL), dried over anhydrous MgSO4 and solvent removed in 

vacuo. The crude product was purified by flash chromatography (hexanes-EtOAc, 3-1) to afford 

the title compound (0.47 g, 87%) as a yellow oil; Rf: 0.32 (hexanes-EtOAc, 7-3); δH (400 MHz; 

CDCl3) 6.61 (s, 1H, H-7), 6.02-6.12 (m, 1H, H-2ʹ), 5.27 (s, 2H, OCH2O), 4.94-5.01 (m, 2H, H-3ʹ), 

3.93 (s, 3H, OCH3), 3.91(s, 3H, OCH3), 3.81 (q, J = 6.8 Hz, 2H, OCH2CH3), 3.77 (s, 3H, OCH3), 

3.77 (s, 3H, OCH3), 3.71 (s, 3H, OCH3), 3.58 (m, 2H, H-1ʹ), 1.22 (t, J = 6.8 Hz, 3H, OCH2CH3); 

δC (100 MHz; CDCl3) 152.9 (C, C-6 or C-8), 150.9 (C, C-1), 149.5 (C, C-8 or C-6), 148.2 (C, C-

3), 142.8 (C, C-4), 137.7 (CH, C-2ʹ), 136.6 (C, C-5), 125.4 (C, C-4a), 124.2 (C, C-2), 114.6 (CH2, 

C-3ʹ), 98.3 (CH2, OCH2O), 96.2 (CH, C-7), 65.6 (CH2, OCH2CH3), 62.5 (CH3, OCH3), 61.8 (CH3, 

OCH3), 61.5 (CH3, OCH3), 56.9 (CH3, OCH3), 56.8 (CH3, OCH3), 29.0 (CH2, C-1ʹ), 15.2 (CH3, 

OCH2CH3). C-8a absent. 

Spectroscopic data were in good agreement with those previously reported.
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2-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)acetaldehyde, 363 

 

To a stirred solution of olefin 373 (0.95 g, 2.42 mmol) in dioxane-water (20 mL, 3-1) was added 

2,6-lutidine (0.56 mL, 4.54 mmol), OsO4 (2.5% in t-BuOH, 12 mg, 0.048 mmol) and NaIO4 (2.07 

g, 9.68 mmol) and the mixture was stirred at rt. for 3.5 h. Water (20 mL) and CH2Cl2 (30 mL) 

were then added and the aq. layer was separated and extracted with CH2Cl2 (3 × 30 mL). The 

combined organic extracts were washed with brine (20 mL), dried over anhydrous MgSO4 and 

solvent removed in vacuo. The crude product was purified by flash chromatography (hexanes-

EtOAc, 2-1) to afford the title compound (0.76 g, 86%) as a yellow oil; Rf: 0.28 (hexanes-EtOAc, 

2-1); δH (400 MHz; CDCl3) 9.74 (s, 1H, CHO), 6.65 (s, 1H, H-7), 5.28 (s, 2H, OCH2O), 3.96 (s, 

3H, OCH3), 3.95 (s, 3H, OCH3), 3.84 (s, 2H, H-1ʹ), 3.78 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), 3.73 

(q, J = 7.2 Hz, 2H, OCH2CH3), 3.67 (s, 3H, OCH3), 1.21 (t, J = 7.2 Hz, 3H, OCH2CH3); δC (100 

MHz; CDCl3) 200.0 (C, C-2ʹ), 152.8 (C, C-6 or C-8), 151.4 (C, C-1), 150.0 (C, C-8 or C-6), 147.8 

(C, C-3), 142.7 (C, C-4), 136.5 (C, C-5), 126.0 (C, C-4a), 117.7 (C, C-2), 114.2 (C, C-8a), 98.3 

(CH2, OCH2O), 96.2 (CH, C-7), 65.6 (CH2, OCH2CH3), 61.7 (CH3, OCH3), 61.7 (CH3, OCH3), 

61.5 (CH3, OCH3), 56.7 (CH3, OCH3), 56.6 (CH3, OCH3), 39.7 (CH2, C-1ʹ), 15.0 (CH3, 

OCH2CH3). 

Spectroscopic data were in good agreement with those previously reported.
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1-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)but-3-yn-2-ol, 361 

 

To a stirred solution of aldehyde 363 (1.5 g, 3.80 mmol) in THF (80 mL) was added 

ethynylmagnesium bromide (0.5 M in THF, 76 mL, 38.0 mmol) dropwise at 0 °C. The reaction 

mixture was warmed to rt. and stirred for 1 h. Sat. aq. NH4Cl (80 mL) was then added and aq. 

layer was separated and extracted with EtOAc (3 × 40 mL). The combined organic extracts were 

washed with brine (80 mL), dried over anhydrous MgSO4 and solvent removed in vacuo. The 

crude product was purified by flash chromatography (hexanes-EtOAc, 1-1) to afford the title 

compound (1.55 g, 97%) as a viscous orange oil; Rf: 0.24 (hexanes-EtOAc, 1-1); δH (400 MHz; 

CDCl3) 6.65 (s, 1H, H-7), 5.36 (d, J = 6.4 Hz, 1H, OCH2AO), 5.39 (d, J = 6.4 Hz, 1H, OCH2BO), 

4.68-4.71 (m, 1H, H-2ʹ), 4.10 (s, 3H, OCH3), 4.11 (s, 3H, OCH3), 3.76-3.87 (m, 11 H, 3x OCH3, 

OCH2CH3), 3.62 (d, J = 7.6 Hz, 1H, OH), 3.30-3.33 (m, 2H, H-1ʹ), 2.46 (d, J = 2.0 Hz, 1H, H-4ʹ), 

1.24 (t, J = 7.2 Hz, 3H, OCH2CH3); δC (100 MHz; CDCl3) δ 152.9 (C, C-6 or C-8), 151.3 (C, C-

1), 149.8 (C, C-8 or C-6), 148.9 (C, C-3), 142.7 (C, C-4), 136.5 (C, C-5), 125.7 (C, C-4a), 121.2 

(C, C-2), 114.4 (C, C-8a), 99.0 (CH2, OCH2O), 96.4 (CH, C-7), 85.8 (C, C-3ʹ), 72.0 (CH, C-4ʹ), 

65.8 (OCH2CH3), 62.3 (CH, C-2ʹ), 62.2 (CH3, OCH3), 61.8 (CH3, OCH3), 61.4 (CH3, OCH3), 56.8 

(CH3, OCH3), 56.7 (CH3, OCH3), 33.3 (CH2, C-1ʹ), 15.1 (CH3, OCH2CH3). 

Spectroscopic data were in good agreement with those previously reported.
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3.2.2 Synthesis of Isocoumarins 424, 425 and 435 

 

4-bromo-2methoxyphenol, 73 

 

To a stirred solution of guaiacol (366) (10.0 g, 88.6 mmol) in CH2Cl2 (200 mL) at −78 °C was 

added a solution of Br2 (4.56 mL, 88.6 mmol) in CH2Cl2 (60 mL) dropwise and the reaction 

mixture was warmed to −10 °C and stirred for 1 h. 10% aq. NaHSO3 (150 mL) was then added 

and the mixture was warmed to rt. over 10 min. The organic layer was separated and washed with 

sat. aq. NaHCO3 (150 mL), brine (100 mL), dried over anhydrous MgSO4 and solvent removed in 

vacuo to afford the title compound (16.3 g, quant) as a pale yellow oil. Further purification was 

not required; Rf: 0.29 (hexanes-EtOAc, 9-1); δH (400 MHz; CDCl3); 6.96-6.99 (m, 2H, H-3 & H-

5), 6.78-6.80 (m, 1H, H-6), 5.67 (s, 1H, OH), 3.85 (s, 3H, OCH3); δC (100 MHz; CDCl3); 147.2 

(C, C-2), 144.8 (C, C-1), 124.1 (CH, C-5), 115.7 (CH, C-6), 114.1 (CH, C-3), 111.5 (C, C-4), 

56.1 (CH3, OCH3). 

Spectroscopic data were in agreement with those previously reported.
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4-bromo-1-(ethoxymethoxy)-2-methoxybenzene, 374 

 

To a stirred solution of phenol 73 (16.3 g, 88.6 mmol) in CH2Cl2 (160 mL) at 0 °C was added 

sequentially DMAP (0.98 g, 8.10 mmol), 
i
Pr2NEt (28.1 mL, 0.16 mol) and chloromethyl ethyl 

ether (9.0 mL, 96.6 mmol). The reaction mixture was warmed to rt. and stirred o/n. Water (100 

mL) was then added and the aq. layer was separated and extracted with CH2Cl2 (3 × 100 mL). The 

combined organic extracts were washed with brine (80 mL), dried over anhydrous MgSO4 and 

solvent removed in vacuo. The crude product was purified by flash chromatography (hexanes-

EtOAc, 8-1) to afford the title compound (20.1 g, 96%) as a pale yellow oil; Rf: 0.29 (hexanes-

EtOAc, 8-1); δH (400 MHz; CDCl3) 6.98-7.05 (m, 3H, H-3, H-5 & H-6), 5.23 (s, 2H, OCH2O), 

3.84 (s, 3H, OCH3), 3.74 (q, J = 7.2 Hz, OCH2CH3), 1.20 (t, J = 7.2 Hz, OCH2CH3); δC (100 

MHz; CDCl3) 150.5 (C, C-2), 145.9 (C, C-1), 123.5 (CH, C-5), 117.7 (CH, C-3 or C-6), 115.2 

(CH, C-6 or C-3), 114.3 (C, C-4), 94.2 (CH2, OCH2O), 64.4 (CH2, OCH2CH3), 56.0 (CH3, OCH3), 

15.0 (CH3, OCH2CH3). 

Spectroscopic data were in agreement with those previously reported.
120 
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Methyl 3-(ethoxymethoxy)-2-methoxy-6-(2-methoxy-2-oxoethyl)benzoate, 375 

 

To a stirred solution of 
i
Pr2NH (3.24 mL, 23.0 mmol) in THF (24 mL) at −78 °C was added n-

BuLi (28.8 mL, 1.6 M, 46.0 mmol) dropwise. The solution was warmed to 0 °C for 45 min then 

cooled again to −78 °C. A solution of dimethyl malonate (4.04 g, 30.6 mmol) in THF (12 mL) 

was then added dropwise (syringe pump 43.2 mL/h) and the mixture was stirred at −78 °C for 1 h. 

A solution of aryl bromide 374 (4.0 g, 15.3 mmol) in THF (24 mL) was then added dropwise 

(syringe pump 43.2 mL/h) at −78 °C and stirred for 1h then warmed to rt. and stirred for 1 h. Sat. 

aq. NH4Cl (70 mL) was added and the aq. layer was separated and extracted with EtOAc (3 × 40 

mL). The combined organic extracts were washed with brine (40 mL), dried over anhydrous 

MgSO4 and solvent removed in vacuo. The crude product was purified by flash chromatography 

(hexanes-EtOAc, 3-1) to afford the title compound (2.37 g, 49%) as a yellow oil; Rf: 0.33 

(hexanes-EtOAc, 3-1); δH (400 MHz; CDCl3) 7.17 (d, J = 8.0 Hz, 1H, H-4), 6.94 (d, J = 8.0 Hz, 

1H, H-5), 5.23 (s, 2H, OCH2OCH3), 3.87 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 3.72 (q, J = 8.0 Hz, 

2H, OCH2CH3), 3.64 (s, 3H, OCH3), 3.59 (s, 2H, H-1′), 1.19 (t, J = 8.0 Hz, 3H, OCH2CH3); δC 

(100 MHz; CDCl3) 171.3 (C, C-2′), 167.4 (C, CO2CH3), 149.6 (C, C-3), 147.4 (C, C-2), 128.9 (C, 

C-6), 126.3 (CH, C-5), 125.5 (C, C-1), 117.9 (CH, C-4), 93.6 (CH2, OCH2O), 64.4 (CH2, 

OCH2CH3), 61.5 (CH3, OCH3), 52.0 (CH3, OCH3), 51.9 (CH3, OCH3), 38.2 (CH2, C-1′), 14.9 

(CH3, OCH2CH3). 

Spectroscopic data were in agreement with those previously reported.
120 
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Methyl 3-hydroxy-2-methoxy-6-(2-methoxy-2-oxoethyl)benzoate, 364 

 

To a stirred solution of ether 375 (3.0 g, 9.61 mmol) in CH2Cl2 (40 mL) was added 

NaHSO4
.
SiO2

121
 (5.0 g) in one portion and the mixture was stirred at rt. o/n. The mixture was 

filtered through a plug of cotton wool and washed with EtOAc (100 mL) and the solvent was 

removed in vacuo. The crude product was purified by flash chromatography (hexanes-EtOAc, 3-

2) to afford the title compound (2.20 g, 80%) as a yellow oil; Rf: 0.42 (hexanes-EtOAc, 3-2); δH 

(400 MHz; CDCl3) 6.91 (d, J = 8.4 Hz, 1H, H-4), 6.86 (d, J = 8.4 Hz, 1H, H-5), 6.24 (br s, 1H, 

OH), 3.88 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 3.65 (s, 3H, OCH3), 3.61 (s, 2H, H-1′); δC (100 

MHz; CDCl3) 171.9 (C, C-2′), 167.4 (C, CO2CH3), 148.4 (C, C-3), 145.2 (C, C-2), 127.1 (CH, C-

5), 126.9 (C, C-1 or C-6), 124.3 (C, C-6 or C-1), 117.7 (CH, C-4), 62.0 (CH3, OCH3), 52.2 (CH3, 

OCH3), 52.0 (CH3, OCH3), 38.5 (CH2, C-1′). 

Spectroscopic data were in agreement with those previously reported.
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6-(carboxymethyl)-3-hydroxy-2-methoxybenzoic acid, 420 

 

To a stirred solution of ester 364 (1.0 g, 3.93 mmol) in EtOH (30 mL) was added KOH (1.77 g, 

31.0 mmol) and water (10 mL) and the mixture was heated at reflux for 6 hours. The mixture was 

cooled to rt., acidified with aq. HCl (1.0 M) to pH = 2 and then extracted with EtOAc (3 × 20 

mL). The combined organic extracts were washed with brine, dried over anhydrous MgSO4 and 

the solvent removed in vacuo. The crude product was purified by flash chromatography (CH2Cl2-

MeOH, 4-1) to afford the title compound (0.91 g, 98%) as an off while solid; M.p = 167-168 °C; 

Rf: 0.17 (CH2Cl2-MeOH, 4-1); νmax(neat)/cm
-1

 3175, 3094, 3051, 2952, 2794, 2593, 1697, 1665, 

1617, 1574, 1503, 1466, 1409, 1399, 1375, 1324, 1290, 1260, 1243, 1226, 1202, 1164, 1155, 

1140, 1033, 964, 950, 936, 904, 855, 828, 809, 782, 704; δH (400 MHz; MeOD) 6.90 (d, J = 8.4 

Hz, 1H, H-4), 6.87 (d, J = 8.4 Hz, 1H, H-5), 4.93 (br s, 3H, 3 × OH), 3.84 (s, 3H, OCH3), 3.60 (s, 

2H, H-1ʹ); δC (100 MHz; MeOD) 175.4 (C, C-2ʹ), 171.1 (C, CO2H), 150.6 (C, C-2), 146.4 (C, C-

3), 131.0 (C, C-6), 128.0 (CH, C-4), 124.7 (C, C-1), 118.9 (CH, C-5), 61.8 (CH3, OCH3), 39.1 

(CH2, C-2ʹ); m/z (ESI+) [M-H]
-
 225.0405 calcd for C10H9O6 225.0396. 
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8-methoxy-3-methyl-1-oxo-1H-isochromen-7-yl acetate, 424 

 

 

To a stirred solution of acid 420 (0.45 g, 1.99 mmol) in Ac2O (15 mL) was added pyridine (0.50 

mL, 4.94 mmol) and stirred at rt. for 12 h. Excess Ac2O and pyridine were removed in vacuo and 

the residue was suspended in aq. NaOH (20 mL, 1.0 M) and heated to 60 °C for 3 hours. The 

mixture was cooled then acidified with aq. HCl (1.0 M) to pH = 2. The aq. solution was extracted 

with EtOAc (3 x 40 mL) and the combined organic extracts were washed with brine (30 mL), 

dried over anhydrous MgSO4 and solvent removed in vacuo. The crude product was filtered 

through silica and washed with CH2Cl2-MeOH (100 mL, 4:1) and solvent removed in vacuo to 

afford crude keto acid. 

To a stirred solution of crude keto acid in EtOAc-Ac2O (30 mL, 5-1) was added HClO4 (3 drops) 

and stirred at rt. for 30 min. Sat. aq. NaHCO3 (25 mL) was added slowly and the aq. layer was 

separated and extracted with EtOAc (3 × 15 mL). The combined organic extracts were washed 

with brine (15 mL), dried over anhydrous MgSO4 and solvent removed in vacuo. The crude 

product was purified by flash chromatography (hexanes-EtOAc, 4-1) to afford the title compound 

(0.40 g, 81% over two steps) as a white solid; M.p =140-142 °C; Rf: 0.20 (hexanes-EtOAc, 4-1); 

νmax(neat)/cm
-1

 3079, 3005, 2972, 2931, 2871, 1756, 1729, 1665, 1601, 1565, 1488, 1445, 1422, 

1407, 1377, 1365, 1347, 1304, 1276, 1257, 1208, 1173, 1155, 1091, 1074, 1037, 1019, 1007, 986, 

966, 925, 863, 843, 809; δH (400 MHz; CDCl3) 7.35 (d, J = 7.5 Hz, 1H, H-6), 7.04 (d, J = 7.5 Hz, 

1H, H-5), 6.16 (s, 1H, H-4), 3.91 (s, 3H, OCH3), 2.34 (s, 3H, C-3-CH3), 2.22 (s, 3H, OAc); δC 

(100 MHz; CDCl3) 169.0 (C, OAc), 158.9 (C, C-1), 154.5 (C, C-3), 153.6 (C, C-8), 142.9 (C, C-

7), 137.9 (C, C-4a), 130.1 (CH, C-6), 120.6 (CH, C-5), 114.4 (C, C-8a), 103.0 (CH, C-4), 62.1 

(CH3, OCH3), 20.6 (CH3, OAc), 19.3 (CH3, 3-C-CH3); m/z (ESI+) [M + Na]
+
 271.0583 calcd for 

C13H12NaO5 271.0577. 
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7-hydroxy-8-methoxy-3-methyl-1H-isochromen-1-one, 425 

 

To a stirred solution of acetate 424 (53.0 mg, 0.21 mmol) in MeOH (3 mL) was added water (1.5 

mL) and sat. aq. NaHCO3 (1.5 mL) and the mixture was stirred at rt. o/n. The mixture was 

acidified with aq. HCl (1.0 M) to pH = 2 then extracted with EtOAc (3 × 10 mL). The combined 

organic extracts were washed with brine (10 mL), dried over anhydrous MgSO4 and the solvent 

removed in vacuo.The  crude product was purified by flash chromatography (hexanes-EtOAc, 2-

1) to afford the title compound (35.2 mg, 80%) as a pale yellow solid; M.p = 168-169.8 °C; Rf: 

0.33 (hexanes-EtOAc, 2-1); νmax(neat)/cm
-1

 3361, 2936, 1722, 1665, 1604, 1494, 1425, 1382, 

1350, 1198, 1154, 1087, 1015, 986, 960, 897, 846, 806; δH (400 MHz; CDCl3) 7.29 (d, J = 8.4 Hz, 

1H, H-6), 6.97 (d, J = 8.4 Hz, 1H, H-5), 6.49 (br s, 1H, OH), 6.11 (s, 1H, H-4), 3.96 (s, 3H, 

OCH3), 2.18 (s, 3H, C-3-CH3); δC (100 MHz; CDCl3) 159.7 (C, C-1), 152.1 (C, C-3), 148.6 (C, 

C-8), 147.0 (C, C-7), 132.2 (C, C-4a), 123.2 (CH, C-6), 121.4 (CH, C-5), 113.1 (C, C-8a), 103.4 

(CH, C-4), 62.3 (CH3, OCH3), 19.1 (CH3, C-3-CH3); m/z (ESI+) [M + Na]
+
 229.0480 calcd for 

C11H10NaO4 229.0471.  
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Methyl-4-bromo-3-hydroxyl-2-methoxy-6-(2-methoxy-2-oxoethyl)benzoate, 433 

 

A. 

To a stirred solution of phenol 364 (2.0 g, 7.87 mmol) in CH2Cl2 (40 mL) at 0 °C was added a 

solution of NBS (1.53 g, 8.56 mmol) in CH2Cl2 (80 mL) dropwise and the mixture was stirred for 

2 h. Water (60 mL) was added and the aq. layer was separated and extracted with CH2Cl2 (3 × 40 

mL). The combined organic extracts were washed with brine (50 mL), dried over anhydrous 

MgSO4 and solvent removed in vacuo. The crude product was purified by flash chromatography 

(hexane-EtOAc, 2-1) to afford the title compound (1.41 g, 54%). 

B. 

To a stirred solution of phenol 364 (2.0 g, 7.87 mmol) in AcOH (35 mL) was added NaOAc (0.96 

g, 12.0 mmol) and a solution of Br2 (0.44 mL, 8.65 mmol) in AcOH (15 mL) dropwise and the 

solution was stirred at rt. for 1 h. The mixture was concentrated in vacuo and water (15 mL) was 

added to the residue. The mixture was extracted with CH2Cl2 (3 × 20 mL) and the combined 

organic extracts were washed with sat. aq. NaHCO3 (20 mL), dried over anhydrous MgSO4 and 

solvent removed in vacuo. The crude product was purified by flash chromatography (hexane-

EtOAc, 2-1) to afford the title compound (2.41 g, 92%) as an yellow oil that solidified on cooling 

o/n; M.p. = 63.0-64.5 °C; Rf: 0.33 (hexanes-EtOAc, 2-1); νmax(neat)/cm
-1

 3409, 2953, 1725, 

1580, 1409, 1265, 1135, 1055, 1001, 819; δH (400 MHz; CDCl3) 7.19 (s, 1H, H-5), 6.56 (br s, 1H, 

OH), 3.90 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 3.68 (s, 3H, OCH3), 3.62 (s, 2H, C-1′); δC (100 

MHz; CDCl3) 171.1 (C, C-2′), 166.6 (C, CO2CH3), 146.0 (C, C-3), 145.7 (C, C-2), 129.8 (C, C-6), 

126.6 (CH, C-5), 124.9 (C, C-1), 111.6 (CH, C-4), 61.9 (CH3, OCH3), 52.2 (CH3, OCH3), 52.0 

(CH3, OCH3), 38.0 (CH2, C-1′); m/z (ESI+) [M + Na]
+
 354.9784 calcd for C12H13BrNaO6 

354.9788. 
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Methyl 3-(benzyloxy)-4-bromo-2-methoxy-6-(2-methoxy-2-oxoethyl)benzoate, 431 

 

To a stirred solution of phenol 433 (1.86 g, 5.58 mmol) in acetone (30 mL) was added K2CO3 

(1.16 g, 8.23 mmol) and BnBr (0.66 mL, 5.58 mmol) and the mixture was heated at reflux for 2 h. 

The mixture was cooled to rt, filtered through silica and the solvent was removed in vacuo. The 

residue was dissolved in EtOAc (20 mL) and washed with water (2 × 8 mL). The combined aq. 

washings were then extracted with EtOAc (3 × 20 mL) and the combine organic extracts were 

washed with brine (20 mL), dried over anhydrous MgSO4 and the solvent removed in vacuo. The 

crude product was purified by flash chromatography (hexanes-EtOAc, 5-1) to afford the title 

compound (1.96 g, 81%) as a colourless oil; Rf: 0.29 (hexanes-EtOAc, 5-1); νmax(neat)/cm
-1

 3022, 

2954, 2942, 2868, 1739, 1727, 1586, 1562,  1470, 1446, 1431, 1398, 1398, 1298, 1267, 1255, 

1237, 1168, 1062, 1031, 1017, 987, 940, 913, 819, 804, 791, 735, 696, 677; δH (400 MHz; CDCl3) 

7.39 (d, J = 2.0 Hz, 2H, OCH2C6H5), 7.35 (m, 3H, OCH2C6H5), 7.20, (s, 1H, H-5), 5.00 (s, 2H, 

OCH2C6H5), 3.91 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 3.67 (s, 3H, OCH3), 3.62 (s, 2H, H-1ʹ); δC 

(100 MHz; CDCl3) 170.1 (C, C-2ʹ), 166.1 (C, CO2Me), 151.6 (C, C-3), 148.4 (C, C-2), 136.1 (C, 

OCH2C6H5), 129.9 (CH, C-5), 129.0 (C, C-1 or C-6), 128.3 (C, C-6 or C-1), 128.0 (2 × CH, 

OCH2C6H5), 128.0 (2 × CH, OCH2C6H5), 127.8 (CH, OCH2C6H5), 119.6 (C, C-4), 74.6 (CH2, 

OCH2C6H5), 61.4 (CH3, OCH3), 51.8 (CH3, OCH3), 51.5 (CH3, OCH3), 37.6 (CH2, C-1ʹ); m/z 

(ESI+) [M + Na]
+
 445.0256 calcd for C19H19BrNaO6 445.0257. 
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3-(benzyloxy)-4-bromo-6-(carboxymethyl)-2-methoxybenzoic acid, 535 

 

To a stirred solution of ester 431 (1.0 g, 2.36 mmol) in EtOH (20 mL) was added KOH (1.6 g, 

28.5 mmol) and water (6.5 mL) and the mixture was heated at reflux for 6 h. Once cooled to rt. 

the mixture was acidified with aq. HCl (1.0 M, pH = 2) and extracted with EtOAc (3 × 15 mL). 

The combined organic extracts were dried over anhydrous MgSO4 and solvent removed in vacuo. 

The crude product was purified by flash chromatography (CH2Cl2-MeOH, 10-1) to afford the title 

compound (0.91 g, 98%) as viscous colourless oil that solidified on cooling o/n; M.p. = 78.0-80.0 

°C; Rf: 0.30 (CH2Cl2-MeOH, 10-1); νmax(neat)/cm
-1

 3450, 2942, 2507, 1964, 1714, 1670, 1563, 

1395, 1266, 1194, 1012, 741; δH (400 MHz; MeOD) 7.51 (d, J = 7.2 Hz, 2H, OCH2C6H5), 7.34 

(m, 3H, OCH2C6H5), 7.33 (s, 1H, H-5), 5.01 (s, 2H, OCH2C6H5), 4.95 (br s, 2H, OH), 3.89 (s, 3H, 

OCH3), 3.66 (s, 2H, H-1ʹ); δC (100 MHz; MeOD) 174.3 (C, C-2ʹ), 169.8 (C, CO2H), 152.6 (C, C-

3), 149.5 (C, C-2), 137.6 (C, OCH2C6H5), 131.4 (CH, OCH2C6H5 & C, C-1 or C-6), 130.7 (C, C-6 

or C-1), 129.4 (CH, C-5), 129.3 (2 × CH, OCH2C6H5), 129.2 (2 × CH, OCH2C6H5), 120.4 (C, C-

4), 76.0 (CH2, OCH2C6H5), 62.4 (CH3, OCH3), 39.0 (CH2, C-1ʹ); m/z (ESI˗) [M ˗ H]
˗
 392.9992 

calcd for C17H14BrO6 392.9979. 
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3-(benzyloxy)-4-bromo-2-methoxy-6-(2-oxopropyl) benzoic acid, 434 

 

 

To a stirred solution of acid 535 (0.796 g, 2.01 mmol) in Ac2O (20 mL) was added pyridine (0.47 

mL, 5.03 mmol) and stirred at rt. for 12 h. Excess Ac2O and pyridine was removed in vacuo and 

the residue was suspended in aq. NaOH (20 mL, 1.0 M) and heated at 60 °C for 2 h. Mixture was 

cooled and acidified using aq. HCl (1.0 M, pH = 2). The aq. solution was extracted with EtOAc (3 

× 50 mL) and the combined organic extracts were washed with brine (30 mL), dried over 

anhydrous MgSO4 and the solvent removed in vacuo. The crude product was purified by flash 

chromatography (CH2Cl2-MeOH, 16-1) to afford the title compound (0.68 g, 85%) as an orange 

oil; Rf: 0.21 (CH2Cl2-MeOH, 16-1);  νmax(neat)/cm
-1

 3478, 2983, 1713, 1559, 1452, 1371, 1260, 

1160, 1064, 998, 698; δH (400 MHz; MeOD) 7.53 (d, J = 7.6 Hz, 2H, OCH2C6H5), 7.34 (m, 3H, 

OCH2C6H5), 7.27 (s, 1H, H-5), 5.02 (s, 2H, OCH2C6H5), 4.99 (br s, 1H, OH), 3.91 (s, 3H, OCH3), 

3.81 (s, 2H, H-1ʹ), 2.16 (s, 3H, H-3ʹ); δC (100 MHz; MeOD) 208.35 (C, C-2ʹ), 170.5 (C, CO2H), 

153.9 (C, C-3), 150.7 (C, C-2), 138.9 (C, CH2C6H5), 132.7 (CH, C-5), 132.3 (C, C-1 or C-6), 

132.1 (C, C-6  or C-1), 130.6 (CH, CH2C6H5), 130.3 (2 × CH, CH2C6H5), 130.2 (2 × CH, 

CH2C6H5), 121.3 (C, C-4), 77.0 (CH2, OCH2C6H5), 63.3 (CH3, OCH3), 48.9 (CH2, C-1ʹ), 30.5 

(CH3, C-3ʹ); m/z (ESI+) [M + Na]
+
 415.0162 calcd for C18H17BrNaO5 415. 0152.  
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7-(benzyloxy)-6-bromo-8-methoxy-3-methyl-1H-isochromen-1-one, 435 

 

 

 

To a stirred solution of keto acid 434 (0.57 g, 1.45 mmol) in EtOAc-Ac2O (30 mL, 5:1) was 

added HClO4 (3 drops) and stirred at rt. for 30 min. Sat. aq. NaHCO3 (25 mL) was added and the 

aq. layer was separated and extracted with EtOAc (3 × 15 mL). The combined organic extracts 

were washed with brine (15 mL), dried over anhydrous MgSO4 and solvent removed in vacuo. 

The crude product was purified by flash chromatography (hexanes-EtOAc, 5-1) to afford the title 

compound (0.51 g, 94%) as a yellow solid; M.p. = 133.4-134.2 °C; Rf: 0.25 (hexanes-EtOAc, 5-

1); νmax(neat)/cm
-1

 2947, 1733, 1666, 1579, 1462, 1376, 1300, 965, 751; δH (400 MHz; CDCl3) 

7.54 (d, J = 8.0 Hz, 2H, OCH2C6H5), 7.36 (m, 3H, OCH2C6H5), 7.31 (s, 1H, H-5), 6.01 (s, 1H, H-

4), 5.08 (s, 2H, OCH2C6H5), 4.00 (s, 3H, OCH3), 2.23 (s, 3H, C-3-CH3); δC (100 MHz; CDCl3) 

158.8 (C, C-1), 156.0 (C, C-3), 154.9 (C, C-8), 148.8 (C, C-7), 136.4 (C, OCH2C6H5), 135.9 (C, 

C-4a), 128.7 (CH, OCH2C6H5), 128.4 (2 × CH, OCH2C6H5), 128.4 (2 × CH, OCH2C6H5), 126.8 

(C, C-6), 124.2 (CH, C-5), 113.7 (C, C-8a), 102.1 (CH, C-4), 75.6 (CH2, OCH2C6H5), 62.0 (CH3, 

OCH3), 19.4 (CH3, C-3CH3); m/z (ESI+) [M + H]
+
 375.0216 calcd for C18H16BrO4 375.0226. 
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3.2.3 Synthesis of Isocoumarin Precursors 452, 453 and 454 

Methyl 3-(benzyloxy)-4-bromo-2-methoxy-6-(2-oxopropyl)benzoate, 452 

 

To a stirred solution of acid 434 (1.03 g, 2.62 mmol) in acetone (20 mL) was added K2CO3 (0.34 

g, 2.88 mmol) and MeI (0.20 mL, 3.14 mmol) and the mixture was heated at 50 °C for 3 h. The 

mixture was filtered and concentrated in vacuo. The residue was dissolved in EtOAc (20 mL) and 

washed with water (2 × 5 mL). The combined aq. washings were extracted with EtOAc (3 × 15 

mL). The combined organic extracts were washed with brine (20 mL), dried over anhydrous 

MgSO4 and solvent removed in vacuo. The crude product was purified by flash chromatography 

(hexanes-EtOAc, 3-1) to afford the title compound (0.85 g, 80%) as a yellow oil; Rf: 0.27 

(hexanes-EtOAc, 4-1); νmax(neat)/cm
-1

 2947, 1722, 1559, 1449, 1399, 1288, 1142, 1066, 1011, 

826, 735, 697; δH (400 MHz; CDCl3) 7.54 (d, J = 7.2 Hz, 2H, OCH2C6H5), 7.41-7.34 (m, 3H, 

OCH2C6H5), 7.18 (s, 1H, H-5), 5.02 (s, 2H, OCH2C6H5), 3.92 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 

3.69 (s, 2H, H-1ʹ), 2.18 (s, 3H, H-3ʹ); δC (100 MHz; CDCl3) 204.3 (C, C-2ʹ), 169.9 (C, CO2CH3), 

152.1 (C, C-3), 148.6 (C, C-2), 136.3 (C, OCH2C6H5), 130.3 (CH, C-5), 129.9 (C, C-1), 128.4 (2 

× CH, OCH2C6H5), 128.3 (2 × CH, OCH2C6H5), 128.2 (CH, OCH2C6H5), 120.2 (C, C-4), 75.0 

(OCH2C6H5), 61.8 (CH3, OCH3), 52.2 (CH3, OCH3), 47.4 (CH2, C-1ʹ), 29.4 (CH3, C-3ʹ); m/z 

(ESI+) [M + Na]
+
 429.0308 calcd for C19H19BrNaO5 429.0300.  



 

161 

 

7-(benzyloxy)-6-bromo-8-methoxy-3-methylisochroman-1-one, 453 

 

To a stirred solution of ketone 452 (0.20 g, 0.49 mmol) in MeOH-THF (1:1, 8 mL) at 0 °C was 

added NaBH4 (20.0 mg, 0.54 mmol) in three portions over 10-15 min. Aq. HCl (10 mL, 1.0 M) 

was then added and the mixture stirred vigorously for 20 min then extracted with EtOAc (3 × 15 

mL). The combined organic extracts were washed with brine (10 mL), dried over anhydrous 

MgSO4 and solvent removed in vacuo. The crude product was purified by flash chromatography 

(hexanes-EtOAc, 5-1) to afford the title compound (0.19 g, quant) as a colourless oil; Rf: 0.34 

(hexanes-EtOAc, 5-1); νmax(neat)/cm
-1

 3031, 2975, 2950, 2940, 2850, 1715, 1581, 1561, 1453, 

1432, 1405, 1373, 1249, 1212, 1076, 1046, 997, 962, 923; δH (400 MHz; CDCl3) 7.52 (d, 2H, J = 

7.0 Hz, OCH2C6H5), 7.36-7.31 (m, 3H, OCH2C6H5), 7.18 (s, 1H, H-5), 5.02 (s, 2H, OCH2C6H5), 

4.54-4.49 (m, 1H, H-3), 3.96 (s, 3H, OCH3), 2.81-2.78 (m, 2H, H-4), 1.44 (d, 3H, J = 6.4 Hz, C-3-

CH3); δC (100 MHz; CDCl3) 161.4 (C, C-1), 156.2 (C, C-8), 149.5 (C, C-7), 136.7 (C, 

OCH2C6H5), 136.2 (C, C-4a), 128.4 (2 × CH, OCH2C6H5), 128.2 (2 × CH, OCH2C6H5), 128.1 

(CH, OCH2C6H5), 126.3 (C, C-5), 124.0 (C, C-6), 118.7 (C, C-8a), 75.1 (CH2, OCH2C6H5), 74.2 

(CH, C-3), 61.9 (CH3, OCH3), 34.9 (CH2, C-4), 20.32 (CH3, C-3-CH3); m/z (ESI+) [M + Na]
+
 

399.0212 calcd for C18H17NaBrO4 399.0202.   
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Methyl-3-(benzyloxy)-4-bromo-6-(2-((tert-butyldiphenylsilyl)oxy)propyl)-2-

methoxybenzoate, 454 

 

To a stirred solution of ketone 452 (0.14 g, 0.35 mmol) in MeOH-THF (3.0 mL, 1:1) at 0 °C was 

added NaBH4 (14.5 mg, 0.38 mmol) in three portions over 10-15 min. Water (5.0 mL) was added 

at same temperature and the mixture was then extracted with EtOAc (3 × 8 mL). The combined 

organic extracts were washed with brine (6 mL), dried over anhydrous Na2SO4 and solvent 

removed in vacuo. 

The crude alcohol was dissolved in CH2Cl2 (4 mL) and cooled to −78 °C. A solution of 

TBDPSOTf (0.18 g, 0.70 mmol) in CH2Cl2 (2 mL) was added followed by 2,6-lutidiene (0.12 mL, 

1.04 mmol) and the mixture was stirred at −78 °C for 4 h before being warmed to rt. o/n (cooling 

bath remained in place). Sat. aq. NaHCO3 (5 mL) was added and the aq. layer was separated and 

extracted with CH2Cl2 (3 × 8 mL). The combined organic extracts were washed with brine (10 

mL), dried over anhydrous MgSO4 and the solvent removed in vacuo. The crude product was 

purified by flash chromatography (hexanes-EtOAc, 19-1) to afford the title compound (0.14 g, 

78%) as a colourless oil; Rf: 0.33 (hexanes-EtOAc, 19-1); νmax(neat)/cm
-1

 3072, 2941, 2858, 

1732, 1560, 1462, 1428, 1400, 1374, 1290, 1267, 1111, 1079, 1011, 994, 822, 739, 702; δH (400 

MHz; CDCl3) 7.71-7.36 (m, 15H, 3 × C6H5), 7.10 (s, 1H, H-5), 5.00 (s, 2H, OCH2C6H5), 4.03-

4.10 (m, 1H, H-2ʹ), 3.91 (s, 3H, OCH3), 3.83 (s, 3H, OCH3), 2.73 (dd, J = 13.6, 6.8 Hz, 1H, H-

1ʹA), 2.65 (dd, 13.6, 6.8 Hz, H-1ʹB), 1.02-0.99 (m, 12H, H-3ʹ & OSiPh2
t
Bu); δC (100 MHz; CDCl3) 

167.4 (C, CO2CH3), 151.1 (C, C-3), 147.5 (C, C-2), 136.6 (C, OCH2C6H5), 135.9 (2 × CH, 

OSiPh2
t
Bu), 134.5 (C, OSiPh2

t
Bu), 133.9 (C, OSiPh2

t
Bu), 133.8 (C, C-6), 130.5 (CH, C-5), 129.6 

(2 × CH, OSiPh2
t
Bu), 129.5 (2 × CH, OSiPh2

t
Bu), 129.5 (C, C-1), 128.6 (2 × CH, OCH2C6H5), 

128.5 (2 × CH, OCH2C6H5), 128.3 (CH, OCH2C6H5), 127.6 (2 × CH, OSiPh2
t
Bu), 127.5 (2 × CH, 

OSiPh2
t
Bu), 119.4 (C, C-4), 75.2 (CH2, OCH2C6H5), 70.1 (CH, C-2ʹ), 61.9 (CH3, OCH3), 52.2 

(CH3, OCH3), 42.6 (CH2, C-1ʹ), 26.8 (3 × CH3, OSiPh2
t
Bu), 23.3 (CH3, C-3ʹ), 19.1 (C, 

OSiPh2
t
Bu); m/z (ESI+) [M + Na]

+
 669.1642 calcd for C35H39BrNaO5Si 669.1636. 
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3.2.4 Synthesis of Spirocyclisation Precursors 445 and 456 

7-(benzyloxy)-6-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-

hydroxybut-1-yn-1-yl)-8-methoxy-3-methyl-1H-isochromen-1-one, 440 

 

To a mixture of bromide 435 (0.134 g, 0.357 mmol), Pd(OAc)2 (8.0 mg, 0.036 mmol), CuI (8.6  

mg, 0.045 mmol), PPh3 (18.0 mg, 0.089 mmol) in DMF (4 mL, degassed with N2) was added 

NEt3 (0.075 mL, 0.54 mmol) followed by the dropwise addition of alkyne 361 (0.30 g, 0.71 

mmol) in DMF (2 mL, degassed with N2). The mixture was degassed with N2 for a further 1 h and 

then stirred at rt. for 24 h. Aq. HCl (5 mL, 1.0 M) was added and the aq. layer was separated and 

extracted with EtOAc (3 × 8 mL). The combined organic extracts were washed with brine, dried 

over anhydrous MgSO4 and solvent removed in vacuo. The crude product was purified by flash 

chromatography (hexanes-EtOAc, 1-1) to afford the title compound (0.16 g, 64%) as a yellow oil; 

Rf: 0.33 (hexanes-EtOAc, 1-1); νmax(neat)/cm
-1

 3462, 2933, 2841, 1733, 1666, 1595, 1454, 1358, 

1056, 1005, 521; δH (400 MHz; CDCl3) 7.51 (d, J = 1.2 Hz, 2H, OCH2C6H5), 7.35-7.39 (m, 2H, 

OCH2C6H5), 7.30-7.32 (m, 1H, OCH2C6H5), 7.08 (s, 1H, H-5), 6.68 (s, 1H, H-7″), 6.05 (s, 1H, H-

4), 5.38 (d, J = 6.0 Hz, 1H, OCH2AO), 5.33 (d, J = 6.0 Hz, 1H, OCH2BO), 5.27 (s, 1H, OH), 5.14 

(s, 2H, OCH2C6H5), 5.04-5.05 (m, 1H, H-3′), 3.99 (s, 3H, OCH3), 3.98 (s, 3H, OCH3), 3.97 (s, 3H, 

OCH3), 3.90-3.94 (m, 2H, OCH2CH3), 3.81 (s, 3H, OCH3), 3.80 (s, 6H, 2 × OCH3), 3.42-3.45 (m, 

2H, H-4ʹ), 2.22 (s, 3H, C-3-CH3) 1.27 (t, J = 6.8 Hz, 3H, OCH2CH3); δC (100 MHz; CDCl3) 158.7 

(C, C-1), 154.9 (C, C-3), 153.9 (C, C-8), 152.7 (C, C-6ʺ or C-8ʺ), 151.6 (C, C-1ʺ), 151.2 (C, C-7), 

149.7 (C, C-8ʺ or C-6ʺ), 148.6 (C, C-3ʺ), 142.5 (C, C-4ʺ), 136.7 (C, C-5ʺ), 136.3 (C, OCH2C6H5), 

134.8 (C, C-4a), 128.3 (2 × CH, OCH2C6H5), 128.1 (2 × CH, OCH2C6H5), 127.9 (CH, 

OCH2C6H5), 125.9 (C, C-6), 125.6 (C, C-4aʺ), 124.2 (CH, C-5), 120.9 (C, C-2ʺ), 114.2 (C, C-

8aʺ), 113.9 (C, C-8a), 102.4 (CH, C-4), 99.3 (C, C-2ʹ), 98.6 (CH2, OCH2O), 96.2 (CH, C-7ʺ), 79.1 

(C, C-1ʹ), 75.6 (CH2, OCH2C6H5), 65.6 (CH2, OCH2CH3), 62.8 (CH, C-3ʹ), 62.0 (CH3, OCH3), 

61.6 (CH3, OCH3), 61.5 (CH3, OCH3), 61.2 (CH3, OCH3), 56.6 (CH3, OCH3), 56.5 (CH3, OCH3), 

33.0 (CH2, C-4ʺ), 19.1 (CH3, C-3-CH3), 14.9 (CH3, OCH2CH3); m/z (ESI+) [M + Na]
+
 737.2555 

calcd for C40H42NaO12 737.2586.  
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7-(benzyloxy)-6-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobut-1-

yn-1-yl)-8-methoxy-3-methyl-1H-isochromen-1-one, 442 

 

To a stirred solution of alkynol 440 (0.27 g, 0.38 mmol) in DMSO (4 mL) was added a solution of 

IBX (0.42 g, 1.51 mmol) in DMSO (3 mL) and the mixture was stirred at rt. for 5 h. The mixture 

was  diluted with EtOAc (10 mL) and sat. aq. Na2SO3 (10 mL). The aq. layer was separated and 

extracted with EtOAc (3 ×10 mL) and the combined organic extracts were washed with brine (15 

mL), dried over anhydrous MgSO4 and solvent removed in vacuo. The crude product was purified 

by flash chromatography (hexanes-EtOAc, 1-1) to afford the title compound (0.22 g, 80%) as a 

yellow oil; Rf: 0.50 (hexanes-EtOAc, 1-1); νmax(neat)/cm
-1

 2932, 2202, 1737, 1668, 1602, 1455, 

1358, 1253, 1172, 1105, 1053, 1005; δH (400 MHz; CDCl3) 7.57 (m, 2H, OCH2C6H5), 7.30-7.37 

(m, 3H, OCH2C6H5), 6.93 (s, 1H, H-5), 6.67 (s, 1H, H-7ʺ), 5.97 (s, 1H, H-4), 5.31 (s, 2H, 

OCH2O), 5.13 (s, 2H, OCH2C6H5), 4.21 (s, 2H, H-4ʹ), 4.00 (s, 3H, OCH3), 3.96 (s, 3H, OCH3), 

3.95 (s, 3H, OCH3), 3.81 (m, 2H, OCH2CH3), 3.81 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 3.73 (s, 

3H, OCH3), 2.22 (s, 3H, 3-CH3), 1.23 (t, J = 8.0 Hz, 3H, OCH2CH3); δC (100 MHz; CDCl3) 185.0 

(C, C-3ʹ), 158.5 (C, C-1), 155.1 (C, C-3), 154.5 (C, C-8), 153.0 (C, C-6ʺ or C-8ʺ), 152.4 (C, C-

1ʺ), 151.6 (C, C-7), 150.1 (C, C-8ʺ or C-6ʺ), 147.8 (C, C-3ʺ), 142.5 (C, C-4ʺ), 136.5 (C, 

OCH2C6H5), 136.2 (C, C-5ʺ), 134.9 (C, C-4a), 128.6 (2 × CH, OCH2C6H5), 128.3 (2 × CH, 

OCH2C6H5), 128.2 (CH, OCH2C6H5), 126.1 (C, C-4aʺ), 125.3 (CH, C-5), 122.9 (C, C-6), 118.3 

(C, C-2ʺ), 115.7 (C, C-8aʺ), 114.1 (C, C-8a), 102.3 (CH, C-4), 98.2 (CH2, OCH2O), 96.1 (CH, C-

7ʺ), 93.4 (C, C-2ʹ), 85.1 (C, C-1ʹ), 76.1 (CH2, OCH2C6H5), 65.61 (CH2, OCH2CH3), 62.2 (CH3, 

OCH3), 61.8 (CH3, OCH3), 61.7 (CH3, OCH3), 61.4 (CH3, OCH3), 56.6 (CH3, OCH3), 56.6 (CH3, 

OCH3), 41.4 (CH2, C-4ʹ), 19.2 (CH3, C-3-CH3), 15.1 (CH3, OCH2CH3); m/z (ESI+) [M + Na]
+
 

735.2398 calcd for C40H40NaO12 735.2412. 

  



 

165 

 

6-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobutyl)-7-hydroxy-8-

methoxy-3-methyl-1H-isochromen-1-one, 443 

 

To a stirred solution of alkyne 442 (0.21 g, 0.30 mmol) in EtOAc (6 mL) was added 10% Pd/C 

(0.11 g, 1.01 mmol) and stirred under a H2 atmosphere for 1 h. The mixture was filtered through a 

pad of Celite
®
, washed with EtOAc (30 mL) and the solvent removed in vacuo to afford the title 

compound (0.18 g, 99%) as a yellow oil; Rf: 0.49 (hexanes-EtOAc, 1-2); νmax(neat)/cm
-1

 3395, 

2931, 1715, 1666, 1604, 1479, 1453, 1425, 1383, 1355, 1340, 1208, 1133, 1045, 1003, 935, 732; 

δH (400 MHz; CDCl3) 6.87 (s, 1H, H-5), 6.63 (s, 1H, H-7ʺ), 6.52 (br s, 1H, OH), 6.04 (s, 1H, H-

4), 5.23 (s, 2H, OCH2O), 3.96 (s, 3H, OCH3), 3.94 (s, 3H, OCH3), 3.93 (s, 3H, OCH3), 3.91 (s, 

2H, H-4ʹ), 3.77 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), 3.72 (q, J = 7.2 Hz, 2H, OCH2CH3), 3.62 (s, 

3H, OCH3), 2.97 (d, J = 6.8 Hz, 2H, H-1ʹ), 2.89 (d, J = 6.8 Hz, 2H, H-2ʹ), 2.17 (s, 3H, C-3-CH3), 

1.21 (t, J = 6.8 Hz, 3H, OCH2CH3); δC (100 MHz; CDCl3) 207.9 (C, C-3ʹ), 159.6 (C, C-1), 152.9 

(C, C-6ʺ or C-8ʺ), 152.1 (C, C-3), 151.1 (C, C-1ʺ), 149.9 (C, C-8ʺ or C-6ʺ), 147.6 (C, C-3ʺ), 146.9 

(C, C-6), 146.6 (C, C-7), 142.6 (C, C-4ʺ), 137.0 (C, C-8), 136.5 (C, C-5ʺ), 131.5 (C, C-4a), 125.8 

(C, C-4aʺ), 121.7 (CH, C-5), 119.7 (C, C-2ʺ), 114.2 (C, C-8aʺ), 111.1 (C, C-8a), 103.2 (CH, C-4), 

98.2 (CH2, OCH2O), 96.2 (CH, C-7ʺ), 65.7 (CH2, OCH2CH3), 62.2 (CH3, OCH3), 62.0 (CH3, 

OCH3), 61.7 (CH3, OCH3), 61.5 (CH3, OCH3), 56.7 (CH3, OCH3), 56.7 (CH3, OCH3), 40.7 (CH2, 

C-4ʹ), 39.3 (CH2, C-2ʹ), 24.8 (CH2, C-1ʹ), 19.1 (CH3, C-3-CH3), 15.1 (CH3, OCH2CH3); m/z 

(ESI+) [M + Na]
+
 649.2238 calcd for C33H38NaO12 649.2239. 
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7-hydroxy-6-(4-(3-hydroxy-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobutyl)-8-methoxy-

3-methyl-1H-isochromen-1-one, 445 

 

To a stirred solution of ether 443 (40.0 mg, 0.064 mmol) in CH2Cl2 (3.0 mL) was added PPTS 

(0.16 g, 0.64 mmol) and stirred at rt. for 12 h. The mixture was filtered through silica and the cake 

washed with CH2Cl2 (15 mL). The solvent was removed in vacuo and the crude product was 

purified by flash chromatography (hexanes-EtOAc, 1-2) to afford the title compound (32.2 mg, 

90%) as a yellow oil; Rf: 0.38 (hexanes-EtOAc, 1-2); νmax(neat)/cm
-1

 3391, 2926, 2850, 1715, 

1665, 1607, 1480, 1454, 1357, 1296, 1255, 1210, 1167, 1089, 1007, 988, 942, 878, 817, 734, 657; 

δH (400 MHz; CDCl3) 6.88 (s, 1H, H-5), 6.56 (s, 1H, H-7ʺ), 6.40 (br s, 1H, OH), 6.36 (br s, 1H, 

OH), 6.05 (s, 1H, H-4), 3.99 (s, 3H, OCH3), 3.96 (s, 3H, OCH3), 3.95 (s, 3H, OCH3), 3.90 (s, 2H, 

H-4ʹ), 3.82 (s, 3H, OCH3), 3.77 (s, 3H, OCH3), 3.66 (s, 3H, OCH3), 2.99-3.01 (m, 2H, H-1ʹ), 2.93-

2.95 (m, 2H, H-2ʹ), 2.19 (s, 3H, C-3-CH3); δC (100 MHz; CDCl3) 207.8 (C, C-3ʹ), 159.7 (C, C-1), 

153.4 (C, C-6ʺ or C-8ʺ), 152.2 (2 × C, C-3 &, C-1″), 151.9 (C, C-8ʺ or C-6ʺ), 146.9 (C, C-6), 

146.6 (C, C-7), 146.3 (C, C-4ʺ), 136.9 (C, C-8), 135.0 (C, C-5ʺ), 131.6 (C, C-4a), 128.5 (C, C-3ʺ), 

124.7 (C, C-4aʺ), 121.8 (CH, C-5), 114.2 (C, C-2ʺ), 111.8 (C, C-8aʺ), 111.2 (C, C-8a), 103.3 (CH, 

C-4), 94.5 (CH, C-7ʺ), 62.6 (CH3, OCH3), 62.4 (CH3, OCH3), 62.3 (CH3, OCH3), 61.9 (CH3, 

OCH3), 56.7 (CH3, OCH3), 56.6 (CH3, OCH3), 40.9 (CH2, C-4ʹ), 38.7 (CH2, C-2ʹ), 25.0 (CH2, C-

1ʹ), 19.2 (CH3, C-3-CH3); m/z (ESI+) [M + Na]
+
 591.1837 calcd for C30H32NaO11 591.1828.  
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7-(benzyloxy)-6-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-

hydroxybut-1-yn-1-yl)-8-methoxy-3-methylisochroman-1-one, 455 

 

To a mixture of bromide 453 (0.17 g, 0.46 mmol), Pd(OAc)2 (10.3 mg, 0.046 mmol), CuI (10.4 

mg, 0.055 mmol), PPh3 (23.1 mg, 0.11 mmol) in DMF (3 mL, degassed with N2) was added NEt3 

(96.0 μL, 0.69 mmol) followed by a solution of alkyne 361 (0.38 g, 0.91 mmol) in DMF (2 mL, 

degassed with N2) dropwise. The reaction mixture was degassed for a further 1 h and then stirred 

at rt. for 24 h. Aq. HCl (6 mL, 1.0 M) was added and the mixture was extracted with EtOAc (3 × 

8 mL). The combined organic extracts were washed with brine (5 mL), dried over anhydrous 

MgSO4 and solvent removed in vacuo. The crude product was purified by flash chromatography 

(hexanes-EtOAc, 1-1) to afford the title compound (76.0 mg, 23%) as viscous orange oil; Rf: 0.23 

(hexanes-EtOAc, 1-1); νmax(neat)/cm
-1

 3454, 2980, 1722, 1602, 1456, 1358, 1251, 1056, 1005; δH 

(400 MHz; CDCl3) 7.55 (d, J = 7.2 Hz, 2H, OCH2C6H5), 7.30-7.38 (m, 3H, OCH2C6H5), 6.98 (s, 

1H, H-5), 6.65 (s, 1H, H-7ʺ), 5.35 (d, J = 6.0 Hz, 1H, OCH2AO) 5.29 (d, J = 6.0 Hz, 1H, 

OCH2BO), 5.11 (s, 2H, OCH2C6H5), 4.97 (m, 1H, H-3ʹ), 4.55 (m, 1H, H-3), 3.96-3.98 (m, 9H, 3 × 

OCH3), 3.87-3.92 (m, 2H, OCH2CH3), 3.78-3.82 (m, 9H, 3 × OCH3), 3.63 (br s, 1H, OH), 3.80-

3.41 (m, 2H, H-4ʹ), 2.77-2.81 (m, 2H, H-4), 1.47 (d, J = 6.4 Hz, 3H, C-3-CH3), 1.25 (t, J = 7.2 Hz, 

3H, OCH2CH3); δC (100 MHz; CDCl3) 161.8 (C, C-1), 155.6 (C, C-8), 152.9 (C, C-6ʺ or C-8ʺ), 

152.9 (C, C-7), 151.4 (C, C-1ʺ), 149.9 (C, C-8ʺ or C-6ʺ), 148.8 (C, C-3ʺ), 142.7 (C, C-4ʺ), 136.9 

(C, C-5ʺ), 136.5 (C, OCH2C6H5), 135.5 (C, C-4a), 128.5 (2 × CH, OCH2C6H5), 128.3 (2 × CH, 

OCH2C6H5), 128.1 (CH, OCH2C6H5), 126.2 (CH, C-5), 125.8 (C, C-4aʺ), 123.8 (C, C-6), 121.1 

(C, C-2ʺ), 119.3 (C, C-8a), 114.4 (C, C-8aʺ), 98.9 (C, C-2ʹ), 98.8 (CH2, OCH2O), 96.4 (CH, C-7ʺ), 

79.4 (C, C-1ʹ), 75.6 (CH2, OCH2C6H5), 74.4 (CH, C-3), 65.7 (CH2, OCH2CH3), 63.0 (CH, C-3ʹ), 

62.2 (CH3, OCH3), 61.9 (CH3, OCH3), 61.8 (CH3, OCH3), 61.4 (CH3, OCH3), 56.8 (CH3, OCH3), 

56.7 (CH3, OCH3), 35.3 (CH2, C-4), 33.2 (CH2, C-4ʹ), 20.5 (CH3, C-3-CH3), 15.1 (CH3, 

OCH2CH3). m/z (ESI+) [M + H]
+
 717.2898 calcd for C40H45O12 717.2906.  
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7-(benzyloxy)-6-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobut-1-

yn-1-yl)-8-methoxy-3-methylisochroman-1-one, 536 

 

To a stirred solution of alcohol 455 (76 mg, 0.11 mmol) in DMSO (2 mL) was added a solution of 

IBX (90 mg, 0.32 mmol) in DMSO (3 mL) and the mixture was stirred at rt. for 4 h. Sat. aq. 

Na2SO3 (4 mL) was added and the aq. layer was separated and extracted with EtOAc (3 × 5 mL). 

The combined organic extracts were washed with brine (3 mL), dried over anhydrous MgSO4 and 

solvent removed in vacuo. The crude product was purified by flash chromatography (hexanes-

EtOAc, 1-1) to afford the title compound (59.0 mg, 80%) as a viscous yellow oil; Rf: 0.26 

(hexanes-EtOAc, 1-1); νmax(neat)/cm
-1

 2930, 2197, 1725, 1674, 1599, 1454, 1416, 1357, 1251, 

1209, 1122, 1051, 1004, 927, 756, 699; δH (400 MHz; CDCl3) 7.48 (d, J = 7.2 Hz, 2H, 

OCH2C6H5), 7.34 (m, 3H, OCH2C6H5), 6.83 (s, 1H, H-5), 6.64 (s, 1H, H-7ʺ), 5.29 (s, 2H, 

OCH2O), 5.01 (s, 2H, OCH2C6H5), 4.52 (m, 1H, H-3), 4.18 (s, 2H, H-4ʹ), 3.98 (s, 3H, OCH3), 

3.94 (s, 3H, OCH3), 3.93 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 3.78 (m, 2H, OCH2CH3), 3.76 (s, 

3H, OCH3), 3.71 (s, 3H, OCH3), 2.71 (m, 2H, H-4), 1.46 (d, J = 6.4 Hz, 3H, C-3-CH3), 1.20 (t, 

3H, OCH2CH3); δC (100 MHz; CDCl3) 185.12 (C, C-3ʹ), 161.4 (C, C-1), 155.5 (C, C-8), 154.0 (C, 

C-6ʺ or C-8ʺ), 153.0 (C, C-7), 151.6 (C, C-1ʺ), 151.0 (C, C-8ʺ or C-6ʺ), 147.9 (C, C-3ʺ), 142.5 (C, 

C-4ʺ), 136.5 (C, OCH2C6H5), 136.3 (C, C-5ʺ), 135.5 (C, C-4a), 128.6 (2 × CH, OCH2C6H5), 128.4 

(2 × CH, OCH2C6H5), 128.3 (CH, OCH2C6H5), 127.0 (CH, C-5), 126.2 (C, C-4aʺ), 121.3 (C, C-6), 

120.6 (C, C-2ʺ), 118.4 (C, C-8a), 114.2 (C, C-8aʺ), 98.3 (CH2, OCH2C6H5), 96.1 (CH, C-7ʺ), 93.4 

(C, C-2ʹ),  85.5 (C, C-1ʹ), 76.0 (CH2, OCH2C6H5), 74.5 (CH, C-3), 65.7 (CH2, OCH2CH3), 62.3 

(CH3, OCH3), 61.9 (CH3, OCH3), 61.8 (CH3, OCH3), 61.5 (CH3, OCH3), 56.7 (CH3, OCH3), 56.7 

(CH3, OCH3), 41.5 (CH2, C-4ʹ), 35.1 (CH2, C-4), 20.5 (CH3, C-3-CH3), 15.2 (CH3, OCH2CH3); 

m/z (ESI+) [M + Na]
+
 737.2564 calcd for C40H42NaO12 737.2568. 
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6-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobutyl)-7-hydroxy-8-

methoxy-3-methylisochroman-1-one, 456 

 

To a stirred solution of alkyne 536 (17.4 mg, 0.024 mmol) in MeOH (3 mL) was added Pd/C (7.0 

mg, 0.066 mmol) and stirred under a H2 atmosphere at rt. for 2 h. The mixture was filtered 

through silica. The cake was washed with EtOAc (20 mL) and solvent was removed in vacuo to 

afford the title compound (15.3 mg, quant) as a viscous yellow oil. Further purification was not 

required; Rf: 0.38 (hexanes-EtOAc, 1-2); νmax(neat)/cm
-1

 3374, 2930, 1715, 1605, 1458, 1357, 

1210, 1135, 1053, 1005, 941; δH (400 MHz; CDCl3) 6.75 (s, 1H, H-5), 6.65 (s, 1H, H-7ʺ), 6.33 (br 

s, 1H, OH), 5.25 (s, 2H, OCH2O), 4.53 (m, 1H, H-3), 3.98 (s, 3H, OCH3), 3.95 (s, 3H, OCH3), 

3.93 (s, 3H, OCH3), 3.92 (s, 2H, H-4ʹ), 3.80 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 3.75 (q, J = 7.2 

Hz, 2H, OCH2CH3), 3.64 (s, 3H, OCH3), 2.91-2.95 (m, 2H, H-1ʹ), 2.84-2.89 (m, 2H, H-2ʹ), 2.74-

2.77 (m, 2H, H-4), 1.45 (d, J = 6.4 Hz, 3H, C-3-CH3), 1.22 (t, J = 7.2 Hz, 3H, OCH2CH3); δC (100 

MHz; CDCl3) 208.2 (C, C-3ʹ), 161.8 (C, C-1), 152.9 (C, C-6ʺ or C-8ʺ), 151.1 (C, C-1ʺ), 150.0 (C, 

C-8ʺ or C-6ʺ), 148.2 (C, C-6), 147.7 (C, C-3ʺ), 146.9 (C, C-7), 142.6 (C, C-4ʺ), 136.6 (C, C-5ʺ), 

134.2 (C, C-8), 131.4 (C, C-4a), 125.9 (C, C-4aʺ), 123.9 (CH, C-5), 119.8 (C, C-2ʺ), 115.0 (C, C-

8a), 114.3 (C, C-8aʺ), 98.3 (CH2, OCH2O), 96.2 (CH, C-7ʺ), 74.9 (CH, C-3), 65.7 (CH2, 

OCH2CH3), 62.1 (CH3, OCH3), 62.1 (CH3, OCH3), 61.8 (CH3, OCH3), 61.6 (CH3, OCH3), 56.8 

(CH3, OCH3), 56.7 (CH3, OCH3), 41.0 (CH2, C-2ʹ), 39.3 (CH2, C-4ʹ), 35.2 (CH2, C-4), 24.7 (CH2, 

C-1ʹ), 20.6 (CH3, C-3-CH3), 15.2 (CH3, OCH2CH3); m/z (ESI+) [M + Na]
+
 651.2417 calcd for 

C33H40NaO12 651.2412. 
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3.2.5 Synthesis of Spiroketal 463 

methyl 3-(benzyloxy)-6-(2-((tert-butyldiphenylsilyl)oxy)propyl)-4-(4-(3-(ethoxymethoxy)-

1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-hydroxybut-1-yn-1-yl)-2-methoxybenzoate, 461 

 

To a mixture of Pd(OAc)2 (3.47 mg, 0.015 mmol), 1,1ʹ-bis(di-tert-butylphosphino)ferrocene (8.80 

mg, 0.019 mmol), K2CO3 (53.0 mg, 0.39 mmol), alkyne 361 (32 mg, 0.077 mmol) and aryl 

bromide 454 (50 mg, 0.077 mmol) under an argon atmosphere was added NMP (4 mL, degassed 

with N2). The mixture was heated at 150 °C (sand bath) for 1.5 h and then cooled to rt. The 

mixture was filtered through silica and the cake washed with EtOAc (50 mL). The filtrate was 

washed with water (35 mL), brine (35 mL), dried over anhydrous MgSO4 and solvent removed in 

vacuo. The crude product was purified by flash chromatography (hexanes-EtOAc, 2-1) to afford 

the title compound (64.0 mg, 84%) as a yellow oil; Rf: 0.52 (hexanes-EtOAc, 1-1); νmax(neat)/cm
-

1
 3460, 2930, 2854, 1729, 1600, 1448, 1380, 1357, 1105, 1055, 1005, 940; δH (400 MHz; CDCl3) 

7.31-7.60 (m, 15H, 3 × C6H5), 6.95 (s, 1H, H-5), 6.67 (s, 1H, H-7ʺ), 5.38 (d, J = 6.0 Hz, 1H, 

OCH2AO), 5.33 (d, J = 6.0 Hz, 1H, OCH2BO), 5.10 (s, 2H, OCH2C6H5), 5.00 (dd, J  = 12.8, 7.2 

Hz, 1H, H-3ʹ), 4.05-4.10 (m, 1H, H-2ʹʹʹ), 3.99 (s, 3H, OCH3), 3.97 (s, 3H, OCH3), 3.89 (s, 3H, 

OCH3), 3.80-3.83 (m, 14H, 4 × OCH3, & OCH2CH3), 3.59 (d, J = 7.2 Hz, 1H, OH), 3.41-3.44 (m, 

2H, H-4ʹ), 2.78 (dd, J = 13.8, 6.6 Hz, 1H, H-1Aʹʹʹ), 2.63 (dd, J = 13.8, 6.6 Hz, 1H, H-1Bʹʹʹ), 1.22-

1.26 (m, 3H, OCH2CH3), 1.01-0.99 (m, 12H, H-3ʹʹʹ & OSiPh2
t
Bu); δC (100 MHz; CDCl3) 167.5 

(C, CO2Me), 152.8 (C, C-6″ or C-8″), 151.3 (C, C-1″), 151.0 (C, C-3), 150.0 (C, C-2), 149.8 (C, 

C-8″ or C-6″), 148.9 (C, C-3″), 142.6 (C, C-4″), 137.0 (C, C-5″), 136.5 (C, OCH2C6H5), 135.7 (2 

× CH, OSiPh2
t
Bu), 134.5 (C, OSiPh2

t
Bu), 133.8 (C, C-6), 132.2 (C, OSiPh2

t
Bu), 130.7 (CH, C-5), 

130.0 (C, C-1), 129.5 (2 × CH, OSiPh2
t
Bu), 129.4 (2 × CH, OSiPh2

t
Bu), 128.4 (2 × CH, 

OCH2C6H5), 128.3 (2 × CH, OCH2C6H5), 128.0 (CH, OCH2C6H5), 127.3 (2 × CH, OSiPh2
t
Bu), 

127.4 (2 × CH, OSiPh2
t
Bu), 125.7 (C, C-4a″), 121.2 (C, C-2″), 119.6 (C, C-4), 114.4 (C, C-8a″), 

98.8 (CH2, OCH2O),  96.5 (C, C-1′), 96.4 (CH, C-7″), 79.5 (C, C-2′), 75.4 (CH2, OCH2C6H5), 

70.0 (CH, C-2′′ʹ), 65.7 (CH2, OCH2CH3), 62.9 (CH, C-3′), 62.2 (CH3, OCH3), 61.7 (CH3, OCH3), 

61.7 (CH3, OCH3), 61.3 (CH3, OCH3), 56.8 (CH3, OCH3), 56.7 (CH3, OCH3), 52.0 (CH3, OCH3), 

42.7 (CH2, C-1′′′), 33.3 (CH2, C-4′), 26.8 (3 × CH3, OSiPh2
t
Bu), 23.1 (CH3, C-3ʹʹʹ), 19.0 (C, 



 

171 

 

OSiPh2
t
Bu), 15.0 (CH3, OCH2CH3); m/z (ESI+) [M + Na]

+
 1009.4165 calcd for C57H66NaO13Si 

1009.4136.  
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methyl 3-(benzyloxy)-6-(2-((tert-butyldiphenylsilyl)oxy)propyl)-4-(4-(3-(ethoxymethoxy)-

1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobut-1-yn-1-yl)-2-methoxybenzoate, 537 

 

To a stirred solution of alcohol 461 (47 mg, 0.061 mmol) in DMSO (1 mL) was added a solution 

of IBX (60 mg, mmol) in DMSO (1 mL) and stirred at rt. for 5 h. Sat. aq. Na2SO3 (2 mL) was 

added and the aq. layer was separated and extracted with EtOAc (3 × 3 mL). The combined 

organic extracts were washed with brine (2 mL), dried over anhydrous MgSO4 and solvent 

removed in vacuo. The crude product was purified by flash chromatography (hexanes-EtOAc, 2-

1) to afford the title compound (38.6 mg, 82%) as a yellow oil; Rf: 63 (hexanes-EtOAc, 1-1); 

νmax(neat)/cm
-1

 2940, 2864, 2198, 1734, 1677, 1601, 1454, 1353, 1212, 1111, 1053, 1004, 703; δH 

(400 MHz; CDCl3) 7.30-7.41 (m, 15H, 3 × C6H5), 6.90 (s, 1H, H-5), 6.64 (s, 1H, H-7ʺ), 5.29 (s, 

2H, OCH2O), 5.05 (s, 2H, OCH2C6H5), 4.21 (s, 2H, H-4ʹ), 4.00-4.04 (m, 1H, H-2ʹʹʹ), 3.98 (s, 3H, 

OCH3), 3.95 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 3.74-3.82 (m, 11H, 3 × OCH3 & OCH2CH3), 

3.71 (s, 3H, OCH3), 2.70 (dd, J = 13.8, 7.0 Hz, 1H, H-1Aʹʹʹ), 2.57 (dd, J = 13.6, 6.0 Hz, 1H, H-

1Bʹʹʹ)1.18 (t, J = 7.0 Hz, 3H, OCH2CH3), 0.96-0.97 (m, 12H, H-3ʹʹʹ & OSiPh2
t
Bu); δC (100 MHz; 

CDCl3) 185.1 (C, C-3′), 167.1 (C, CO2Me), 153.0 (C, C-6″ or C-8″), 152.3 (C, C-1″), 150.1 (2 × 

C, C-8″ or C-6″ & C-2), 147.9 (C, C-3″), 142.5 (C, C-4″), 136.7 (C, C-5″), 136.5 (C, OCH2C6H5), 

135.8 (2 × CH, OSiPh2
t
Bu), 134.5 (C, OSiPh2

t
Bu), 133.8 (C, C-6), 132.7 (C, C-1), 132.5 (C, 

OSiPh2
t
Bu), 131.8 (CH, C-5), 129.7 (2 × CH, OSiPh2

t
Bu), 129.6 (2 × CH, OSiPh2

t
Bu), 128.6 (2 × 

CH, OCH2C6H5), 128.5 (2 × CH, OCH2C6H5), 128.3 (CH, OCH2C6H5), 127.6 (2 × CH, 

OSiPh2
t
Bu), 127.5 (2 × CH, OSiPh2

t
Bu), 126.2 (C, C-4a″), 118.5 (C, C-2″), 116.7 (C, C-4), 114.3 

(C, C-8a″), 98.3 (CH2, OCH2O), 96.3 (CH, C-7″), 92.4 (C, C-1′), 86.2 (C, C-2′), 75.9 (CH2, 

OCH2C6H5), 70.0 (CH, C-2‴), 65.7 (CH2, OCH2CH3), 62.43 (CH3, OCH3), 61.9 (CH3, OCH3), 

61.8 (CH3, OCH3), 61.6 (CH3, OCH3), 56.8 (CH3, OCH3), 56.8 (CH3, OCH3), 52.3 (CH3, OCH3), 

42.7 (CH2, C-1‴), 41.6 (CH2, C-4′), 26.8 (3 × CH3, OSiPh2
t
Bu), 23.3 (CH3, C-3‴), 19.1 (C, 

OSiPh2
t
Bu), 15.2 (CH3, OCH2CH3); m/z (ESI+) [M + Na]

+
 1007.4008 calcd for C57H64NaO13Si 

1007.3974. 
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methyl 6-(2-((tert-butyldiphenylsilyl)oxy)propyl)-4-(4-(3-(ethoxymethoxy)-1,4,5,6,8-

pentamethoxynaphthalen-2-yl)-3-oxobutyl)-3-hydroxy-2-methoxybenzoate, 462 

 

To a stirred solution of alkyne 537 (75 mg, 0.076 mmol) in MeOH (3 mL) was added Pd/C (10 

mg, 0.094 mol) and place under a H2 atmosphere and stirred at rt. for 2 h. The mixture was 

filtered through silica and the cake washed with EtOAc (10 mL). The solvent was removed in 

vacuo to afford the title compound (0.068 mg, quant) as a yellow oil. Further purification was not 

required; Rf: 0.20 (hexanes-EtOAc, 2-1); νmax(neat)/cm
-1

 3376, 2937, 2859, 1725, 1602, 1447, 

1356, 1280, 1207, 1109, 1053, 1005, 939, 822, 741, 704, 611; δH (400 MHz; CDCl3) 7.29-7.38 

(m, 10H, OSiPh2
t
Bu), 6.72 (br s, 1H, OH), 6.64 (s, 1H, H-5), 6.47 (s, 1H, H-7ʺ), 5.24 (s, 2H, 

OCH2CH3), 4.00 (s, 3H, OCH3), 3.94-3.99 (m, 4H, OCH3 & H-2ʹʹʹ), 3.90 (s, 2H, H-4ʹ), 3.80 (s, 

3H, OCH3), 3.79 (s, 3H, OCH3), 3.77 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), 3.71 (q, J = 8.0 Hz, 2H, 

OCH2CH3), 3.63 (s, 3H, OCH3), 2.56-2.82 (m, 6H, H-1ʹʹʹ, H-1ʹ & H-2ʹ), 1.20 (t, J = 8.0 Hz, 3H, 

OCH2CH3), 0.94-0.97 (m, 12H, H-3ʹʹʹ & OSiPh2
t
Bu); δC (100 MHz; CDCl3) 210.1 (C, C-3′), 168.1 

(C, CO2Me), 153.0 (C, C-6″ or C-8″), 151.1 (C, C-1″), 150.0 (C, C-8″ or C-6″), 147.7 (C, C-3″), 

145.5 (C, C-3), 144.8 (C, C-4), 142.6 (C, C-4″), 136.7 (C, C-5″), 135.9 (4 × CH, OSiPh2
t
Bu), 

134.7 (C, OSiPh2
t
Bu), 134.2 (C, C-1 or C-6), 130.1 (2 × C, C-6 or C-1 & C, OSiPh2

t
Bu), 129.4 (2 

× CH, OSiPh2
t
Bu), 128.3 (CH, C-5), 128.0 (2 × CH, OSiPh2

t
Bu), 127.4 (2 × CH, OSiPh2

t
Bu), 

126.2 (C, C-4a″), 126.0 (C, C-2), 119.7 (C, C-2″), 114.3 (C, C-8a″), 98.3 (CH2, OCH2O), 96.3 

(CH, C-7″), 70.7 (CH, C-2‴), 65.8 (CH2, OCH2CH3), 62.1 (CH3, OCH3), 61.9 (CH3, OCH3), 61.8 

(CH3, OCH3), 61.6 (CH3, OCH3), 56.9 (CH3, OCH3), 56.8 (CH3, OCH3), 52.0 (CH3, OCH3), 42.8 

(CH2, C-2′), 42.4 (CH2, C-1‴), 39.2 (CH2, C-4′), 26.9 (3 × CH3, OSiPh2
t
Bu), 24.0 (CH2, C-1ʹ) 23.1 

(CH3, C-3‴), 19.1 (C, OSiPh2
t
Bu), 15.2 (CH3, OCH2CH3); m/z (ESI+) [M + Na]

+
 921.3852 calcd 

for C50H62NaO13Si 921.3875. 
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Methyl-6-(2-((tert-butyldiphenylsilyl)oxy)propyl)-4ʹ,5ʹ,7ʹ,8,8ʹ,9ʹ-hexamethoxy-3ʹH-

spiro[chroman-2,2ʹ-naphtho[2,3-b]furan]-7-carboxylate, 463 

 

To a stirred solution of ketone 462 (52.4 mg, 0.058 mmol) in CH2Cl2 (4 mL) was added 

NaHSO4
.
SiO2

121
 (0.40 g) and stirred at rt. for 6 h. The mixture was filtered through cotton wool 

and washed with EtOAc (15 mL) and the solvent removed in vacuo. The crude product was 

purified by flash chromatography (hexanes-EtOAc, 2-1) to afford the title compound (23.1 mg, 

48%) as a yellow oil; Rf: 0.27 (hexanes-EtOAc, 2-1); νmax(neat)/cm
-1

 2940, 2895, 1731, 1642, 

1604, 1441, 1355, 1255, 1206, 1055, 1006, 873, 823, 704; δH (400 MHz; CDCl3) 7.23-7.69 (m, 

10H, OSiPh2
t
Bu), 6.59 (s, 1H, H-6′), 6.57 (s, 1H, H-5), 4.02-4.07 (m, 1H, H-2″), 3.97 (s, 6H, 2 × 

OCH3), 3.84 (s, 3H, OCH3) 3.79 (m, 3H, OCH3), 3.64-3.73 (m, 7H, 2 × OCH3 & H-3′A), 3.59 (m, 

3H, OCH3), 3.40 (dd, J = 16.8, 1.2 Hz, 1H, H-3′b), 3.17-3.31 (m, 1H, H-4A), 2.57-2.76 (m, 3H, H-

4B & H-1″), 2.39 (ddd, J = 13.4, 6.2, 2.2 Hz, 1H, H-3A), 2.20-2.27 (m, 1H, H-3B), 0.98-1.01 (m, 

12H, OSiPh2
t
Bu & H-3″); δC (100 MHz; CDCl3) 168.1 (C, CO2Me), 153.3 (C, C-5′ or C-7′), 

150.0 (C, C-7′ or C-5′), 149.1 (C, C-4′), 148.8 (C, C-8), 145.2 (C, C-9a′), 143.3 (C, C-8a), 137.1 

(C, C-8′), 135.9 (4 × CH, OSiPh2
t
Bu), 134.8 (C, OSiPh2

t
Bu), 134.1 (C, OSiPh2

t
Bu), 133.0 (C, C-

9′), 129.4 (4 × CH, OSiPh2
t
Bu), 128.9 (C, C-6 or C-7), 127.5 (2 × CH, OSiPh2

t
Bu), 127.4 (CH, C-

5), 127.3 (C, C-7 or C-6), 126.4 (C, C-4a or C-8a′), 124.1 (C, C-8a′ or C-4a), 117.8 (C, C-3a′), 

113.6 (C, C-4a′), 109.8 (C, C-2/2′), 95.1 (CH, C-6ʹ) 70.6 (CH, C-2″), 61.9 (CH3, OCH3), 61.8 

(CH3, OCH3), 61.7 (CH3, OCH3), 61.5 (CH3, OCH3), 56.8 (CH3, OCH3), 56.8 (CH3, OCH3), 51.9 

(CH3, OCH3), 42.7 (CH2, C-1″), 39.6 (CH2, C-3′), 29.9 (CH2, C-3), 26.9 (3 × CH3, OSiPh2
t
Bu), 

23.3 (CH3, C-3″), 21.9 (CH2, C-4), 19.2 (C, OSiPh2
t
Bu); m/z (ESI+) [M + Na]

+
 845.3328 calcd 

for C47H54NaO11Si 845.3317. 
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3.2.6 Synthesis of Griseorhodin Model 413 

Methyl-3-(benzyloxy)-4-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-

hydroxybut-1-yn-1-yl)-2-methoxy-6-(2-oxopropyl)benzoate, 464 

 

To a mixture of Pd(OAc)2 (0.11 g, 0.49 mmol), 1,1ʹ-bis(di-tert-butylphosphino)ferrocene (0.31 g, 

0.66 mmol), K2CO3 (1.81 g, 13.1 mmol), alkyne 361 (1.38 g, 3.25 mmol) and aryl bromide 452 

(1.34 g, 3.25 mmol) under an argon atmosphere was added NMP (12 mL, degassed with N2). The 

mixture was heated at 70 °C (sand bath) for 1.5 h. After cooling to rt. the mixture was filtered 

through silica and the cake was washed with EtOAc (50 mL). The filtrate was washed with water 

(2 × 20 mL) and combined aq. washings were extracted with EtOAc (3 × 30 mL). The combined 

organic extracts were washed with brine (40 mL), dried over anhydrous MgSO4 and solvent 

removed in vacuo. The crude product was purified by flash chromatography (hexanes-EtOAc, 2-

3) to afford the title compound (1.2 g, 50%) as a viscous orange oil; Rf: 0.21 (hexanes-EtOAc, 1-

1); νmax(neat)/cm
-1

 3438, 2940, 2846, 1721, 1604, 1555, 1448, 1413, 1352, 1285, 1173, 1043, 

1007, 820, 733, 698; δH (400 MHz; CDCl3) 7.53-7.55 (d, J = 7.2 Hz, 2H, C6H5), 7.30-7.39 (m, 

3H, C6H5), 7.00 (s, 1H, H-5), 6.66 (s, 1H, H-7ʺ), 5.37 (d, J = 6.4 Hz, 1H, OCH2AO), 5.31 (d, J = 

6.4 Hz, 1H, OCH2bO), 5.11 (s, 2H, OCH2C6H5), 5.00 (m, 1H, H-3ʹ), 3.98 (s, 3H, OCH3), 3.96 (s, 

3H, OCH3), 3.91 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 3.78-3.80 (m, 11H, 3 × OCH3 and CH2, 

OCH2CH3), 3.64 (s, 2H, H-1ʹʹʹ), 3.40-3.42 (m, 3H, H-4ʹ and OH), 2.15 (s, 3H, H-3ʹʹʹ), 1.26 (t, J = 

7.0 Hz, 3H, OCH2CH3); δC (100 MHz; CDCl3) 204.7 (C, C-2ʹʹʹ), 167.1 (C, CO2Me), 152.7 (C, C-

6ʺ or C-8ʺ), 152.0 (C, C-2), 151.2 (C, C-1ʺ), 151.1 (C, C-3), 149.7 (C, C-8ʺ or C-6ʺ), 148.7 (C, C-

3ʺ), 142.5 (C, C-4ʺ), 136.8 (C, OCH2C6H5), 136.4 (C, C-5ʺ), 130.5 (CH, C-5), 128.9 (C, C-1 or C-

6), 128.4 (C, C-6 or C-1), 128.3 (2 × CH, OCH2C6H5), 128.2 (2 × CH, OCH2C6H5), 127.9 (CH, 

OCH2C6H5), 125.6 (C, C-4aʺ), 121.1 (C, C-2ʺ), 120.4 (C, C-4), 114.3 (C, C-8aʺ), 98.7 (CH2, 

OCH2O), 97.3 (C, C-2ʹ), 96.3 (CH, C-7ʺ), 79.3 (C, C-1ʹ), 75.3 (CH2, OCH2C6H5), 65.6 (CH2, 

OCH2CH3), 62.9 (CH, C-3ʹ), 62.1 (CH3, OCH3), 61.7 (CH3, OCH3), 61.6 (CH3, OCH3), 61.2 

(CH3, OCH3), 56.7 (CH3, OCH3), 56.6 (CH3, OCH3), 52.1 (CH3, OCH3), 47.7 (C, C-1ʹʹʹ), 33.2 

(CH2, C-4ʹ), 29.2 (CH3, C-3ʹʹʹ), 15.0 (CH3, OCH2CH3); m/z (ESI+) [M + K]
+
 785.2555 calcd for 

C41H46KO13 785.3257.  
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Methyl 4-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobut-1-yn-1-

yl)-3-hydroxy-2-methoxy-6-(2-oxopropyl)benzoate, 465 

 

To a stirred solution of alcohol 464 (1.22 g, 1.63 mmol) in DMSO (10 mL) was added a solution 

of IBX (1.83 g, 6.52 mmol) in DMSO (10 mL) and stirred at rt. for 3 h. The reaction mixture was 

diluted with EtOAc (10 mL) and sat. aq. NaSO3 solution (10 mL) was added. The aq. layer was 

separated and extracted with EtOAc (3 × 10 mL). The combined organic extracts were washed 

with brine (20 mL), dried over anhydrous MgSO4 and solvent removed in vacuo. The crude 

product was purified by flash chromatography (hexanes-EtOAc, 3-2) to afford the title compound 

(1.0 g, 85%) as a yellow oil; Rf: 0.39 (hexanes-EtOAc, 1-1); νmax(neat)/cm
-1

 2936, 2842, 2200, 

1727, 1672, 1599, 1451, 1365, 1258, 1172, 1047, 1003, 733, 698; δH (400 MHz; CDCl3) 7.48 (d, 

J = 8.0 Hz, 2H, OCH2C6H5), 7.31-7.35 (m, 3H, OCH2C6H5), 6.77 (s, 1H, H-5), 6.64 (s, 1H, H-7ʺ), 

5.29 (s, 2H, OCH2O), 5.07 (s, 2H, OCH2C6H5), 4.17 (s, 2H, H-4ʹ), 3.98 (s, 3H, OCH3), 3.94 (s, 

3H, OCH3), 3.87 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 3.76-3.80 (m, 8H, 2 × OCH3 and 

OCH2CH3), 3.71 (s, 3H, OCH3), 3.56 (s, 2H, H-1ʹʹʹ), 2.12 (s, 3H, H-3ʹʹʹ), 1.21 (t, J = 8.0 Hz, 3H, 

OCH2CH3); δC (100 MHz; CDCl3) 204.3 (C, C-2ʹʹʹ), 185.3 (C, C-3ʹ), 166.8 (C, CO2CH3), 153.3 

(C, C-6ʺ or C-8ʺ), 153.0 (C, C-2), 151.6 (C, C-1ʺ), 151.3 (C, C-3), 150.1 (C, C-8ʺ or C-6ʺ), 148.0 

(C, C-3ʺ), 142.5 (C, C-4ʺ), 136.6 (C, OCH2C6H5), 136.3 (C, C-5ʺ), 131.6 (CH, C-5), 131.4 (C-1 or 

C-6), 128.6 (2 × CH, OCH2C6H5), 128.6 (2 × CH, OCH2C6H5), 128.4 (CH, OCH2C6H5), 128.3 (C, 

C-6 or C-1), 126.2 (C, C-4aʺ), 118.7 (C, C-2ʺ), 117.5 (C, C-4), 114.2 (C, C-8aʺ), 98.3 (CH2, 

OCH2O), 96.1 (CH, C-7ʺ), 92.6 (C, C-2ʹ), 86.2 (C, C-1ʹ), 75.9 (CH2, OCH2C6H5), 65.7 (CH2, 

OCH2CH3), 62.8 (CH3, OCH3), 61.8 (CH3, OCH3), 61.8 (CH3, OCH3), 61.5 (CH3, OCH3), 56.8 

(CH3, OCH3), 56.7 (CH3, OCH3), 52.4 (CH3, OCH3), 47.5 (CH2, C-1ʹʹʹ), 41.5 (CH2, C-4ʹ), 29.4 

(CH3, C-3ʹʹʹ), 15.2 (CH3, OCH2CH3); m/z (ESI+) [M + K]
+
 786.2417 calcd for C41H44KO13 

783.2413.  
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methyl 4-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobutyl)-3-

hydroxy-2-methoxy-6-(2-oxopropyl)benzoate, 466 

 

To a stirred solution of alkyne 465 (0.25 mg, 0.36 mmol) in MeOH (5 mL) was added Pd/C (0.11 

mg, 1.01 mmol) and placed under a H2 atmosphere and stirred at rt. for 2 h. The mixture was 

filtered through silica and the cake was washed with EtOAc (50 mL). The solvent was removed in 

vacuo to afford the title compound (0.22 g, quant) as a yellow oil. Product did not require further 

purification; Rf: 0.40 (hexanes-EtOAc, 2-3); νmax(neat)/cm
-1

 3404, 2935, 2839, 1714, 1601, 1454, 

1355, 1344, 1280, 1204, 1047, 1002, 934, 812, 732; δH (400 MHz; CDCl3) 6.85 (br s, 1H, OH), 

6.66 (s, 1H, H-5), 6.63 (s, 1H, H-7ʺ), 5.22 (s, 2H, OCH2O), 3.96 (s, 3H, OCH3), 3.95 (s, 3H, 

OCH3), 3.92 (s, 2H, H-4ʹ), 3.75-3.84 (m, 12H, 4 × OCH3), 3.70 (q, J = 7.2 Hz, 2H, OCH2CH3), 

3.61 (s, 3H, OCH3), 3.60 (s, 2H, H-1ʹʹʹ), 2.86 (s, 4H, H-1ʹ and H-2ʹ), 2.08 (s, 3H, H-3ʹʹʹ), 1.18 (t, J 

= 7.2 Hz, 3H, OCH2CH3); δC (100 MHz; CDCl3) 209.7 (C, C-3ʹ), 206.0 (C, C-2ʹʹʹ), 167.6 (C, 

CO2CH3), 153.0 (C, C-6ʺ or C-8ʺ), 151.1 (C, C-1ʺ), 150.0 (C, C-8ʺ or C-6ʺ), 147.7 (C, C-3ʺ), 

146.6 (C, C-3), 146.0 (C, C-4), 142.6 (C, C-4ʺ), 136.6 (C, C-5ʺ), 131.1 (C, C-1 or C-6), 128.0 

(CH, C-5), 126.0 (C, C-6 or C-1), 124.9 (C, C-2), 124.6 (C, C-4aʺ), 119.7 (C, C-2ʺ), 114.3 (C, C-

8aʺ), 98.3 (CH2, OCH2O), 96.3 (CH, C-7ʺ), 65.7 (CH2, OCH2CH3), 62.1 (CH3, OCH3), 61.9 (CH3, 

OCH3), 61.8 (CH3, OCH3), 61.6 (CH3, OCH3), 56.8 (CH3, OCH3), 56.8 (CH3, OCH3), 52.1 (CH3, 

OCH3), 48.2 (CH2, C-1ʹʹʹ), 42.0 (CH2, C-2ʹ), 39.3 (CH2, C-4ʹ), 29.2 (CH3, C-3ʹʹʹ), 24.1 (CH2, C-1ʹ), 

15.2 (CH3, OCH2CH3); m/z (ESI+) [M + Na]
+
 681.2518 calcd for C34H42NaO13 681.2495.  
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Methyl 4ʹ,5ʹ,7ʹ,8,8ʹ,9ʹ-hexamethoxy-6-(2-oxopropyl)-3ʹH-spiro[chroman-2,2ʹ-naphtho[2,3-

b]furan]-7-carboxylate, 466 

 

To a stirred solution of ketone 465 (0.13 g, 0.20 mmol) in CH2Cl2 (4 mL) was added 

NaHSO4
.
SiO2

121
 (0.25 g) and stirred at rt. for 9 h. The mixture was filtered through cotton wool 

and washed with EtOAc (20 mL). The filtrate was washed with water (2 × 5 mL), dried over 

anhydrous Na2SO4 and solvent removed in vacuo. The crude product was purified by flash 

chromatography (hexanes-EtOAc, 2-3) to afford the title compound (61.0 mg, 53%) as a yellow 

oil; Rf: 0.48 (hexanes-EtOAc, 2-3); νmax(neat)/cm
-1

 2932, 2849, 1723, 1703, 1645, 1602, 1450, 

1422, 1353, 12951257, 1225, 1203, 1157, 1108, 1045, 1034, 925, 891, 822, 806; δH (400 MHz; 

CDCl3) 6.75 (s, 1H, H-5), 6.60 (s, 1H, H-6ʹ), 3.98 (s, 6H, 2 × OCH3), 3.84 (s, 3H, OCH3), 3.83 (s, 

3H, OCH3), 3.79 (s, 3H, OCH3), 3.73 (s, 3H, OCH3), 3.70 (d, J = 16.8 Hz, 1H, H-3ʹA), 3.65 (s, 2H, 

H-1ʺ), 3.64 (s, 3H, OCH3), 3.38 (d, J = 16.8 Hz, 1H, H-3ʹB), 3.31-3.40 (m, 1H, H-4A), 2.85 (ddd, J 

= 16.4, 5.6, 2.0 Hz, 1H, H-4B), 2.43 (ddd, J = 13.4, 6.0, 2.4 Hz, 1H, H-3A), 2.25 (ddd, 13.4, 6.0, 

2.4 Hz, 1H, H-3B), 2.16 (s, 3H, H-3ʺ); δC (100 MHz; CDCl3) 206.0 (C, C-2ʺ), 167.8 (C, CO2CH3), 

153.3 (C, C-5ʹ or C-7ʹ), 150.0 (C, C-7ʹ or C-5ʹ), 149.0 (C, C-4ʹ), 148.8 (C, C-8), 146.5 (C, C-9aʹ), 

144.5 (C, C-8a), 137.1 (C, C-8ʹ), 133.0 (C, C-9ʹ), 127.2 (C, C-6 or C-7), 126.6 (C, C-7 or C-6), 

126.1 (CH, C-5), 125.2 (C, C-4a or C-8aʹ), 125.1 (C, C-8aʹ or C-4a), 117.6 (C, C-3a), 113.6 (C, C-

4aʹ), 109.8 (C, C-2/2ʹ), 95.1 (CH, C-6ʹ), 61.9 (CH3, OCH3), 61.8 (CH3, OCH3), 61.5 (CH3, OCH3), 

61.3 (CH3, OCH3), 56.8 (CH3, OCH3), 56.8 (CH3, OCH3), 52.1 (CH3, OCH3), 47.9 (CH2, C-1ʺ), 

39.6 (CH2, C-3ʹ), 29.7 (CH2, C-3), 29.4 (CH3, C-3ʺ), 22.0 (CH2, C-4); m/z (ESI+) [M + Na]
+
 

605.1991 calcd for C31H34NaO11 605.1993. 
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4,5,7,8,9,10ʹ-hexamethoxy-7ʹ-methyl-3H,3ʹH-spiro[naphtho[2,3-b]furan-2,2ʹ-pyrano[4,3-

g]chromen]-9ʹ(4ʹH)-one, 444 

 

To a stirred solution of NaH (34 mg, 0.49 mmol, 60% in mineral oil) in THF (4 mL) at 0 °C was 

added a solution of keto-ester 466 (0.14 mg, 0.25 mmol) in THF (2 mL) and stirred for 5 min then 

warmed to rt. for 30 min. Sat. aq. NH4Cl (10 mL) was then added and the aq. layer was separated 

and extracted with EtOAc (3 × 15 mL). The combined organic extracts were washed with brine 

(10 mL), dried over anhydrous MgSO4 and solvent removed in vacuo. The crude product was 

purified by flash chromatography (hexanes-EtOAc, 2-3) to afford the title compound (65.0 mg, 

48%) as a pale yellow solid; M.p. = 88.4-89.2 °C; Rf: 0.48 (hexanes-EtOAc, 2-3); νmax(neat)/cm
-1

 

2932, 2842, 1730, 1604, 1462, 1356, 1235, 1207, 1047, 1008, 925, 821, 617; δH (400 MHz; 

CDCl3) δ 6.86 (s, 1H, H-5ʹ), 6.60 (s, 1H, H-6), 6.07 (s, 1H, H-6ʹ), 3.98 (s, 3H, OCH3), 3.98 (s, 3H, 

OCH3), 3.86 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 3.74 (d, J = 16.8 Hz, 1H, H-3A), 3.71 (s, 3H, 

OCH3), 3.69 (s, 3H, OCH3), 3.45 (d, J = 16.8 Hz, 1H, H-3B), 3.41-3.52 (m, 1H, H-3ʹB), 2.96 (ddd, 

J = 17.4, 5.8, 1.8 Hz, 1H, H-4ʹB), 2.46 (ddd, J = 13.4, 6.2, 2.2, 1H, H-3ʹA), 2.32 (ddd, J = 13.4, 

6.2, 2.2 Hz, 1H, H-3ʹB), 2.21 (s, 3H, C-7ʹ-CH3); δC (100 MHz; CDCl3) 159.3 (C, C-9ʹ), 153.2 (C, 

C-5 or C-7), 152.6 (2 × C, C-4 & C-7′), 149.9 (C, C-7 or C-5), 149.8 (C, C-10ʹ), 148.8 (C, C-

10a′), 145.0 (C, C-8a), 136.9 (C, C-8), 132.8 (C, C-9), 132.1 (C, C-9a), 131.3 (C, C-4aʹ), 127.0 

(C, C-5a′), 119.7 (CH, C-5ʹ), 117.4 (C, C-3a), 113.6 (C, C-4a), 112.5 (C, C-9aʹ), 109.6 (C, C-

2/2ʹ), 102.7 (CH, C-6ʹ), 95.0 (CH, C-6), 61.8 (CH3, OCH3), 61.6 (CH3, OCH3), 61.4 (CH3, OCH3), 

61.1 (CH3, OCH3), 56.7 (CH3, OCH3), 56.6 (CH3, OCH3), 39.4 (CH2, C-3), 29.3 (CH2, C-3ʹ), 22.5 

(CH2, C-4ʹ), 19.2 (CH3, C-7ʹ-CH3); m/z (ESI+) [M + Na]
+
 573.1731 calcd for C30H30NaO10 

573.1714. 
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4,7,9,10ʹ-tetramethoxy-7ʹ-methyl-3H,3ʹH-spiro[naphtho[2,3-b]furan-2,2ʹ-pyrano[4,3-

g]chromene]-5,8,9ʹ(4ʹH)-trione, 468 

 

To a stirred solution of naphthalene 444 (60.0 mg 0.11 mmol) in MeCN (4 mL) at 0 °C was added 

water (0.4 mL) followed by DDQ (61.8 mg, 0.27 mmol) and stirred for 15 min. Water (2 mL) and 

sat. aq. NaHCO3 (3 mL) were then added and the mixture was extracted with EtOAc (3 × 5 mL). 

The combined organic extracts were washed with brine (6 mL), dried over anhydrous MgSO4 and 

solvent removed in vacuo. The crude product was purified by flash chromatography (EtOAc, 

neat) to afford the title compound (31.6 mg, 64%) as a yellow solid; M.p. = 191.0-193.5 °C; Rf: 

0.38 (EtOAc, neat); νmax(neat)/cm
-1

 2930, 2852, 1729, 1677, 1639, 1585, 1469, 1427, 1364, 1336, 

1303, 1228, 1133, 1110, 1054, 1038, 984, 958, 920, 807, 734; δH (400 MHz; CDCl3) 6.86 (s, 1H, 

H-5ʹ), 6.07 (s, 1H, H-6ʹ), 5.95 (s, 1H, H-6),  3.92 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 3.77 (s, 3H, 

OCH3), 3.74 (s, 3H, OCH3), 3.72 (d, J = 17.6 Hz, 1H, H-3A), 3.42 (d, J = 17.6 Hz, 1H, H-3B), 

3.31-3.40 (m, 1H, H-4ʹA), 2.96 (ddd, J = 17.6, 6.0, 2.0 Hz, 1H, H-4ʹB), 2.44 (ddd, J = 13.6, 6.0, 2.0 

Hz, 1H, H-3ʹA), 2.30 (ddd, J = 13.6, 6.0, 2.0 Hz, 1H, H-3ʹB), 2.20 (s, 3H, C-7ʹ-CH3); δC (100 

MHz; CDCl3) 183.6 (C, C-5),  179.3 (C, C-8), 159.3 (C, C-7), 159.2 (C, C-9ʹ), 155.1 (C, C-9a), 

153.1 (C, C-7ʹ), 153.1 (C, C-4), 149.9 (C, C-10ʹ), 144.5 (C, C-10aʹ), 141.8 (C, C-9), 132.7 (C, C-

5aʹ), 130.8 (C, C-9aʹ), 127.1 (C, C-3a), 125.6 (C, C-8a), 119.9 (CH, C-5ʹ), 119.4 (C, C-4a), 112.9 

(C, C-4aʹ), 110.8 (C, C-2/2ʹ), 109.9 (CH, C-6), 102.7 (CH, C-6ʹ), 61.4 (CH3, OCH3), 61.2 (CH3, 

OCH3), 60.9 (CH3, OCH3), 56.2 (CH3, OCH3), 39.9 (CH2, C-3), 29.5 (CH2, C-3ʹ), 22.3 (CH2, C-

4ʹ), 19.3 (CH3, C-7ʹ-CH3); m/z (ESI+) [M + Na]
+
 543.1271 calcd for C28H24NaO10 543.1262. 
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4,9,10ʹ-trihydroxy-7-methoxy-7ʹ-methyl-3H,3ʹH-spiro[naphtho[2,3-b]furan-2,2ʹ-pyrano[4,3-

g]chromene]-5,8,9ʹ(4ʹH)-trione, 413 

 

To a stirred solution of quinone 468 (9.0 mg, 0.017 mmol) in CH2Cl2 (3 mL) at 0 °C was added 

BCl3 (69 μL, 1.0 M in CH2Cl2, 0.069 mmol) dropwise and stirred for 10 min. Water (3 mL) was 

then added and the aq. layer was separated and extracted with CH2Cl2 (3 × 3 mL). The combined 

organic extracts were washed with brine (4 mL), dried over anhydrous MgSO4 and solvent 

removed in vacuo. The crude product was purified by flash chromatography (CH2Cl2-MeOH, 99-

1) to afford the title compound (7.4 mg, 90%) as a red solid; M.p. = 278.1-280.2 °C; Rf: 0.65 

(CH2Cl2-MeOH, 98-2); νmax(neat)/cm
-1

 2922, 2852, 1686, 1648, 1600, 1442, 1330, 1272, 1237, 

1140, 1095, 1058, 940, 922, 882, 803; δH (400 MHz; CDCl3) 13.06 (s, 1H, 4-OH), 12.30 (s, 1H, 

9-OH), 11.14 (s, 1H, 10ʹ-OH), 6.62 (s, 1H, H-6), 6.18 (s, 2H, H-5ʹ & H-6ʹ), 3.92 (s, 3H, OCH3), 

3.75 (d, J = 18.0 Hz, 1H, H-3A), 3.37 – 3.46 (m, 2H, H-3B & H-4ʹA), 2.91 (ddd, J = 17.4, 6.0, 1.6 

Hz, 1H, H-4ʹB), 2.46 (ddd, J = 14.0, 6.0, 2.0 Hz, H-ʹA), 2.28-2.35 (m, 1H, H-3ʹB), 2.26 (s, 3H, C-

7ʹ-CH3); δC (100 MHz; CDCl3) 183.3 (C, C-5), 178.6 (C, C-8), 166.9 (C, C-9ʹ), 159.9 (C, C-7), 

159.5 (C, C-4), 153.9 (C, C-9), 152.3 (C, C-10ʹ), 150.8 (C, C-9a), 150.0 (C, C-10a′), 138.4 (C, C-

5aʹ), 131.4 (C, C-9aʹ), 130.5 (C, C-3a), 123.0 (C, C-4aʹ), 114.4 (CH, C-5ʹ), 112.9 (C, C-8a), 111.8 

(C, C-7ʹ), 110.1 (CH, C-6), 106.3 (C, C-4a), 104.9 (C, C-2/2ʹ), 104.1 (CH, C-6ʹ), 56.7 (CH3, 

OCH3), 39.5 (CH2, C-3), 30.0 (CH2, C-3ʹ), 22.3 (CH2, C-4ʹ), 19.3 (CH3, C-7ʹ-CH3); m/z (ESI+) 

[M + H]
+
 479.0973 calcd for C25H19O10 479.0966. 
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3.2.7 Synthesis of Functionalised Naphthalenes 

2-bromo-1,4,5,7,8-pentamethoxynaphthalene, 479 

 

To a solution of quinone 193 (4.0 g, 12.2 mmol) in THF (30 mL) was added TBABr (cat.) and a 

freshly prepared aq. solution of Na2S2O4 (21.3 g, 0.12 mol in 30 mL H2O) and stirred vigorously 

at rt. for 30 min. The aq. layer was separated and extracted with EtOAc (3 × 20 mL). The 

combined organic extracts were washed with brine (20 mL), dried over anhydrous MgSO4 and 

solvent removed in vacuo.  

Under a H2 atmosphere, a solution of crude the hydroxyquinone in DMF (30 mL) was added to a 

stirred slurry of Cs2CO3 (31.9 g, 98.0 mmol) and Na2S2O4 (cat.) in DMF (30 mL). MeI (4.56 mL, 

73.3 mmol) was then added and the mixture was heated at 60 °C for 3 h. The mixture was filtered 

through Celite
®
 and washed with EtOAc (100 mL). Water (50 mL) was added and the aq. layer 

was separated and extracted with EtOAc (3 × 50 mL). The combined organic extracts were 

washed with brine (30 mL), dried over anhydrous MgSO4 and solvent removed in vacuo. The 

crude product was purified by flash chromatography (hexanes-EtOAc, 3-1) to afford the title 

compound (3.75 g, 86%) as a yellow solid; M.p. = 96.6-97.6 °C, (Lit = 99-100 °C); Rf: 0.31 

(hexanes-EtOAc, 3-1); δH (400 MHz; CDCl3) 6.79 (s, 1H, H-3), 6.72 (s, 1H, H-6), 3.98 (s, 3H, 

OCH3), 3.92 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 3.83 (s, 3H, OCH3), 3.81 (s, 3H, OCH3); δC (100 

MHz; CDCl3) 154.6 (C, C-5 or C-7), 153.7 (C, C-4), 150.8 (C, C-7 or C-5), 145.2 (C, C-8), 126.4 

(C, C-8a), 115.9 (C, C-2), 114.1 (C, C-4a), 108.2 (CH, C-3), 97.7 (CH, C-6), 61.9 (CH3, OCH3), 

61.7 (CH3, OCH3), 57.4 (CH3, OCH3), 56.7 (CH3, OCH3), 56.4 (CH3, OCH3). C-1 absent. 

Spectroscopic data were in good agreement with those previously reported.
69
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(1,4,5,7,8-pentamethoxynaphthalen-2-yl)boronic acid, 480 

 

To a stirred solution of bromide 479 (0.50 g, 1.34 mmol) in THF (5 ml) at −100 °C was added t-

BuLi (1.42 mL, 1.6 M, 2.28 mmol) followed immediately by B(OMe)3 (0.62 mL, 5.60 mmol) and 

stirred for 5 min before being warmed to rt. over 30 min. Sat. aq. NH4Cl solution (4.0 mL) was 

then added and the aq. layer was separated and extracted with EtOAc (3 × 4 mL). The combined 

organic extracts were washed with brine (5 mL), dried over anhydrous MgSO4 and solvent 

removed in vacuo. The crude product was purified by flash chromatography (hexanes-EtOAc, 3-

2) to afford the title compound (0.43 g, 96%) as an orange/brown solid; M.p. = 54.8-55.3 °C, (Lit 

= 48-51 °C); Rf: 0.26 (hexanes-EtOAc, 3-2); δH (400 MHz; CDCl3) 7.10 (m, 1H, H-3), 6.76 (d, J 

= 9.2 Hz, 1H, H-6), 3.95 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 3.88 (s, 3H, OCH3), 3.80 (s, 3H, 

OCH3), 3.74 (s, 3H, OCH3); δC (100 MHz; CDCl3) 156.3 (C, C-5 or C-7), 154.2 (C, C-4), 153.1 

(C, C-7 or C-5), 150.1 (C, C-1), 136.6 (C, C-8), 124.7 (C, C-8a), 117.1 (C, C-4a), 108.8 (CH, C-

3), 99.1 (CH, C-6), 63.7 (CH3, OCH3), 61.8 (CH3, OCH3), 57.4 (CH3, OCH3), 56.4 (CH3, OCH3), 

56.3 (CH3, OCH3). C-2 absent. 

Spectroscopic data were in good agreement with those previously reported.
69 

 

  



 

184 

 

1,4,5,7,8-pentamethoxynaphthalen-2-ol, 481 

 

To a stirred solution of boronic acid 480 (0.11 g, 3.41 mmol) in MeOH (2 ml) at rt. was added 

H2O2 (0.19 g, 30% w/w aq. solution, 1.71 mmol) and aq. NaOH (1.71 mL, 1.0 M, 1.71 mmol) and 

stirred at rt. for 15 min. Sat. aq. NH4Cl solution (5 mL) was then added and the aq. layer was 

separated and extracted with CH2Cl2 (3 × 4 mL). The combined organic extracts were washed 

with brine (5 mL), dried over anhydrous MgSO4 and solvent removed in vacuo. The crude 

product was purified by flash chromatography (hexanes-EtOAc, 2-1) to afford the title compound 

(84.0 mg, 84%) as an unstable yellow oil; Rf: 0.30 (hexanes-EtOAc, 2-1); νmax(neat)/cm
-1

 3292, 

2997, 2963, 1598, 1421, 1447, 1374, 1340, 1258, 1242, 1202, 1175, 1049, 1012, 992, 958, 829, 

782, 748, 695, 672; δH (400 MHz; CDCl3) 6.54 (s, 1H, H-6), 6.49 (s, 1H, H-3), 6.35 (br s, 1H, 

OH), 3.96 (s, 3H, OCH3), 3.90 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 3.77 (s, 

3H, OCH3); δC (100 MHz; CDCl3) 154.9 (C, C-5 or C-7), 154.8 (C, C-4), 150.5 (C, C-7 or C-5), 

147.3 (C, C-1), 135.0 (C, C-8), 132.2 (C, C-2), 125.6 (C, C-8a), 109.72 (C, C-4a), 96.0 (CH, C-6), 

94.9 (CH, C-3), 62.5 (CH3, OCH3), 61.8 (CH3, OCH3), 57.3 (CH3, OCH3), 56.5 (CH3, OCH3), 

56.4 (CH3, OCH3). m/z (ESI+) [M
  
+ Na]

+
 317.0488 calcd for C15H18NaO6 317.0996. 

  



 

185 

 

7-bromo-1,2,4,8-tetramethoxynaphthalene, 494 

 

A. 

To a stirred solution of bromo naphthol 493 (0.20 g, 0.85 mmol) in acetone (5 mL) was added 

MeI (0.11 mL, 1.71 mmol) and K2CO3 (0.25 g, 1.89 mmol) and heated at reflux for 12 h. The 

mixture was then filtered through silica, washed with EtOAc (30 mL) and solvent was removed in 

vacuo. The residue was dissolved in EtOAc (10 mL) and washed with water (2 × 5 mL) and the 

combined aq. washings were extracted with EtOAc (3 × 5 mL). The combined organic extracts 

were washed with brine (10 mL), dried over anhydrous MgSO4 and solvent removed in vacuo. 

The crude product was purified by flash chromatography (hexanes-EtOAc, 4-1) to afford the title 

compound (0.11 g, 41%) as a yellow solid. 

B. 

To a stirred solution of bromo naphthol 493 (0.20 g, 0.85 mmol) in acetone (5 mL) was added 

Me2SO4 (0.121 mL, 1.28 mmol) and K2CO3 (0.177 g, 1.28 mmol) and heated at reflux for 12 h. 

The mixture was cooled and 
i
Pr2NH (3 mL) was added and stirred at rt. for 30 min. The mixture 

was then filtered through silica, the cake was washed with EtOAc (30 mL) and solvent removed 

in vacuo. The residue was dissolved in EtOAc (10 mL) and washed with water (2 × 5 mL) and 

combined aq. washings were extracted with EtOAc (3 × 5 mL). The combined organic extracts 

were washed with brine (10 mL), dried over anhydrous MgSO4 and solvent removed in vacuo The 

crude product was purified by flash chromatography (hexanes-EtOAc, 4-1) to afford the title 

compound (0.15 g, 52%) as a yellow solid. 

C. 

To a stirred solution of bromo naphthol 493 (3.0 g, 9.58 mmol) and TBABr (0.37 g, 1.15 mmol) 

in THF (30 mL) was added aq. KOH (1.61 g, 28.7 mmol, in 18 mL H2O) followed by Me2SO4 

(1.36 mL, 14.4 mmol) and stirred at rt. for 4 h. Aq. NaOH solution (20 mL, 1.0 M) was then 

added and the aq. layer was separated and extracted with EtOAc (3 × 30 mL). The combined 

organic extracts were washed with brine (25 mL), dried over anhydrous MgSO4 and solvent 

removed in vacuo. The crude product was purified by flash chromatography (hexanes-EtOAc,4-1) 

to afford the title compound (2.89 g, 92%) as a yellow solid; M.p. = 111.2-112.1 °C; Rf: 0.40 

(hexanes-EtOAc, 4-1); νmax(neat)/cm
-1

 2994, 2939, 2839, 1609, 1582, 1499, 1452, 1435, 1416, 



 

186 

 

1352, 1312, 1267, 1192, 1180, 1168, 1151, 1130, 1048, 1000, 980, 933, 888, 813; δH (400 MHz; 

CDCl3) 7.80 (d, J = 9.0 Hz, 1H, H-5), 7.38 (d, J = 9.0 Hz, 1H, H-6), 6.66 (s, 1H, H-3), 3.99 (s, 

3H, OCH3), 3.95 (s, 3H, OCH3), 3.91 (s, 3H, OCH3), 3.84 (s, 3H, OCH3); δC (100 MHz; CDCl3) 

152.6 (C, C-2 or C-4), 151.2 (C, C-8), 150.5 (C, C-4 or C-2), 135.7 (C, C-1), 127.1 (CH, C-6), 

125.0 (C, C-8a), 122.3 (C, C-4a), 119.6 (CH, C-5), 116.9 (C, C-7), 95.1 (CH, C-3), 61.9 (CH3, 

OCH3), 61.7 (CH3, OCH3), 56.9 (CH3, OCH3), 55.7 (CH3, OCH3); m/z (ESI+) [M
  

+ Na]
+
 

349.0036 calcd for C14H15BrNaO4 349.0046. 

  



 

187 

 

(1,5,7,8-tetramethoxynaphthalen-2-yl)boronic acid, 495 

 

To a stirred solution of bromide 494 (0.50 g, 1.53 mmol) in THF (10 ml) at −100 °C was added t-

BuLi (1.43 mL, 1.6 M, 2.30 mmol) followed immediately by B(OMe)3 (0.68 mL, 6.11 mmol) and 

stirred for 5 min before being warmed to rt. over 30 min. Sat. aq. NH4Cl solution (10 mL) was 

then added and the aq. layer was separated and extracted with EtOAc (3 × 10 mL). The combined 

organic extracts were washed with brine (10 mL), dried over anhydrous MgSO4 and solvent 

removed in vacuo. The crude product was purified by flash chromatography (hexanes-EtOAc, 2-

1) to afford the title compound (0.29 g, 66%) as an off white solid; M.p. = 126.0-127.3 °C; Rf: 

0.21 (hexanes-EtOAc, 3-1); νmax(neat)/cm
-1

 3340, 2931, 2840, 1597, 1566, 1505, 1454, 1420, 

1345, 1259, 1196, 1155, 1130, 1076, 1049, 1029, 990, 980, 944, 917, 887, 834, 812; δH (400 

MHz; CDCl3) 8.02 (d, J = 8.6 Hz, 1H, H-4), 7.71 (d, J = 8.6 Hz, 1H, H-3), 6.75 (s, 1H, H-6), 6.60 

(br s, 2H, 2 × OH), 4.02 (s, 3H, OCH3), 4.00 (s, 3H, OCH3), 3.92 (s, 3H, OCH3), 3.83 (s, 3H, 

OCH3); δC (100 MHz; CDCl3) 162.2 (C, C-1), 152.7 (C, C-5 or C-7), 149.9 (C, C-7 or C-5), 136.3 

(C, C-8), 128.5 (CH, C-3), 125.6 (C, C-8a), 122.5 (C, C-4a), 118.4 (CH, C-4), 96.4 (CH, C-6), 

64.0 (CH3, OCH3), 62.1 (CH3, OCH3), 57.2 (CH3, OCH3), 55.9 (CH3, OCH3); m/z (ESI+) [M
  
+ 

Na]
+
 315.1014 calcd for C14H17BNaO6 315.1013. C-2 absent. 

 

  



 

188 

 

7-(ethoxymethoxy)-1,2,4,8-tetramethoxynaphthalene, 497 

 

To a stirred solution of boronic acid 495 (0.46 g, 1.57 mmol) in MeOH (5 mL) was added H2O2 

(0.711 g, 30 w/w % in H2O, 6.27 mmol), aq. NaOH (6.27 mL, 1.0 M, 6.27 mmol) and stirred at rt. 

for 10 min. Sat. aq. NH4Cl (5 mL) then added and the aq. layer was separated and extracted with 

EtOAc (3 × 10 mL). The combined organic extracts were washed with brine (10 mL), dried over 

anhydrous NaSO4 and solvent removed in vacuo.  

The crude product was dissolved in THF (5 mL) and cooled to 0 °C to which NaH (75.0 mg, 60% 

in mineral oil, 2.36 mmol) followed by EMCl (0.22 mL, 2.36 mmol) was added and the mixture 

was warmed to rt. o/n. Water (5 mL) was then added and the aq. layer was separated and 

extracted with EtOAc (3 × 5 mL). The combined organic extracts were washed with brine (5 mL), 

dried over anhydrous MgSO4 and solvent removed in vacuo. The crude product was purified by 

flash chromatography (hexanes-EtOAc, 3-1) to afford the title compound (0.41 g, 80%) as a 

yellow oil; νmax(neat)/cm
-1

  2978, 2903, 2841, 1618, 1598, 1450, 1353, 1327, 1262, 1246, 1205, 

1131, 1058, 1009, 951, 810; Rf: 0.46 (hexanes-EtOAc, 3-1); δH (400 MHz; CDCl3) 7.92 (d, J = 

9.2 Hz, 1H, H-5), 7.28 (d, J = 9.2 Hz, 1H, H-6), 6.56 (s, 1H, H-3), 5.36 (s, 2H, OCH2O), 3.99 (s, 

3H, OCH3), 3.96 (s, 3H, OCH3), 3.90 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 3.82 (q, J = 6.8 Hz, 2H, 

OCH2CH3), 1.25 (t, J = 7.2 Hz, 3H, OCH2CH3); δC (100 MHz; CDCl3) 152.6 (C, C-2 or C-4), 

150.1 (C, C-4 or C-2), 149.0 (C, C-7), 143.0 (C, C-8), 136.1 (C, C-1), 125.2 (C, C-8a), 119.1 (C, 

C-4a), 118.9 (CH, C-5), 115.0 (CH, C-6), 94.3 (CH2, OCH2O), 93.5 (CH, C-3), 64.4 (CH2, 

OCH2CH3), 61.9 (CH3, OCH3), 61.9 (CH3, OCH3), 57.1 (CH3, OCH3), 55.7 (CH3, OCH3), 15.1 

(CH3, OCH2CH3); m/z (ESI+) [M
  
+ Na]

+
 345.1309 calcd for C17H22NaO6 345.1310. 

 

  



 

189 

 

2,5-dimethoxyphenol, 507 

 

To a stirred solution of 2,5-dimethoxybenzaldehyde 506 (5.0 g, 30.1 mmol) in CH2Cl2 (200 mL) 

at 0 °C was added mCPBA (7.27 g, 42.1 mmol) in small portions with stirring then warmed to rt. 

o/n. Sat. aq. Na2S2O3 (80 mL) was added and the aq. layer was separated and extracted with 

CH2Cl2 (3 × 60 mL). The combined organic extracts were washed with brine (50 mL), dried over 

anhydrous MgSO4 and solvent removed in vacuo. The crude product was dissolved in MeOH (80 

mL) and aq. NaOH (100 ml, 1.0 M) was then added and stirred at rt. for 3 h. The mixture was 

acidified to pH 1 with aq. HCl (1.0 M) and the opaque solution was extracted with EtOAc (3 × 

100 mL). The combined organic extracts were washed with sat. aq. NaHCO3 (2 × 80 mL), brine 

(50 mL), dried over anhydrous MgSO4 and solvent removed in vacuo. The crude product was 

purified by flash chromatography (hexanes-EtOAc, 3-1) to afford the title compound (4.38 g, 

94%) as a yellow oil; Rf: 0.43 (hexanes-EtOAc, 3-1); δH (400 MHz; CDCl3) 6.72 (d, J = 8.8 Hz, 

1H, H-3), 6.57 (d, J = 2.8 Hz, 1H, H-6), 6.38 (dd, J = 8.8, 2.8 Hz, 1H, H-4), 5.71 (br s, 1H, OH), 

3.84 (s, 3H, OCH3), 3.75 (s, 3H, OCH3); δC (100 MHz; CDCl3) 154.6 (C, C-5), 146.4 (C, C-1), 

141.0 (C, C-2), 111.5 (CH, C-3), 104.2 (CH, C-4), 101.8 (CH, C-6), 56.6 (CH3, OCH3), 55.6 

(CH3, OCH3); 

Spectroscopic data were in agreement with those previously reported in literature.
122
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2-(ethoxymethoxy)-1,4-dimethoxybenzene, 508 

 

To a stirred solution of phenol 507 (4.15 g, 26.9 mmol) in CH2Cl2 (150 mL) at 0 °C was added 

sequentially DMAP (0.33 g, 2.69 mmol), 
i
Pr2NEt (6.94 mL, 39.8 mmol) and chloromethyl ethyl 

ether (30.2 mL, 32.3 mmol) and the reaction mixture was warmed to rt. o/n. Water (80 mL) was 

added and the aq. layer was separated and extracted with CH2Cl2 (3 × 60 mL). The combined 

organic extracts were washed with brine (40 mL), dried over anhydrous MgSO4 and solvent 

removed in vacuo. The crude product was purified by flash chromatography (hexanes-EtOAc, 4-

1) to afford the title compound (4.55 g, 80%) as a yellow oil; Rf: 0.58 (hexanes-EtOAc, 3-1); 

νmax(neat)/cm
-1

 2936, 2903, 2834, 1744, 1611, 1595, 1507, 1464, 1445, 1391, 1278, 1258, 1225, 

1198, 1177, 1154, 1134, 1102, 1078, 1044, 984, 915, 844, 793, 764, 710; δH (400 MHz; CDCl3) 

6.75 (d, J = 2.8 Hz, 1H, H-3), 6.70 (d, J = 8.8 Hz, 1H, H-6), 6.38 (dd, J = 8.8, 2.8 Hz, 1H, H-5), 

5.17 (s, 2H, OCH2O), 3.72 (s, 3H, OCH3),  3.65-3.71 (q, J = 7.2 Hz, 2H, OCH2CH3), 3.65 (s, 3H, 

OCH3), 1.14 (t, J = 7.2 Hz, 3H, OCH2CH3); δC (100 MHz; CDCl3) 153.8 (C, C-4), 147.2 (C, C-2), 

143.8 (C, C-1), 112.3 (CH, C-6), 105.1 (CH, C-5), 104.2 (CH, C-3), 93.8 (CH2, OCH2O), 63.9 

(CH2, OCH2CH3), 56.1 (CH3, OCH3), 55.1 (CH3, OCH3), 14.7 (CH3, OCH2CH3); m/z (ESI+) [M
  

+ Na]
+
 235.0946 calcd for C11H16NaO4 235.0941. 
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ethyl 2-(2-(ethoxymethoxy)-3,6-dimethoxyphenyl)-2-hydroxyacetate, 509 

 

A. 

To a stirred solution of ether 508 (0.20 g, 0.94 mmol) in THF (3.0 mL) at −78 °C was added 

TMEDA (0.28 mL, 1.88 mmol) followed by n-BuLi (1.18 mL, 1.6 M, 1.88 mmol). The mixture 

was then stirred for 1.5 h. Ethyl glyoxalate (0.38 g, 50 w/w% solution in PhMe, 1.88 mmol) was 

added dropwise and stirred at −78 °C for 1 then warmed to rt. o/n. Water (3 mL) was added and 

the aq. layer was separated and extracted with EtOAc (3 × 6 mL). The combined organic extracts 

were washed with brine (6 mL), dried over anhydrous MgSO4 and the solvent removed in vacuo. 

The crude product was purified by flash chromatography (hexanes-EtOAc, 3-2) to afford the title 

compound (37 mg, 13%) as a yellow oil. 

B. 

To a stirred solution of ether 508 (2.0 g, 9.42 mmol) in Et2O (10 mL) at −10 °C was added n-BuLi 

(6.47 mL, 1.6 M, 10.4 mmol) dropwise and the mixture was warmed to rt. for 1 h. The mixture 

was cooled to −10 °C and ethyl glyoxalate (3.85 g, 50 w/w % in PhMe, 18.8 mmol) in Et2O (10 

mL) was added dropwise before the mixture was warmed to rt. o/n. Water (30 mL) was added and 

the aq. layer was separated and extracted with EtOAc (3 × 30 mL). The combined organic extracts 

were washed with brine (40 mL), dried over anhydrous MgSO4 and solvent removed in vacuo. 

The crude product was purified by flash chromatography (hexanes-EtOAc, 3-2) to afford the title 

compound (1.64 g, 55%) as a yellow oil and recovery of starting material (0.66 g, 34%); Rf: 0.33 

(hexanes-EtOAc, 3-2); νmax(neat)/cm
-1

 3448, 2979, 2840, 1737, 1593, 1490, 1464, 1441, 1391, 

1368, 1256, 1210, 1061, 1021, 967, 921, 852, 798, 724; δH (100 MHz; CDCl3) 6.82 (d, J = 9.2 Hz, 

1H, H-4), 6.59 (d, J = 8.8 Hz, 1H, H-5), 5.61 (s, 1H, H-1ʹ), 5.20 (d, J = 5.6 Hz, 1H, OCH2AO), 

5.14 (d, J = 5.6 Hz, 1H, OCH2BO), 4.42 (q, J = 7.2 Hz, 2H, H-4ʹ), 3.84 (q, J = 7.2 Hz, 1H, 

OCH2ACH3), 3.74-3.78 (m, 7H, 2 × OCH3, OCH2BCH3), 1.23 (t, J = 7.2 Hz, 3H, H-5ʹ), 1.19 (t, J = 

7.2 Hz, 3H, OCH2CH3); δC (100 MHz; CDCl3) 173.7 (C, C-2ʹ), 151.7 (C, C-6), 146.5 (C, C-2), 

145.1 (C, C-3), 123.0 (C, C-1), 112.6 (CH, C-4), 106.4 (CH, C-5), 97.7 (CH2, OCH2O), 66.0 

(CH2, OCH2CH3), 64.9 (CH, C-1ʹ), 61.3 (CH2, C-4ʹ), 56.3 (CH3, OCH3), 56.0 (CH3, OCH3), 14.9 

(CH3, C-5ʹ), 14.1 (CH3, OCH2CH3); m/z (ESI+) [M
  

+ Na]
+
 337.1258 calcd for C15H22NaO7 

337.1258. 

  



 

192 

 

ethyl 2-((tert-butyldimethylsilyl)oxy)-2-(2-(ethoxymethoxy)-3,6-dimethoxyphenyl)acetate, 

510 

 

To a stirred solution of alcohol 509 (0.52 g, 1.65 mmol) in CH2Cl2 (5 mL) at 0 °C was added 2,6-

lutidine (0.383 mL, 3.31 mmol) followed by TBSOTf (0.42 mL, 1.82 mmol) dropwise and stirred 

at 0 °C for 45 min. MeOH (5 mL) was added and the volatiles were removed in vacuo. The 

residue was dissolved in CH2Cl2 (5 mL) and sat. aq. NaHCO3 (4 mL) was added. The aq. layer 

was separated and extracted with CH2Cl2 (3 × 5 mL). The combined organic extracts were washed 

with brine (8 mL), dried over anhydrous MgSO4 and solvent removed in vacuo to afford the title 

compound (0.65 g, 91%) as a colourless oil. The crude product did not require further 

purification. Rf: 0.37 (hexanes-EtOAc, 4-1); νmax(neat)/cm
-1

 2931, 2902, 1754, 1593, 1489, 1464, 

1440, 1391, 1362, 1299, 1253, 1210, 1114, 1074, 1029, 971, 930, 883, 836, 776, 722; δH (400 

MHz; CDCl3) 6.76 (d, J = 8.8 Hz, 1H, H-4), 6.53 (d, J = 8.8 Hz, 1H, H-5), 5.58 (s, 1H, H-1ʹ), 5.12 

(d, J = 4.8 Hz, 1H, OCH2AO), 5.10 (d, J = 4.8 Hz, 1H, OCH2BO), 4.08-4.14 (m, 2H, H-4ʹ), 3.88-

3.95 (m. 1H, OCH2ACH3), 3.67-3.75 (m, 7H, 2 × OCH3 & OCH2BCH3), 1.13-1.19 (m, 6H, H-5ʹ & 

OCH2CH3), 0.83 (s, 9H, OSi(CH3)2
t
Bu), 0.12 (s, 3H, OSi(CH3)2

t
Bu), -0.40 (s, 3H, OSi(CH3)2

t
Bu); 

δC (100 MHz; CDCl3) 172.7 (C, C-2ʹ), 151.5 (C, C-6), 147.0 (C, C-2), 144.6 (C, C-3), 124.3 (C, 

C-1), 112.3 (CH, C-4), 106.3 (CH, C-5), 98.1 (CH2, OCH2O), 65.3 (CH2, OCH2CH3), 65.1 (CH, 

C-1ʹ), 60.4 (CH2, C-4ʹ), 56.0 (CH3, OCH3), 55.8 (CH3, OCH3), 25.5 (3 × CH3, OSi(CH3)2
t
Bu), 

18.0 (C, OSi(CH3)2
t
Bu), 14.9 (CH3, OCH2CH3), 13.9 (CH3, C-5ʹ), -5.2 (CH3, OSi(CH3)2

t
Bu), -5.3 

(CH3, OSi(CH3)2
t
Bu); m/z (ESI+) [M

 
+ Na]

+
 451.2120 calcd for C21H36NaO7Si 451.2111. 
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2-((tert-butyldimethylsilyl)oxy)-2-(2-(ethoxymethoxy)-3,6-dimethoxyphenyl)ethanol, 511 

 

To a stirred solution of ester 510 (1.24 g, 2.89 mmol) in PhMe (10 mL) at −78 °C was added 

DIBAL (6.37 mL, 1.0 M in cyclohexane) dropwise and stirred at −78 °C for 2 h then warmed to 

rt. o/n. MeOH (10 mL) was added followed by sat. aq. Rochelle’s salt (20 mL) and the mixture 

was stirred at rt. for 3 h. The mixture was extracted with EtOAc (3 × 40 mL) and the combined 

organic extracts were washed with brine (40 mL), dried over anhydrous MgSO4 and solvent 

removed in vacuo. The crude product was purified by flash chromatography (hexanes-EtOAc, 3-

1) to afford the title compound (1.02 g, 91%) as a white solid; M.p. 25.8-26.1 °C; Rf: 0.36 

(hexanes-EtOAc, 3-1); νmax(neat)/cm
-1

 3515, 2934, 2852, 1590, 1487, 1462, 1437, 1411, 1387, 

1256, 1216, 1180, 1154, 1099, 1069, 1042, 976, 959, 937, 828, 800, 753, 733; δH (400 MHz; 

CDCl3) 6.78 (d, J = 8.8 Hz, 1H, H-4ʹ), 6.58 (d, J = 8.8 Hz, 1H, H-5ʹ), 5.40 (dd, J = 8.0, 4.8 Hz, 

1H, H-2ʹ), 5.13 (d, J = 5.6 Hz, 1H, OCH2AO), 5.07 (d, J = 5.6 Hz, 1H, OCH2BO), 4.09-4.13 (m, 

1H, H-1A), 3.77-3.89 (m, 2H, OCH2ACH3
 
& H-1B), 3.78 (CH3, 3H, OCH3), 3.76 (CH3, 3H, OCH3), 

3.70-3.75 (m, 1H, OCH2BCH3) 2.39 (br d, J = 8.0 Hz, 1H, OH), 1.28 (t, J = 7.2 Hz, 3H, 

OCH2CH3), 0.85 (3 × CH3, OSi(CH3)2
t
Bu), 0.05 (CH3, OSi(CH3)2

t
Bu), -0.18 (CH3, 

OSi(CH3)2
t
Bu); δC (100 MHz; CDCl3) 152.9 (C, C-6ʹ), 146.7 (C, C-2ʹ), 145.4 (C, C-3ʹ), 124.1 (C, 

C-1ʹ), 111.8 (CH, C-4ʹ), 106.9 (CH, C-5ʹ), 98.1 (CH2, OCH2O), 68.9 (CH, C-2), 65.6 & 65.4 (2 × 

CH2, C-1 & OCH2CH3), 56.2 (CH3, OCH3), 55.9 (CH3, OCH3), 25.8 (3 × CH3, OSiMe2
t
Bu), 18.2 

(C, OSiMe2
t
Bu), 15.0 (CH3, OCH2CH3), -4.9 (CH3, OSi(CH3)2

t
Bu), -5.0 (CH3, OSi(CH3)2

t
Bu); 

m/z (ESI+) [M
  
+ Na]

+
 409.2017 calcd for C19H34NaO6Si 409.2009. 
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2-((tert-butyldimethylsilyl)oxy)-2-(2-(ethoxymethoxy)-3,6-dimethoxyphenyl)acetaldehyde, 

512 

 

To a stirred solution of alcohol 511 (1.02 g, 2.64 mmol) in DMSO (5 mL) was added a solution of 

IBX (2.22 g, 7.94 mmol) in DMSO (10 mL) dropwise and stirred at rt. for 3 h. The reaction 

mixture was diluted with EtOAc (10 mL) and sat. aq. Na2S2O3 (10 mL). The aq. layer was 

separated and extracted with EtOAc (3 × 10 mL). The combined organic extracts were washed 

with brine (20 mL), dried over anhydrous MgSO4 and solvent removed in vacuo. The crude 

product was filtered through short plug of silica washed with hexanes-EtOAc, (3-1, 100 mL) to 

afford the title compound (0.99 g, 97%) as a colourless solid; M.p. 28.9-29.3 °C; Rf: 0.47 

(hexanes-EtOAc, 3-1); νmax(neat)/cm
-1

 2932, 2856, 1734, 1592, 1489, 1471, 1444, 1408, 1389, 

1360, 1321, 1305, 1258, 1248, 1199, 1173, 1099, 1044, 1015, 993, 968, 911, 855, 836, 803, 778, 

758, 726; δH (400 MHz; CDCl3) 9.80 (s, 1H, H-1), 6.82 (d, J = 8.8 Hz, 1H, H-4ʹ), 6.56 (d, J = 8.8 

Hz, 1H, H-5ʹ), 5.39 (s, 1H, H-2), 5.13 (d, J = 5.2 Hz, 1H, OCH2AO), 5.09 (d, J = 5.2 Hz, 1H, 

OCH2BO), 3.84 (q, J = 7.2 Hz, 1H, OCH2ACH3), 3.71-3.76 (m, 7H, 2 × OCH3, OCH2BCH3), 1.20 

(t, J = 7.2 Hz, 3H, OCH2CH3), 0.85 (s, 9H, OSi(CH3)2
t
Bu), 0.12 (s, 3H, OSi(CH3)2

t
Bu), -0.09 (s, 

3H, OSi(CH3)2
t
Bu); δC (100 MHz; CDCl3) 202.4 (C, C-1), 151.8 (C, C-6ʹ), 146.8 (C, C-2ʹ), 144.8 

(C, C-3ʹ), 123.3 (C, C-1ʹ), 113.2 (CH, C-4ʹ), 106.5 (CH, C-5ʹ), 98.0 (CH2, OCH2O), 71.7 (CH, C-

2), 65.6 (CH2, OCH2CH3), 56.2 (CH3, OCH3), 55.9 (CH3, OCH3), 25.6 (3 × CH3, OSi(CH3)2
t
Bu), 

18.0 (C, OSi(CH3)2
t
Bu), 15.0 (CH3, OCH2CH3) -5.1 (CH3, OSi(CH3)2

t
Bu), -5.2 (CH3, 

OSi(CH3)2
t
Bu); m/z (ESI+) [M

  
+ Na]

+
 407.1860 calcd for C19H32NaO6Si 407.1849. 
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3.2.8 Synthesis of Acylated Phenols 524 and 526 

2,5-dimethoxyphenyl 2-chloro-2-oxoacetate, 524 

 

To a stirred solution of phenol 507 (1.5 g, 9.73 mmol) in CH2Cl2 (20 mL) at rt. was added oxalyl 

chloride (1.25 mL, 14.6 mmol) dropwise and the mixture was cooled to 0 °C. A solution of 

pyridine (1.18 mL, 14.6 mmol) in CH2Cl2 (10 mL) was added very slowly and mixture warmed to 

rt. for 30 min. The mixture was filtered through Celite
®
, filter cake was washed with CH2Cl2 (50 

mL) and volatiles removed in vacuo. Hexane (30 mL) was added to the residue and mixture was 

re-filtered through Celite
®
 and cake washed with hexanes (80 mL). The solvent was removed in 

vacuo to afford the title compound (1.90 g, 80%) as a bright yellow oil. Product did not require 

further purification. νmax(neat)/cm
-1

 3001, 2940, 2840, 1778, 1626, 1588, 1508, 1464, 1442, 1270, 

1217, 1180, 1151, 1111, 1037, 1020, 971, 913, 858, 824, 799, 754, 699; δH (400 MHz; CDCl3) 

6.92 (d, J = 8.8, 1H, H-3), 6.79 (dd, J = 8.8, 2.8 Hz, 1H, H-4), 6.73 (d, J = 2.8 Hz, 1H, H-6), 3.76 

(s, 3H, OCH3), 3.72 (s, 3H. OCH3); δC (100 MHz; CDCl3) 160.4 (C, C-1ʹ), 153.5 (C, C-5), 153.2 

(C, C-2ʹ), 144.1 (C, C-2), 138.9 (C, C-1), 113.5 (CH, C-3), 112.7 (CH, C-4), 108.1 (CH, C-6), 

56.2 (CH3, OCH3), 55.6 (CH3, OCH3); m/z (ESI+) [M
  

+ Na]
+
 267.005 calcd for C10H9ClNaO5 

267.0031. 
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2,5-dimethoxyphenyl 2-(methoxy(methyl)amino)-2-oxoacetate, 526 

 

To a stirred solution of acyl chloride 524 (0.20 g, 0.82 mmol) in CH2Cl2 (2.0 mL) was added N,O-

dimethylhydroxylamine hydrogenchloride (95.7 mg, 0.98 mmol) and cooled to 0 °C. NEt3 (0.23 

mL, 1.64 mmol) was added dropwise and mixture was stirred for 10 min then warmed to rt. for 45 

min. MeOH (4 mL) was added and volatiles removed in vacuo. THF (5 mL) was added and the 

white precipitate was filtered off and washed with THF (10 mL) then the solvents were removed 

in vacuo. The crude product was purified by flash chromatography (hexanes-EtOAc, 2-1) to 

afford the title compound (0.22 g, quant) as a colourless crystalline solid; M.p. 93.2-94.1 °C; Rf: 

0.34 (hexanes-EtOAc, 2-1); νmax(neat)/cm
-1

 3017, 2966, 2842, 1771, 1664, 1589, 1512, 1467, 

1453, 1431, 1399, 1323, 1277, 1214, 1197, 1186, 1168, 1156, 1114, 1077, 1040, 1020, 984, 936, 

908, 868, 823, 809, 801, 781, 751, 739, 703; δH (400 MHz; CDCl3) 6.89 (d, J = 9.2 Hz, 1H, H-3), 

6.74 (dd, J = 8.8, 2.8 Hz, 1H, H-4), 6.69 (d, J = 2.8 Hz, 1H, H-6), 3.78 (s, 3H, N-OCH3), 3.75 (s, 

3H, OCH3), 3.70 (s, 3H, OCH3), 3.23 (s, 3H, N-CH3); δC (100 MHz; CDCl3) 160.8 (C, C-1ʹ), 

159.8 (C, C-2ʹ), 153.5 (C, C-5), 145.0 (C, C-2), 138.7 (C, C-1), 113.6 (CH, C-3), 112.1 (CH, C-

4), 108.9 (CH, C-6), 62.2 (CH3, N-OCH3), 56.4 (CH3, OCH3), 55.6 (CH3, OCH3), 31.3 (CH3, N-

CH3); m/z (ESI+) [M
  
+ H]

+
 270.0972 calcd for C12H16NO6 270.0972. 
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4 Appendices 

6-(carboxymethyl)-3-hydroxy-2-methoxybenzoic acid 420 

   



 

200 

 

8-methoxy-3-methyl-1-oxo-1H-isochromen-7-yl acetate 424 

 

 

 



 

201 

 

7-hydroxy-8-methoxy-3-methyl-1H-isochromen-1-one 425 

 

 

  



 

202 

 

Methyl-4-bromo-3-hydroxyl-2-methoxy-6-(2-methoxy-2-oxoethyl)benzoate 433 

 

 

  



 

203 

 

 

Methyl 3-(benzyloxy)-4-bromo-2-methoxy-6-(2-methoxy-2-oxoethyl)benzoate 431 

 

 



 

204 

 

 

3-(benzyloxy)-4-bromo-6-(carboxymethyl)-2-methoxybenzoic acid 535 

 

 



 

205 

 

3-(benzyloxy)-4-bromo-2-methoxy-6-(2-oxopropyl) benzoic acid 434 

 

 



 

206 

 

7-(benzyloxy)-6-bromo-8-methoxy-3-methyl-1H-isochromen-1-one 435 

 

 

 
  



 

207 

 

Methyl 3-(benzyloxy)-4-bromo-2-methoxy-6-(2-oxopropyl)benzoate 452 

 



 

208 

 

7-(benzyloxy)-6-bromo-8-methoxy-3-methylisochroman-1-one 453 

 



 

209 

 

Methyl-3-(benzyloxy)-4-bromo-6-(2-((tert-butyldiphenylsilyl)oxy)propyl)-2-

methoxybenzoate 454 

 

 



 

210 

 

7-(benzyloxy)-6-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-

hydroxybut-1-yn-1-yl)-8-methoxy-3-methyl-1H-isochromen-1-one 440 

 

 

 



 

211 

 

7-(benzyloxy)-6-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobut-1-

yn-1-yl)-8-methoxy-3-methyl-1H-isochromen-1-one 442 

 



 

212 

 

6-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobutyl)-7-hydroxy-8-

methoxy-3-methyl-1H-isochromen-1-one 443 

 

 



 

213 

 

7-hydroxy-6-(4-(3-hydroxy-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobutyl)-8-methoxy-

3-methyl-1H-isochromen-1-one 445 

 



 

214 

 

7-(benzyloxy)-6-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-

hydroxybut-1-yn-1-yl)-8-methoxy-3-methylisochroman-1-one 455 

 



 

215 

 

7-(benzyloxy)-6-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobut-1-

yn-1-yl)-8-methoxy-3-methylisochroman-1-one 536 

 

 



 

216 

 

6-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobutyl)-7-hydroxy-8-

methoxy-3-methylisochroman-1-one 456 

 

 



 

217 

 

methyl 3-(benzyloxy)-6-(2-((tert-butyldiphenylsilyl)oxy)propyl)-4-(4-(3-(ethoxymethoxy)-

1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-hydroxybut-1-yn-1-yl)-2-methoxybenzoate 461 

 

 



 

218 

 

methyl 3-(benzyloxy)-6-(2-((tert-butyldiphenylsilyl)oxy)propyl)-4-(4-(3-(ethoxymethoxy)-

1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobut-1-yn-1-yl)-2-methoxybenzoate 537 

 



 

219 

 

methyl 6-(2-((tert-butyldiphenylsilyl)oxy)propyl)-4-(4-(3-(ethoxymethoxy)-1,4,5,6,8-

pentamethoxynaphthalen-2-yl)-3-oxobutyl)-3-hydroxy-2-methoxybenzoate 462 

 

 

 



 

220 

 

methyl 6-(2-((tert-butyldiphenylsilyl)oxy)propyl)-4',5',7',8,8',9'-hexamethoxy-3'H-

spiro[chroman-2,2'-naphtho[2,3-b]furan]-7-carboxylate 463 

 

 



 

221 

 

Methyl 3-(benzyloxy)-4-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-

hydroxybut-1-yn-1-yl)-2-methoxy-6-(2-oxopropyl)benzoate 464 

 



 

222 

 

Methyl 4-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobut-1-yn-1-

yl)-3-hydroxy-2-methoxy-6-(2-oxopropyl)benzoate 465 

 

 



 

223 

 

methyl 4-(4-(3-(ethoxymethoxy)-1,4,5,6,8-pentamethoxynaphthalen-2-yl)-3-oxobutyl)-3-

hydroxy-2-methoxy-6-(2-oxopropyl)benzoate 466 

 

 



 

224 

 

methyl 4',5',7',8,8',9'-hexamethoxy-6-(2-oxopropyl)-3'H-spiro[chroman-2,2'-naphtho[2,3-

b]furan]-7-carboxylate 467 

 

 



 

225 

 

4,5,7,8,9,10'-hexamethoxy-7'-methyl-3H,3'H-spiro[naphtho[2,3-b]furan-2,2'-pyrano[4,3-

g]chromen]-9'(4'H)-one 444 

 

  



 

226 

 

4,7,9,10'-tetramethoxy-7'-methyl-3H,3'H-spiro[naphtho[2,3-b]furan-2,2'-pyrano[4,3-

g]chromene]-5,8,9'(4'H)-trione 468 

 

  



 

227 

 

4,9,10'-trihydroxy-7-methoxy-7'-methyl-3H,3'H-spiro[naphtho[2,3-b]furan-2,2'-pyrano[4,3-

g]chromene]-5,8,9'(4'H)-trione 413 

 

  



 

228 

 

1,4,5,7,8-pentamethoxynaphthalen-2-ol 481 

 

 

 



 

229 

 

7-bromo-1,2,4,8-tetramethoxynaphthalene 494 

 

 



 

230 

 

(1,5,7,8-tetramethoxynaphthalen-2-yl)boronic acid 495 

 

 

  



 

231 

 

 

2-(ethoxymethoxy)-1,4-dimethoxybenzene 508 

 

 



 

232 

 

ethyl 2-(2-(ethoxymethoxy)-3,6-dimethoxyphenyl)-2-hydroxyacetate 509 

 

 



 

233 

 

ethyl 2-((tert-butyldimethylsilyl)oxy)-2-(2-(ethoxymethoxy)-3,6-dimethoxyphenyl)acetate 

510 

 

 



 

234 

 

2-((tert-butyldimethylsilyl)oxy)-2-(2-(ethoxymethoxy)-3,6-dimethoxyphenyl)ethanol 511 

 



 

235 

 

2-((tert-butyldimethylsilyl)oxy)-2-(2-(ethoxymethoxy)-3,6-dimethoxyphenyl)acetaldehyde 

512 

 



 

236 

 

 

2,5-dimethoxyphenyl 2-chloro-2-oxoacetate 524 

 



 

237 

 

 

2,5-dimethoxyphenyl 2-(methoxy(methyl)amino)-2-oxoacetate 526 

 

 



 

238 
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