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Abstract 

Marine ladder polyether (MLP) toxins are a family of toxins produced by various 

dinoflagellates species. These natural products exhibit a wide array of toxic and 

pharmaceutical effects. Their complex structures and potentially useful bioactivities 

make them an attractive total synthesis target. Previous total syntheses of the MLP 

toxins suffer from large step counts and low overall yields, which presents a challenge 

for investigating their biological effects.  

 

This project exploit the hidden symmetry within the MLP toxins. This project 

demonstrates a bidirectional synthetic approach to MLP toxins with a key 

desymmetrisation step in order to diverge fragments when necessary. This 

bidirectional approach increases synthetic efficiency by decreasing overall step count.  

This thesis focuses on two main aims; attempts towards the total synthesis of 

gymnocin B, and the synthesis of various MLP fragments. A convergent bidirectional 

route to gymnocin B has been developed and efforts have been made at its 

completion. To fully demonstrate the versatility of this approach, fragments from an 

assortment of MLPs have been synthesised from a single key symmetric intermediate.  
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1. Introduction 

 1.1 Polycyclic ether toxins 

Marine ladder polyether (MLP) toxins are a family of complex biotoxins, produced by 

dinoflagellate species, which possess a range of biological activities. The common 

structural feature within this family of toxins is a trans-fused polycyclic ether skeleton. 

The majority of ring junction atoms in MLPs are hydrogens, although these can also 

include methyl groups (Figure 1). The first reported member of this family was 

brevetoxin B 4 (Figure 1),1 and, as of now, more than 50 members have been isolated.2  

 

Figure 1. Examples of some MLP toxins 

Notable sociological and environmental impacts of these toxins include food 

poisoning and harmful algal blooms known as ‘red tides’. Red tides are harmful algal 

blooms that lead to mass loss of marine life as a result of hypoxic conditions and 

biotoxins released by the algal species. MLP toxins are a major cause of the death of 
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marine life during these algal blooms, being produced by Karenia brevis and Karenia 

mikimotoi during red tide events.3 Red tides have a great impact on marine life, and this 

can occur from direct contact with the toxins in the water or consumption of toxin-

contaminated prey. It has been reported that these red tides cause mass death to 

various fish species, while also causing smaller die-offs of sea turtles, sharks, and 

dolphins.4 A bloom which occurred on the United States Atlantic coast from June 1987 

– May 1988 led to the death of approximately 700 bottlenose dolphins. Along with their 

impact on marine life, MLP toxins can cause disease in humans from consumption of 

contaminated seafood. Maitotoxin 5 and ciguatoxin 2 are the most common MLP toxins 

involved in seafood poisoning, known as ciguatera fish poisoning (CFP).5 CFP occurs 

when toxin-contaminated seafood is ingested, and can cause a wide-range of 

symptoms, including nausea, vomiting, and diarrhea.6 Though rarely fatal, CFP 

symptoms can sometimes persist for months or years. 7 These toxins are also involved 

in the negative impacts of red tides.  

Interestingly, brevisin 6 deviates from the rest of the MLP family in both structure and 

toxicity; it consists of an ‘interrupted’ structure, made up of two polycyclic ether 

fragments connected by a methylene group, (Figure 2). Brevisin 6 is non-toxic, with the 

ability to act as a brevetoxin antagonist.8 

 

Figure 2. Structure of brevisin 6 

1.1.1 Biosynthesis 

In 1984, Nakanishi reported a proposed biosynthesis of hemibrevetoxin B,9 in which 

the cyclic backbone is formed via an epoxide-opening cascade, (Scheme 1). 

Hemibrevetoxin B contains eight methyl groups along the cyclic backbone; he 

suggested that these could either originate from S-adenosylmethionine, propionate, or 

acetate, depending on their position on the backbone.  
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Scheme 1. Proposed biosynthesis of brevetoxin B9 

Further investigations were conducted and in 1986, Nakinishi and coworkers reported 

the 13C assignments of brevetoxin B 4.10 In order to do this, Gymnodinium breve was 

fed with [1-13C]-, [2-13C]-, [1,2-13C2]acetates and methyl-13C-methionine. It was 

determined that 16 carbons were enriched from [1-13C]acetate, 30 carbons were 

enriched from [2-13C]acetate, and 4 carbons were enriched from methyl-13C-

methionine, (Figure 3). From this data, it was clear that the backbone of brevetoxin B 

was not a simple polyketide, as can be seen from the various C-C bonds. 

 
Figure 3. Origin of each carbon in brevetoxin B 

A major flaw in the epoxide-opening cascade hypothesis is that it relies on the 

disfavoured 6-endo-tet cyclisation, as opposed to the more favourable 5-exo-tet 

cyclisation, in accordance with Baldwin’s rules.11,12 However, there is precedent for 

such a transformation occurring in nature as an enzymatically controlled process. For 

examples, pseudomonic acid B 7 (PA-B) contain a tetrahydropyranyl (THP) unit which 

is key to its antibiotic properties. Willis and coworkers identified a tandem 

oxygenase/hydrolase enzyme which catalyses both the formation of the epoxide and 
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the subsequent nucleophilic attack of the hydroxy group onto the epoxide by 6-endo-

tet cyclisation (Scheme 2).13 This process should be disfavoured according to 

Baldwin’s rules. Thus, it could be imagined that such an enzyme exists for the 

biosynthesis of MLPs. 

 

Scheme 2. 6-endo-tet cyclisation to form PA-B 7 

1.1.2 Toxicology 

As mentioned previously, the MLP toxin family shows an expansive range of 

bioactivities. The ciguatoxins are a class of MLPs which are sodium channel agonists, 

giving them neurotoxic effects. Their binding prevents normal channel activation and 

leads to changes in neurotransmitter release. They have shown LD50 values 

(intraperitoneal injection) of 0.3 – 4 µg/kg,14 and so they are ‘category 1’ toxic as 

recognised by the European Union.15 These toxins can accumulate along the food 

chain, contaminating the seafood that humans consume.16 Ingesting ciguatoxin-

containing seafood can lead to ciguatera fish poisoning, which affects up to 50,000 

people per annum17 and is the most common type of seafood-related food poisoning.18 

These toxins are such a concern that the European Union has organised the EuroCigua 

project I and II, in order to better understand the risks associated with CFP in Europe.  

Along with CFP, there are other illnesses associated with the ingestion of MLP 

contaminated seafood. Neurotoxic shellfish poisoning (NSP) is linked to the 

consumption of shellfish that is contaminated with brevetoxins. Similar to ciguatoxins, 

brevetoxins are sodium channel agonists. They induce neurotoxicity by binding to 

voltage-gated sodium channels18 and have the ability to pass through cell membranes, 

including the blood-brain barrier. Interestingly, another polycyclic ether known as 

brevenal 3 has been suggested as a treatment for NSP. Brevenal 3 is a non-toxic 

compound produced by Karenia brevis, the same dinoflagellate species responsible 
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for the production of the brevetoxins. Brevetoxins bind to site 5 of voltage-gated sodium 

channels. Brevenal 3 has been shown to bind to a different, unknown site, and its 

binding has the ability to displace PbTx-3, reducing its toxic effects.19 An in vivo assay 

showed that pre-treatment of Gambusia affinis with brevenal increased their survival 

time after PbTx-3 exposure by almost three-fold.20 

Yessotoxins are calcium modulators; they target calcium channels, and can both 

increase and inhibit calcium influx in cells. The presence of sulfate groups makes it 

difficult for yessotoxins to be absorbed via the digestive tract, and so they are non-toxic 

when ingested.21 As a result of their impact on calcium channels, yessotoxins 1 exhibit 

cardiotoxic effects.22 

It is evident that MLP toxins demonstrate a wide-range of toxicities, and they have 

significant implications for human health as a consequence of their ability to cause 

food poisonings. Further research into MLPs is necessary in order to understand their 

toxic effects and develop treatments. 

1.1.3 Therapeutic Potential 

Despite their generally toxic effects, many of the MLP toxins have demonstrated 

therapeutic potential. The E-cadherin-catenin system is typically involved in tumour 

suppression, but it has been shown that alterations to this system contribute to tumour 

proliferation in breast, prostate, and intestinal cancers.23 Ronzitti et al. examined the 

impact of yessotoxin 1 on MCF-7 breast cancer cells. They found that yessotoxin 

selectively disrupts the E-cadherin-catenin system (with no effect on the N- and K-

cadherin systems), leading to suppression of MCF-7 cell proliferation.24 However, the 

disruption of the E-cadherin-catenin system also leads to a reduction in cell adhesion, 

indicating yessotoxin 1 may also have the potential to facilitate metastasis. 

Protoceratins are cytotoxic MLPs produced by Protoceratium reticulatum which were 

first isolated in 2004 (Figure 4).25  They are reported to be highly cytotoxic against human 

cancer cell lines with IC5O values of < 0.0005 μM.25 

As well as their anti-cancer effects, there has been interest in the yessotoxins as anti-

allergics. Blank et al. investigated these effects and demonstrated that yessotoxins 

have the ability to reduce the allergy response.26 
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N-methyl-D-aspartate receptor (NMDAR) functioning has shown to be increased after 

incubation with brevetoxin-2. NMDARs are calcium-channels which enhance neuronal 

plasticity. The ability of brevetoxin-2 to upregulate NMDARs indicates their potential to 

improve stroke recovery.27  

Gambieric acids A-D (Figure 4) were isolated from Gambierdiscus toxicus, and have 

been shown to have extremely potent fungicidal effects. These compounds have only 

shown moderate toxicity towards mammalian cells, leading to interest in them as 

potential antifungal therapeutics.28  

 

Figure 4. Structure of gambieric acids and protoceratin I 

Brevenal 3 (Figure 1) is a non-toxic polycyclic ether produced by Karenia brevis, and 

despite its lack of toxicity, it shares many structural similarities with brevetoxins A and 

B. Interestingly, brevenal 3 reduces brevetoxin 4 cytotoxicity20 and has shown promise 

as an anti-inflammatory therapeutic to treat diseases such as chronic obstructive 

pulmonary disease (COPD), cystic fibrosis, and asthma.29 It is non-toxic towards 

human cells, and in in vitro studies it has decreased levels of proinflammatory 

chemokine IL-8 from human lung epithelial cells.29 It also caused a reduction in TNFα 

production in MH-S lung macrophages.  

1.2 Strategies for MLP synthesis 

Evidently, MLPs demonstrate strong therapeutic potential for an extensive list of 

ailments. In order to further investigate their therapeutic abilities, it is imperative to 
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develop reliable and efficient synthetic methods. To date, there have been significant 

efforts in the literature towards developing synthetic strategies for MLPs.  

1.2.1 Biomimetic strategies  

Many researchers have taken inspiration from the epoxide-opening cascade of the 

proposed biosynthesis to devise strategies for the synthesis of MLPs. Nicolaou et al. 

developed a reliable synthetic method to prepare both oxepane and tetrahydropyran 

systems via epoxide-opening ring-closure.30  

By tuning the R group, they were able to selectively produce oxepane rings over 

tetrahydropyran rings. When subjected to acidic conditions, epoxide 9 underwent 6-

exo cyclisation to exclusively give the tetrahydropyran system 11 (Scheme 3). 

 
Scheme 3. 6-exo cyclisation to form tetrahydropyran 11 

However, when epoxide 12 was subjected to the same acidic conditions, it underwent 

a 7-endo cyclisation to give oxepane system 13 as the major product (Scheme 4).  

Nicolaou and coworkers postulated that this was due to the more electron-rich double 

bond which directs the cyclisation reaction.  

 
Scheme 4. 7-endo cyclisation to form oxepane 13 

Introduction of a vinyl chloride substituent in epoxide 15 provided the ability to tune 

the regioselectivity of the cyclisation even further. This was due to the increased 

electron-withdrawing nature of the chloride. This system gave oxepane system 16 with 

the undesired tetrahydropyran system 17 in an impressive 92:8 ratio (Scheme 5). 
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Scheme 5. 7-endo cyclisation of chloride 15 to form oxepane 16 

The scope of this method was expanded to include cis epoxides, although cyclisation 

reactions of these substrates were less selective towards the oxepane systems than 

reactions of the previously used trans epoxides (Scheme 6). 

 
Scheme 6. Cyclisation of cis chloride 18 

Despite the success of synthesising oxepane ring systems via a biomimetic 7-endo 

cyclisation reaction, previous attempts to produce syn-2,7-dimethyloxepane rings had 

been unsuccessful. In their synthesis of the LMN fragment of ciguatoxin C-CTX-1, 

Hirama and co-workers envisioned that they could use the method developed by 

Nicolaou to synthesise the M ring. Unfortunately, this reaction afforded none of the 

desired syn-2,7-dimethyloxepane system 22, and the elimination product 23 was 

formed instead (Scheme 7).31 

 
Scheme 7. Failed synthesis of syn-2,7-dimethyloxepane 22 

Mori et al. postulated that the failure of this reaction might have been due to the 

cycloheptane-type transition state that is required, which leads to both eclipsing strain 

and 1,3-dimethyl repulsion, thus disfavouring the cyclisation and leading to the 
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elimination product. They anticipated that the transition state for a cycloheptene-type 

transition state would be significantly more favourable, due to the adoption of a chair-

like conformation in which the eclipsing strain and 1,3-dimethyl repulsion are reduced 

(Scheme 8).32  

 
Scheme 8. A) Transition for cyclisation of 21 to form syn dimethyl oxepane 22, B) transition 

state for cyclisation of 24 to form syn dimethyl oxepane 25 

In order to access the syn-2,7-dimethyloxepane system, a cis alkene was introduced 

between the ether and epoxide functionalities of the vinyl epoxides. Through a 

biomimetic epoxide-opening, the authors synthesised a variety of syn-2,7-

dimethyloxepanes via a 7-endo cyclisation reaction (Scheme 9). 
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Scheme 9. Synthesis of syn-2,7-dimethyloxepanes 27, 29, and 31 

In their work towards the synthesis of the C-G fragment of brevisulcenal F, Jamison and 

coworkers employed a late-stage epoxide-opening cascade on a triepoxide 

intermediate.33  In the past, cyclisation of a similar bis-epoxide had afforded the 6-endo 

cyclisation product 34 tetrahydropyran and undesired 5-exo cyclisation product 

tetrahydrofuran 35 in a 1:1 mixture (Scheme 10).  

 

Scheme 10. Previous attempt at epoxide-opening cascade under neutral pH 

It is known that the pH of the reaction medium has a great impact on regioselectivity of 

epoxide-opening reactions.34 Under basic conditions, the nucleophile will almost 

exclusively attack at the least hindered carbon, and this can be attributed to steric 

effects. However, under acidic conditions, there is a tendency for the nucleophile to 

attack at the more hindered carbon. Jamison and co-workers hypothesised that the 

use of a strong base would favour the endo cyclisation, as this would be a result of 

attack on the least hindered carbon.  

Coupling of bicyclic aldehyde 37 and triene 36 followed by inversion of hydroxy group 

stereochemistry afforded the epoxidation precursor 38. A two-step epoxidation 

sequence was necessary because the olefin proximal to the ring system was 

unreactive when tri-epoxidation was attempted in a single step (Scheme 11).  
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Scheme 11. Synthesis of triepoxide 39. a) t-BuLi, Et2O, −78 °C; then ZnBr2; then 37, Tol, 0 °C → 

rt, 78 %, dr >20:1, b) DMP, NaHCO3, CH2Cl2, rt, c) NaBH4, CeCl3∙7H2O, MeOH, −40 °C, 76 %, dr 

10:1, d) TBHP, Ti(Oi-Pr)4, , L-(-)-DET, CH2Cl2, -20 °C, 92 %, dr >20:1, e) Shi epoxidation catalyst, 

oxone, (n-Bu)4NHSO4, K2CO3, pH 10.5, DMM/CH3CN, 0 °C, 85 %, dr 5:1, f) BnBr, Ag2O, TBAI, rt, 

g) TBAF, THF, rt 

Unfortunately, attempted epoxide-opening reactions did not afford the desired 

product 40. Different ratios of 41, 42, and 43 were instead produced depending on 

reaction conditions (Scheme 12). KHMDS at room temperature and NaHMDS at 80 °C 

produced 41 and 42, and LHMDS at 80 °C gave almost exclusively 43 with a small 

amount of 42.  

 
Scheme 12. Results of attempted epoxide-opening cascade  

Inspired by the above synthesis of oxepane rings, Jamison et al. imagined that an 

alkenyl-substituted epoxide with an activator might react with high endo selectivity and 

produce oxepane rings.35 The chosen activator was a transition metal catalyst, which 
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they expected to complex with the alkenyl side-chain of the epoxide, activating the 

epoxide for an endo cyclisation reaction (Scheme 13).  

 

Scheme 13. Proposed cyclisation mechanism of bis-epoxide 44 

Even though application of Pd catalysis to activated alkenyl epoxides is a well-known 

technique, the authors decided to avoid the use of a Pd catalyst due to lack of 

examples of its use with oxygen nucleophiles. They discovered that [Rh(CO)2Cl]2 had 

been used to activate alkenyl epoxides for opening by alcohols and amines. For this 

reason, they settled on [Rh(CO)2Cl]2 as their chosen transition metal catalyst.  

High endo selectivity was achieved, along with impressive yields for the synthesis of 

oxepanes 48 and 51, from both di- and tri-substituted alkenyl epoxides 47 and 50 

(Scheme 14).   

 

Scheme 14. Successful Rh-catalysed endo-cyclisation of epoxides 47 and 50 

This procedure was then successfully implemented during a total synthesis of brevisin 

6. The ABC 61 and EF 56 fragments of brevisin 6 were synthesised, both of which 

contain an oxepane (Scheme 15). 
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Scheme 15. Synthesis of the ABC 61 and EF 56 fragments of brevisin 6 using the Rh-

catalysed endo-cyclisation 

Biomimetic strategies have been used extensively in MLP, but as shown above, these 

strategies are not without their limitations. Achieving endo vs exo selectivity, avoiding 

the production of undesired side-products, and general handling of unstable epoxide 

intermediates restricts the application of these strategies. 

  1.2.2 Reductive etherification 

In their work towards the synthesis of the EFG fragment of tamulamides A 62 and B 63 

(Figure 5), Jamison and Kelley focused on an etherification strategy to build up the 

fused ring system.36 
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Figure 5. Structure of tamulamides A and B 

 Accessing 7-membered rings has been a significant challenge for synthetic chemists, 

and ring-closing metathesis (RCM) or ring-expansion reaction are often used to 

prepare oxepenes in polyether synthesis. In this work, a new method for the synthesis 

of 7-membered rings was reported. Initial attempts at etherification in order to close 

the D ring provided some challenges, with initial attempts using Mitsunobu conditions 

or activation of the allylic alcohol proving to be unsuccessful. The desired product 65 

was accessed via mesylation and SN2 ring-closure under elevated temperatures. 

Unfortunately, this product could only be accessed in a 7 % yield over two steps 

(Scheme 16), and so the researchers decided to explore a reductive etherification 

method in order to avoid the problems associated with the use of a reactive allylic 

alcohol.  

 
Scheme 16. Low-yielding formation of E ring 

The use of reductive etherification as a method for ring construction is not a new 

concept in polyether synthesis, but a major challenge that it presents is the 

stereoselectivity of the reaction. Jamison and Kelley attempted reductive etherification 

on enone 66, including a pivaloyl protected ethyl alcohol in an attempt to easily access 

the dienal side chain of the EFG ring system after ring closure. The reductive 

etherification proceeded smoothly and afforded desired tricycle 67 in a 58 % yield, 

exclusively as a trans isomer (Scheme 17).  
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Scheme 17. Reductive etherification to form E ring 

This method provides a reliable route for the synthesis of 7-membered rings in a single 

step under mild conditions. However, it is not compatible with substrates containing 

functional groups that are sensitive to reductive conditions.  

  1.2.3 Yamaguchi esterification/lactonization  

In their synthesis of gambieric acid, Sasaki and Fuwa employed the use of Yamaguchi’s 

esterification and lactonisation techniques in order to both couple fragments and to 

form the larger ring systems.37  

The Yamaguchi esterification is a method for the production of esters under mild 

conditions in the presence of 2,4,6-trichlorobenzoyl chloride 69 and 

4-dimethylaminopyridine (DMAP) (Scheme 18).38  

 

Scheme 18. General Yamaguchi esterification reaction 

Deprotonation of the carboxylic acid by triethylamine allows attack of the carboxylate 

onto the aryl acid chloride, forming a mixed anhydride. Being a better nucleophile than 

the alcohol, the DMAP attacks the mixed anhydride, forming species 72. This species 

is a better electrophile than the previous mixed anhydride, allowing for attack of the 

alcohol. The DMAP acts as a leaving group and the desired ester 71 is formed (Scheme 

19).  
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Scheme 19. Mechanism of the Yamaguchi esterification  

In their synthesis of the CDEFG fragment 79 of gambieric acid, Sasaki and Sato began 

with a Yamaguchi esterification to couple the CD 73 and G 74 fragments.39 The resulting 

ester 75 was converted into nitrile 76, which then underwent hydrolysis. 76 was 

converted to a hydroxy acid, and substusequently underwent Yamaguchi lactonisation 

in order to form the seven-membered E ring (Scheme 20). In their original publication, 

Yamaguchi and coworkers demonstrated the utility of this technique to form ring 

systems.38 Lactonisation afforded both the desired 78 and undesired 77 diastereomers 

in a ~1:1 ratio, and attempts at epimerisation of 77 were unsuccessful. However, they 

continued with 78 and successfully synthesised the CDEFG fragment 79 of gambieric 

acid. 

 

Scheme 20. Synthesis of the CDEFG fragment of gambieric acid via a Yamaguchi 

esterification technique  

With evidence that this was a viable route for the synthesis of polycyclic ethers, they 

decided to apply it to their total synthesis of gambieric acid.37 Coupling of fragments 
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80 and 81 via Yamaguchi esterification afforded ester 82. This was converted into nitrile 

intermediate 83, which was then hydrolysed to give the corresponding hydroxy acid. 

Yamaguchi lactonisation formed the seven-membered E ring. However, as with the 

synthesis of the CDEFG fragment, diastereomers 84 and 85 were produced in roughly 

equal amounts and attempts to epimerise 85 were unsuccessful. They decided to 

complete the B-J fragment 86 but later abandoned the route due to the lack of 

stereocontrol (Scheme 21). 

 

Scheme 21. Synthesis of the B-J fragment 86 of gambieric acid via a Yamaguchi esterification 

technique 
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  1.2.4 Iterative polypyran synthesis 

Iterative syntheses are those which involve repetition of a cycle of reactions, allowing 

the production of molecules which consist of repeating units. Iterative strategies 

benefit from a small number of unique reactions needed to build up complexity, 

allowing maximum optimisation of the few reactions used. 

In their development of an iterative synthesis of trans-fused tetrahydropyrans, Mori et 

al. also took inspiration from the proposed biosynthesis in that they used an epoxide-

opening strategy.40 However, this method is distinct from others because an epoxide 

nucleophile is used in order to build up the epoxide-opening precursor. Their use of this 

epoxide nucleophile, known as the oxiranyl anion, is the first time that the alkylation of 

this anion has been studied. They use epoxy sulfones as precursors to the oxiranyl 

anion, and found that alkyl triflates can be used as electrophilic coupling partners. 

Epoxidation of sulfone 87 gave the protected sulfone 88. Deprotection of the acetonide 

under acidic conditions followed by oxidative cleavage of the diol gave aldehyde 89. 

Sodium borohydride reduction and TBDPS protection of the resulting free hydroxy 

group gave key epoxy sulfone 90 (Scheme 22).  

 
Scheme 22. Synthesis of epoxy sulfone 90 

Coupling of triflate 91 with epoxy sulfone 90 gave coupling product 92. Acid-mediated 

epoxide-opening with a free hydroxyl group resulted in ring closure to give bicyclic 

compound 93. Sequential ketone reduction, removal of the TBDPS group and reaction 

with triflic anhydride gave triflate 95. This could then undergo the same sequence of 

reactions, allowing a tetracyclic system to be built up relatively simply (Scheme 23).  



19 
 

 
Scheme 23. Synthesis of tetracycle 96 via use of oxiranyl anion 

Van Boom et al. reported iterative polyether synthesis based on radical cyclisation of 

β-(alkynyloxy)acrylates.41 The β-(alkynyloxy)acrylates were derived from 

carbohydrates. This method offers a versatile method for the formation of various ring 

sizes, as the alkyl chain of the enyne is readily modified. 

In their synthesis, carbohydrate-derived epoxide 97 is converted to enynes 98 and 99 

via epoxide-opening with a nucleophilic alkynyl species. The ring size of the product 

resulting from the cyclisation reaction is dependent on the length of the alkyl chain 

installed (Scheme 24). 

 
Scheme 24. Synthesis of bicyclic fragments 102 and 103. a) NaCCH, ZnCl2, 85 %, b) 

Bu3SnCHCCH2, nBuLi, then ZnCl2, 72 %, c) ethyl propiolate, NMM, 98 %/95 %, d) Bu3SnH, 

AIBN, 59 %/72 %, e) pTsOH, 97 %/99 % 
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The authors then explored the synthesis of β(alkynyloxy)acrylates from partially 

protected methyl α-D-glucoside. They successfully synthesised alkyl chains of length 

n = 0, 1, 2, 3 (Scheme 25). 

 

Scheme 25. Synthesis of cyclic fragment 110 with various alkyl chain lengths. a) DMP, b) 

PPh3, CBr4, 82 % over 2 steps, c) tBuLi, 76 – 92 %, d) H2, PtO2, e) LiAlH4, 76 % over 2 steps, g) 

HCCLi ethylenediamine complex, 74 – 82 %,  h) DDQ, H2O, 77 – 88 %, i) ethyl propiolate, 

NMM, 94 – 99 % 

Radical cyclisation of all alkyl chain lengths was successful, though n = 3 afforded a 

disappointing yield of 13 % (Scheme 26).  

 

Scheme 26. Cyclisation of β(alkynyloxy)acrylate 110 to form bicyclic fragment 111  

Bicyclic compound 111 could be converted to a bicyclic compound with the same 

functionalities as 110, allowing further rings to be constructed (Scheme 27). 

Ozonolysis in the presence of sodium borohydride followed by hydroxyl group 

protection afforded ester 112. Reduction of the ester was carried out with lithium 

aluminium hydride, and the resulting alcohol was oxidised with Dess-Martin 

periodinane (DMP). A Corey-Fuchs reaction and TBS deprotection produced alkyne 

114. Addition of ethyl propiolate afforded 115, which now contained the necessary 

functionality for cyclisation. Cyclisation under the previously mentioned conditions 

produced tricyclic compound 116.  
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Scheme 27. Regeneration of functionality and synthesis of tricyclic compound 116 

 Though this was a successful method for the formation of various ring sizes, the 

synthesis of the cyclisation precursors involves a high step count, and only a single ring 

is formed at a time. 

  1.2.5 Ring-closing metatheses 

Much like Mori and coworkers, Clark et al. used an iterative synthesis of fused 

polyethers in order to improve synthetic efficiency and reliability.42 This method uses 

alkynyl ethers to produce RCM precursors. Reaction of the alkynyl ether with an 

organocopper reagent produces RCM precursor 120. The side chain includes a 

masked alkene, which can easily be unmasked and thus ready to perform another 

round of the same reactions to further elaborate the polyether backbone. The length of 

the carbon chain can be tuned to match the desired ring size. The alcohol 117 was first 

converted into an alkynyl ether 118, and then subjected to reaction with the 

organocopper reagent formed from Grignard reagent 119. RCM with Grubbs 2nd 

generation catalyst gave bicyclic compound 121. Hydroboration and oxidation of both 

the alkene and silyl group followed by Peterson’s elimination gave the desired bicyclic 

compound 122 with an unmasked alkene side chain. This intermediate could undergo 

the same series of reactions to form a seven-membered ring (Scheme 28).  
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Scheme 28. Clark’s iterative sequence for the formation of polycyclic ethers 

To introduce a propenyl side chain instead of a butenyl side chain, slight modifications 

were made to the synthetic sequence (Scheme 29). The organocopper reagent was 

formed from phenyldimethylsilyl lithium and copper (I) cyanide which was then 

reacted with allene. This organocopper reagent was then subjected to reaction with 

alkynyl ether 118 to give desired masked alkene 123. RCM with Grubbs 2nd generation 

catalyst produced bicyclic compound 124. 124 could potentially be subjected to the 

same hydroboration/oxidation and Peterson elimination sequence as previously 

mentioned to afford bicyclic compound 125 with an unmasked alkene side chain.  

  
Scheme 29. Synthesis of bicyclic compound 125 

1.3 Gymnocins 

The gymnocin toxins which have so far been isolated from Karenia mikimotoi are known 

as gymnocin A 126 and B 127. Gymnocin A 126 and B 127 consist of 14 and 15 

contiguous polycyclic ether rings, respectively, with a 2-methyl-2-butenal side-chain. 
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Gymnocin A 126 was successfully isolated by Satake et al. in 2002,43 followed by the 

first successful total synthesis by Tsukano and Sasaki in 2003.44  Satake et al. went on 

to isolate gymnocin B 127 in 2005,45 although it wasn’t until 2019 that Jamison et al. 

reported the first and only successful total synthesis.2 

 
Figure 6. Gymnocin A 126 and B 127 

  1.3.1 Previous total synthesis of gymnocin B  

Jamison and coworkers employed a convergent, biomimetic approach to their total 

synthesis of gymnocin B.2 They produced the ABCD fragment 134 via a series of 

epoxide-opening cascades to form the ring systems (Scheme 30). 

 

Scheme 30. Jamison et al.’s synthesis of the A-D fragment 134 of gymnocin B  

They then focused on the synthesis of the FGH fragment 140. Again, an epoxide-

opening cascade of 136 was employed to form the seven membered rings of 138. In 

order to construct the six membered ring, conjugate reduction of ester 138 followed by 
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DIBAL-H reduction of the ester allowed spontaneous cyclisation to occur, forming the 

six-membered ring (Scheme 31). 

 

Scheme 31. Jamison et al.’s synthesis of the FGH fragment 140 of gymnocin B 

Triepoxide 142 was produced from a multi-step synthesis starting with aldehyde 141. 

An epoxide-opening cascade of 142 constructed the rings of the KLM fragment 144 

(Scheme 32).  

 

Scheme 32. Jamison et al.’s synthesis of the KLM fragment 144 of gymnocin B 

The ABCD fragment 134 was subjected to a hydroboration, and was then coupled with 

the FGH fragment 140 via a Suzuki-Miyaura coupling. The E ring was formed by ring-

closing via reductive etherification (Scheme 33). 
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Scheme 33. Jamison et al.’s synthesis of the A-H fragment 147 of gymnocin B 

Again, the KLM fragment 144 was subjected to hydroboration and then coupled with 

known fragment 148 via a Suzuki-Miyaura coupling. Removal of the TES group, 

oxidation of the resulting alcohol, and base-catalysed deacetylation led to 

spontaneous ring-closed to form the N ring (Scheme 34). 

 
Scheme 34. Jamison et al.’s synthesis of the J-O fragment 153 of gymnocin B 

The A-H fragment 147 was converted to enol ether 155, and the J-O fragment 153 was 

converted to phosphate 154. These two fragments were coupling via Suzuki-Miyaura 

coupling. Further functionalisation produced desired gymnocin B 127 (Scheme 35).  
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Scheme 35. Completion of gymnocin B 127 by Jamison et al. 

This synthesis has a large step count, and we believed that we could significantly 

reduce the number of steps through the use of the centrosymmetric/desymmetrisation 

strategy. 

 1.4 Bi-directional syntheses and desymmetrisation techniques 

In a bi-directional synthesis, reactions happen on both sides of a symmetric molecule 

concurrently, leading to a highly efficient synthesis. Often, a point is reached where 

different functionalities must be installed on either side of the molecule, and thus a 

desymmetrisation reaction must be employed. A desymmetrisation reaction is simply 

one which leads to the breaking of symmetry in a molecule. These reactions are 

performed asymmetrically, and they produce an enantioenriched pool of a key 

molecule from a meso starting material. 
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Many members of the marine ladder polyether (MLP) family contain hidden elements 

of symmetry within their polycyclic ether skeleton. If this can be exploited in their 

synthesis, it lends itself to a more efficient bidirectional synthesis of the key fragments.  

In 1988, Jones and Dodds reported the first asymmetric desymmetrisation of a 

centrosymmetric molecule through the use of enzymatic catalysis.46 Symmetrical 

diketones 157 and 158 were reduced with horse liver alcohol dehydrogenase (HLADH), 

to afford ketones 159 and 160 in high ee (Scheme 36). 

 
Scheme 36. First asymmetric desymmetrisation of a centrosymmetric molecule  

Enzymes can be powerful tools in organic synthesis. Enzymatic reactions often benefit 

from impressive ee values, mild conditions, and are considered to be ‘green’ as they 

can be performed in aqueous conditions. However, the use of enzymes also presents 

with significant challenges.47 Enzymes tend to have high substrate specificity, and thus 

may not act on a desired unnatural substrate. While performing reactions in 

physiological aqueous conditions is beneficial from an environmental standpoint, 

many organic substrates will not be soluble in these conditions, and the enzyme may 

not be compatible with the organic solvents required. Many enzymatic systems require 

the use of cofactors, and this further complicates their application. If whole cell 

systems cannot be utilised (e.g. due to cell penetration issues), then considerations 

for regeneration of the cofactor will need to be made.48 And lastly, enzymes may not be 

cost-effective, as some commercially available enzymes can be highly expensive. 

  1.5.1 First non-enzymatic desymmetrisation 

In 1981, Hirao and coworkers reported the first asymmetric reduction of ketones with 

alkoxy-amine-borane complexes.49 Corey, Bakshi, and Shibata further expanded on 

this work and reported the first asymmetric reduction of ketones using a chiral 

oxazaborolidine catalyst in 1987.50 This reaction and catalyst became commonly 

known as the ‘CBS reduction’ and the ‘CBS catalyst’ (Scheme 37). 
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Scheme 37. Asymmetric reduction with a CBS catalyst 

Spivey et al. reported the first non-enzymatic asymmetric desymmetrisation of a 

centrosymmetric molecule in 1999.51 In order to synthesise meso compound 165, 

2-pyridone 163 was subjected to irradiation to produce photodimer 164. The amide 

carbonyl groups were activated by Boc protection of the nitrogen atoms. To 

desymmetrise meso compound 165, asymmetric reduction of a single carbonyl was 

performed. The use of the CBS catalyst afford ketone 167 in impressive ee (Scheme 

38).  

 

Scheme 38. First non-enzymatic desymmetrisation of a centrosymmetric molecule  

  1.5.2 Synthesis of the AB fragment of hemibrevetoxin B 

The first use of a centrosymmetric precursor combined with a desymmetrisation 

reaction to synthesise an MLP was reported by Nelson et al. in 2001. In this case, 

precursor to the AB fragment of hemibrevetoxin B 168 was prepared by 

desymmetrisation of bis-epoxide 180.52 Hemibrevetoxin B (Figure 7) is produced by  the 

organism Karenia brevis53 and is a voltage-dependent sodium channel agonist.54 The 

AB ring system of hemibrevetoxin is a centrosymmetric fused 7,7-oxepane 

functionality.  

 
Figure 7. Hemibrevetoxin B 168 
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In 1998, Nakata reported a total synthesis of hemibrevetoxin B. In this synthesis, 

intermediate 173 was produced in a traditional, non-bidirectional manner. 

Intermediate 173 was then converted into hemibrevetoxin B 168 in 32 steps (Scheme 

39).55 

 

Scheme 39. Synthesis of hemibrevetoxin B 168 via key intermediate 173 

Nelson and co-workers recognised that intermediate 173 could be produced via a 

bidirectional synthesis followed by a desymmetrisation of centrosymmetric 

intermediate 180, which would significantly reduce the amount of steps required to 

produce hemibrevetoxin B (Scheme 40).52 The synthesis began with cross-metathesis 

of commercially available 5-hexen-2-one 174 using the Grubbs 1st generation catalyst. 

The cross-metathesis product 175 was obtained in a 92 % yield and a 2:1 E/Z ratio. 

Enedione 175 was epoxidised with m-CPBA afforded epoxide 176. Cyclisation of 

epoxide 176 in the presence of PPTS and MeOH gave bicyclic system 177. Interestingly, 

the product of this reaction is initially 181, which equilibrates to afford the fused 

bicyclic structure. Bicyclic acetal 177 was subjected to nucleophilic substitution with 

propargyl trimethylsilane to produce di-allene 178. This reaction demonstrated 

excellent stereocontrol and the di-axially substituted product was isolated in >99:1 dr.  

Bis-aldehyde 179 was accessed via ozonolysis followed by reductive work-up. Sulfur 

ylide-mediated epoxidation afforded bis-epoxide 180 in >20:1 dr. 
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Scheme 40. Bidirectional synthesis of bis-epoxide 180 

In order to desymmetrise the molecule and develop each side of the molecule 

individually, they decided to perform an enantioselective epoxide hydrolysis with 

Jacobsen’s salen catalyst 183. Jacobsen’s enantioselective epoxide hydrolysis is 

attractive as the only required reagents are water and a recyclable cobalt catalyst. Diol 

182 was isolated in a 98 % yield and >95 % ee. Diol 182 was converted to acetonide 

173 by acid-catalysed reaction with 2,2-dimethoxypropane (Scheme 41). Epoxide 173 

could be subjected to the 32-step synthesis of hemibrevetoxin B 168 reported by 

Nakata et al. as discussed above. 

 
Scheme 41. Desymmetrisation of bis-epoxide 180 via enantioselective hydrolysis 

1.5.3 Desymmetrisation of a centrosymmetric bis-aldehyde 

In 2007, Nelson et al. developed a new desymmetrisation procedure for bis-aldehyde 

179, which had previously been desymmetrised via the enantioselective epoxide 

hydrolysis discussed in Section 1.4.2. This desymmetrisation method involved carbon-

carbon bond formation.56 
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They reported a new synthesis of bis-aldehyde 179 which began with commercially 

available trans-1,4-dibromo-2-butene 184. Reaction with 4-acetylmorpholine afford 

bis-acetylmorpholine 185. 185 was converted to diketone 186 in the presence of MeLi 

and CeCl3. Epoxidation with oxone led to cyclisation, and then formation of bis-acetal 

177 in the presence of acidic methanol. Allene formation followed by ozonolysis 

produced desired bis-aldehyde 179 (Scheme 42). 

 
Scheme 42.  Bi-directional synthesis of the centrosymmetric bis-aldehyde 179 

Bis-aldehyde 179 was desymmetrised via an asymmetric aldol reaction with Zn 

catalyst 187 (Scheme 43). This reaction achieved good ee with moderate to good yields 

for most of the ketones used. This is a useful method for asymmetric desymmetrisation 

of compounds as it desymmetrises and increases the complexity of the molecule in a 

single step. 

 
Scheme 43. Desymmetrisation of bis-aldehyde 179 
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  1.5.4 Synthesis of enyne 188 and elatenyne 187 

Burton and coworkers demonstrated the effectiveness of bidirectional elaboration of 

a fused bicyclic ether during their synthesis of elatenyne and an enyne produced by 

Laurencia majuscula.57 Laurencia majuscula is an algal species that has been the 

source of many isolated natural products. Elatenyne 188 was isolated in 1986 and the 

structure was determined by 1H and 13C NMR spectroscopic analysis. The enyne 189 

was isolated more recently in 1993 and its structure was also assigned via NMR 

spectroscopy. In their synthesis of these two natural products, Burton et al. decided to 

take advantage of the C2 symmetry within the molecule and use a bidirectional 

approach (Scheme 44). They envisioned that the side chains could be installed via 

functionalisation and manipulation of tetrol 190. Tetrol 190 would be accessed from 

ozonolysis of diene 191, which itself would be synthesised via epoxidation of enol ether 

192 and epoxide-opening with a nucleophilic allyl species. Enol ether 192 was 

postulated to be produced from acetal 194, which would be synthesised from the diol 

194. Bis-ester 195 would be converted to diol 194. 

 
Scheme 44. Retrosynthesis of elatenyne 188 and enyne 189 

In order to synthesise acetal 193, first a four-step procedure partially reported by 

Sasaki and coworkers to lactone 196 was followed,58 giving the desired lactone in a 75 

% yield over four steps. Reduction of the lactone 196 and acetyl protection with acetic 

anhydride afforded the bis-acetate 197 in an 83 % yield. Finally, treatment of bis-

acetate 197 with acidic methanol produced a mixture of acetals 193a, 193b, and 198 

(Scheme 45). Acetals 193a and 193b were obtained as a separable 1.3:1 mixture, along 

with diastereomers of 198 (ca 17% of mixture). 
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Scheme 45. Synthesis of acetals 193a, 193b, and 198 

Initially, they imagined that enol ether 192 could be accessed from elimination of both 

methoxy groups from acetals 193a and 193b, but they discovered that all of the acetals 

193a, 193b, and 198 produced enol ether 192 when subjected to the reaction 

conditions. Epoxidation of enol ether with mCPBA afforded epoxide 199. Epoxide-

opening with diallylmagnesium installed the allyl side chains in 191 as a mixture of 

diastereomers. The free hydroxyl groups were TBS-protected and ozonolysis of the 

terminal alkenes afforded diol 200 (Scheme 46).  

 
Scheme 46. Bi-directional synthesis of diol 200 

With desired diol 200 in hand, they now focused effort on the desymmetrisation 

reaction. In order to install the desired ethyl side chain, they aimed to perform 

monotosylation of the diol 200. Unfortunately, all efforts to perform monotosylation 

resulted in disappointing yields of 30 % or less. They also found that mono-oxidation of 
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diol 200 resulted in discouraging yields. For this reason, they instead attempted to 

perform monosilylation. They took inspiration from Schreiber et al., who reported 

monosilyation as a successful method for the desymmetrisation of C2-symmetric 

molecules.59 Diol 200 was subjected to silylation with 1 eq. of TESCl to afford alcohol 

201 in a 48 % yield. The unwanted bis-silylated product could undergo selective TES 

deprotection by treatment with potassium carbonate and methanol, and the resulting 

diol 200 could be resubjected to monosilylation conditions. Alcohol 201 was tosylated 

and reduced with lithium triethylborohydride to afford 202 with the desired ethyl side 

chain. TES deprotection followed by TPAP oxidation afforded aldehyde 203. A 

Yamamoto-Peterson reaction was then used to couple mono-aldehyde 203 and the 

silyl alkyne to give a Z-enyne 204. Removal of the TBS groups under acidic conditions 

produced diol 205 which was converted to a bis-triflate. Di-bromination with 

tetrabutylammonium bromide (TBAB) afforded bis-bromide 206. Removal of the TMS 

group in the presence of TBAF afforded desired natural product elatenyne 188 (Scheme 

47).  

 
Scheme 47. Synthesis of elatynyne 188 

With the synthesis of elatenyne 188 successfully completed, the authors focused their 

efforts on the synthesis of enyne 189. To do this, a diastereomeric mixture of diol 191 
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was subjected to the desymmetrisation procedure, which delivered alcohol 207 in a 42 

% yield. Triflation of 207 followed by reaction with tetrabutylammonium chloride 

afforded the desired chloride 208. The stereochemistry of the hydroxyl-bearing carbon 

was incorrect, and was inverted through an oxidation/reduction sequence to afford 

alcohol 209. Alcohol 209 was converted to enyne 189 in seven steps (Scheme 48). 

 
Scheme 48. Desymmetrisation of diol 191 and synthesis of enyne 189 
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2. Project aims and strategy 

A key focus of the work in the Clark group over the last several years has been the 

synthesis of MLPs.60–62 As discussed in Section 1, the current reported syntheses of 

MLPs have high step counts with low overall yields. The work in the Clark group has 

attempted to develop shorter, more efficient syntheses. In her efforts towards the total 

synthesis of hemibrevetoxin B, Dr Jessica Elwood decided to employ a bidirectional 

synthesis with a desymmetrisation step. A bidirectional synthesis allows both sides of 

a symmetric molecule to be built up at the same time, and the desymmetrisation step 

removes the symmetry and allows each side to be functionalised individually when 

necessary. Dr Jessica Elwood identified diketone 210 as the key symmetric 

intermediate which would undergo desymmetrisation (Figure 8).63  

 

Figure 8. Structure of key symmetric intermediate 210 

While her work focused on the synthesis of hemibrevetoxin B, it was noted the diketone 

210 could potentially be a key intermediate in the total synthesis of several MLPs, 

making this bidirectional/desymmetrisation strategy a general strategy in the synthesis 

of MLPs. Desymmetrisation of diketone 210 would allow functionalisation to occur on 

one side of the molecule and this would give the ability to access a wide-range of 

molecules from this one intermediate.  If a desymmetrising reduction of diketone 210 

could be performed, a hydroxyl group on one side of the molecule could be exploited 

to perform a ring formation, providing access to a tricyclic compound. Another option 

would be ring expansion of one of the six-membered rings in order to synthesis [6,7]- 

or [6,8]-fused bicyclic systems.  

This project aims to provide a general and efficient route to MLP synthesis via 

bidirectional synthesis of diketone 210 with a key desymmetrisation reaction. This 

allows both sides of a molecule to be developed at the same time, significantly 

reducing the number of synthetic steps. The desymmetrisation of diketone 210 will 

break the symmetry and allow each side of the molecule to be functionalised 

separately when necessary. This approach could be applied to multiple intermediates 
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which could be coupled together in the final steps of the synthesis, allowing for a highly 

efficient convergent synthesis. 

In order to prove the applicability of this approach, it was decided to use this approach 

in the total synthesis of gymnocin B. The retrosynthetic analysis of gymnocin B 127 is 

outlined below (Scheme 49). Gymnocin B 127 could be synthesised via coupling of 

fragments 219 and 220 followed by a further ring closure and introduction of the 2-

methy-2-butenal side chain. Fragments 219 and 220 would be accessed from various 

functionalisations of fragments 217 and 218. Fragments 217 and 218 could be 

produced by RCM of fragments 215 and 216. Addition of an α,β-unsaturated ketone to 

213 and 214 was proposed to give fragments 215 and 216. O-vinylation of 212a and 

212b followed by RCM would afford a tetracyclic enol ether. This enol ether would 

undergo a similar series of reaction as shown below in Section 3.1 (epoxidation, 

epoxide-opening, vinylation) to afford the vinylated alcohol 213. Oxidation of the 

alcohol and nucleophilic attack of a methyl group onto the ketone would produce the 

desired methylated compound 214. Fragments 212a and 212b were envisaged to be 

accessed from 211a and 211c. Fragments 211a and 211c result from 

desymmetrisation of diketone 210. 

This largely bidirectional synthesis allows for complexity to be built up very quickly. For 

example, RCM of fragment 215 produces a hexacyclic molecule from a tetracyclic 

starting material. This strategy is highly advantageous as it significantly reduces the 

steps necessary to access gymnocin B. Another advantage to this approach is the use 

of the key desymmetrisation step; coupling partners 219 and 220 can be traced back 

to the same centrosymmetric diketone 210. This significantly simplifies the synthesis, 

as the first eight steps produce the intermediate needed for both coupling partners. 

Additionally, diketone 210 is itself produced in an efficient bidirectional manner. 
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Scheme 49. Retrosynthetic analysis of gymnocin B 127 

In order to prove that this approach is more general than just the total synthesis of 

gymnocin B, fragments of various MLPs will be synthesised (Scheme 50). These 

fragments can be accessed from ring expansions of 221, which comes from 

desymmetrisation and protection of diketone 210. 
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Scheme 50. Proposed synthesis of various MLP fragments 
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3. Previous Work in Clark Group 

 3.1 Synthesis of diketone 210 

As discussed above, Dr Jessica Elwood identified diketone 210 as a key intermediate 

in her synthesis of hemibrevetoxin B, and so she developed a synthetic route for 

diketone 210. Initially, the synthesis of diketone 210 began with an Upjohn 

dihydroxylation of 1,5-cyclooctadiene 226 to afford diol 227 in a poor yield. This was 

followed by acetonide protection of the diol and then ozonolysis with reductive work-

up to afford bis-aldehyde 229. When the acetonide was cleaved under acidic 

conditions in the presence of methanol, the deprotected product underwent 

spontaneous cyclisation to afford a mixture of acetals 230 and 231. Following Burton’s 

conditions for the synthesis of the cis-fused bis-enol ether,57 the trans-fused enol ether 

232 was produced in good yield (Scheme 51).  

 
Scheme 51. Original synthesis of enol ether 232 

Due to a low-yielding first step, a new synthetic route was developed. In this route, a 

bis-dihydroxylation of 1,5-cyclooctadiene was performed to afford tetrol 233. Addition 

of DABCO significantly improved the reaction rate. Acetonide protection of one of the 

diol functionalities followed by oxidative cleavage with sodium metaperiodate 

produced bis-aldehyde 234. As before, acetonide deprotection and reaction under 

Burton’s conditions gave enol ether 232. This new synthetic route afforded enol ether 

232 in a 37 % overall yield, significantly improved compared to the 16 % overall yield 

achieved by use of the first route (Scheme 52). 
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Scheme 52. Improved synthesis of 232 

It was then discovered that treatment of tetrol 233 with careful consideration of 

equivalents of sodium metaperiodate in water led to cleavage of one diol, followed by 

spontaneous intramolecular cyclisation to produce a mixture of lactols 235 and 236 

(Scheme 53). This removed the need for protection of one of the diols. 

 
Scheme 53. One-step synthesis of lactols 235 and 236 from tetrol 233 

If this reaction was performed in the presence of acidic methanol, desired acetals 230 

and 231 could be produced in just two steps from commercially available 

1,5-cyclooctadiene 226 (Scheme 54). 

 
Scheme 54. One-step synthesis of acetals 230 and 231 from tetrol 233 

With a reliable route to enol ether 232 now established, efforts moved to 

functionalisation of this enol ether. The first method that was explored was epoxidation 

followed by epoxide-opening with an allyl Grignard reagent. Unfortunately, epoxidation 

with DMDO followed by epoxide-opening of bis-epoxide 237 with allylmagnesium 

bromide resulted in a disappointing 5 % yield of diol 238 (Scheme 55).  

 
Scheme 55. Synthesis of diol 238 via epoxide-opening with allylmagnesium bromide 

Burton and coworkers had been successful in epoxidation of their cis-fused bis-enol 

ether followed by epoxide-opening with diallyl magnesium. Disappointingly, using the 
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same conditions on the trans-fused system afforded diol 238 in just 4 % yield over two 

steps (Scheme 56). 

 
Scheme 56. Synthesis of diol 238 via epoxide-opening with diallyl magniesium 

Extensive testing of conditions gave a disappointing maximum yield of 10 % (Table 1). 

Table 1. Conditions used for epoxide-opening 

 

Entry Epoxidation conditions Epoxide-opening 

conditions 

Yield 238 

(%) 

Yield 239 

(%) 

1 mCPBA, CH2Cl2, 0 °C, 30 

min 

AllylMgBr, THF, 0 °C to 

rt, 3 h 

2 5 

2 mCPBA, KF, CH2Cl2, 0 °C 

to rt, 4 h 

AllylMgBr, THF, 0 °C to 

rt, 4 h 

5 - 

3 mCPBA, KF, CH2Cl2, 0 °C 

to rt, 4 h 

AllylMgBr, THF, −78 °C 

to rt, 4 h 

8 - 

4 mCPBA, KF, CH2Cl2, 0 °C 

to rt, 4 h 

AllylMgBr, THF, 0 °C to 

rt, 18 h 

10 - 

5 mCPBA, KF, CH2Cl2, 0 °C 

to rt, 18 h 

AllylMgBr, THF, 0 °C to 

rt, 2 h 

Decomp. Decomp. 

6 mCPBA, KF, Et2O, 0 °C, 4 h AllylMgBr, Et2O, 0 °C to 

rt, 18 h 

8 6 

 

These poor yields were attributed to significantly reduced stability of the trans-fused 

bis-epoxide compared to the cis-fused isomer used by Burton and coworkers. It was 

evident that any strategy that involved isolation of epoxide 238 would not be viable. 
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The next approach involved a Claisen rearrangement. The Claisen rearrangement 

precursor targeted was 240, which was expected to undergo elimination to produce 

241, followed by a Claisen rearrangement to afford diketone 210 (Scheme 57).  

 

Scheme 57. Claisen rearrangement-based retrosynthesis of diketone 210 

Bis-acetal 242 was accessed via epoxidation/in-situ epoxide-opening with methanol. 

An in-situ epoxide-opening avoided the issue of epoxide-instability, and bis-acetal was 

accessed in an 88 % yield.  With acetal 242 in hand, O-allylation with allyl bromide 

afforded Claisen precursor 241 in a 60 % yield (Scheme 58). 

 

Scheme 58. Synthesis of Claisen rearrangement precursor 241 

Unfortunately, all reaction conditions used for the Claisen rearrangement failed to 

deliver the desired diketone 210 (Table 2). 

Table 2. Attempted Claisen rearrangement conditions 

 

Entry Conditions Result 

1 PPTS, pyridine, toluene, 130 °C 241 recovered 

2 p-TsOH, quinoline, 190 °C 241 recovered 

3 TMSCl, NaI, HMDS, MeCN, rt Decomp. 

 

The next route explored involved formation of acetate 243 followed by C-allylation to 

introduce the allyl groups. Enol ether 232 was epoxidised using mCPBA in the presence 

of acetic acid as a co-solvent. The acetic acid acted as a nucleophile and opened the 

epoxide, producing bis-acetate 243 (Scheme 59).  
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Scheme 59. Synthesis of bis-acetate 243 

The free hydroxy groups were protected with benzoyl groups in order to improve 

solubility. Benzoyl protected compound 244 was then subjected to C-allylation in the 

presence of allylTMS and a mixture of Lewis acids BF3·OEt2 and TMSOTf. Interestingly, 

this reaction did not proceed if either Lewis acid was used individually. Aggarwal and 

coworkers have reported that, when combined, BF3·OEt2 and TMSOTf produce 

BF2OTf·OEt2, a significantly more powerful Lewis acid.64 In the presence of BF2OTf·OEt2, 

the desired bis-allylated product 245 was obtained in good yields. Debenzoylation with 

potassium carbonate in methanol afforded diol 238a (Scheme 60). 

 
Scheme 60. C-allylation to produce diol 238a 

It was now necessary to oxidise diol 238a to afford diketone 246 (Scheme 61). Both 

Swern and DMP oxidation reactions were attempted; the Swern oxidation afforded 

diketone 246 in a 50 % yield, whereas the DMP oxidation afforded diketone 246 in a 79 

% yield. 

 

Scheme 61. Oxidation of diol 238a 

Disappointingly, the major diastereomer obtained from both oxidation reactions was 

the undesired diastereomer in which both allyl groups were located in axial positions. 

Thus, epimerisation with DBU was necessary to access the desired diketone 210 

(Scheme 62).  

 

Scheme 62. Epimerisation of diketone 246 to desired diketone 210 
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 3.2 Desymmetrisation 

  3.2.1 CBS reduction 

The first attempt to desymmetrise diketone 210 involved the use of the Corey-Bakshi-

Shibata (CBS) reduction protocol. Three different CBS catalysts were used; (R)-

Me-CBS 247, (R)-nBu-CBS 248, and (R)-H-CBS 249 (Figure 9).   

 
Figure 9. Structure of CBS catalysts 247, 248, and 249 

Desymmetrisation to mono-alcohol 211a was attempted. The (R)-Me-CBS 247 was 

used at 0 °C and −78 °C. At 0 °C, it afforded both poor yields and product with low ee. 

When the reaction was performed at −78 °C, the ee was improved but the yield was 

significantly reduced. Additionally, production of the undesired diastereomer 211b 

was observed when the reaction was performed at −78 °C (Scheme 63).  

 
Scheme 63. Reduction of diketone 210 with (R)-Me-CBS 

The (R)-H-CBS catalyst 249 was generated in-situ from lactam 250 and BH3·THF. This 

catalyst gave the best yield at 25 %, but it also gave the lowest ee of just 5 % (Scheme 

64). 

 
Scheme 64. Asymmetric reduction of diketone 210 with (R)-H-CBS catalyst 234 
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Unfortunately, although good ee values were obtained when the (R)-nBu-CBS catalyst 

248 was used, the very low yield (of 8 %) prevented this from being a viable method for 

desymmetrisation (Scheme 65).  

 
Scheme 65. Reduction of diketone 210 with (R)-nBu-CBS catalyst 248 

  3.2.2 Metal-catalysed hydrosilylation 

Hydrosilyation is a reaction in which Si-H bonds are added across C=C or C=O bonds. 

This can be used as a method for ketone reduction, because the silyl group can easily 

be removed, to give a free hydroxyl group. After the lack of success with the CBS 

reduction, an asymmetric metal-catalysed hydrosilylation reaction was chosen as the 

desymmetrisation method. Riant and coworkers reported an efficient system for the 

asymmetric hydrosilylation of ketones.65 This technique employed the use of a 

CuF2/(S)-BINAP system with phenylsilane as the silane source. Raint and coworkers 

reported quantitative yields with ee values of up to 92 %. Unfortunately, when this 

system was applied to diketone 210, low ee values and significant amounts of over-

reduction to the diol 238b were observed (Scheme 66). 

 
Scheme 66. Asymmetric reduction of diketone 210 

Although the yields were significantly improved compared to those obtained when 

using the CBS catalysts, modest ee values meant this approach was not viable (Table 

3). The best result achieved by use of this method was a 60 % yield with a product ee 

of 70 %, and significant amounts of diol 238b were obtained (Table 3, Entry 4). 
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Table 3. Attempted conditions for the Cu-catalysed reduction of diketone 210 

Entry Conditions Result 

1 BINAP (5 mol%), CuF2 (5 mol%), PhSiH3 (2.5 

eq.), toluene, air, 23 °C 

10 % 211a, 75 % ee, 238b 

major product 

2 BINAP (10 mol%), CuF2 (10 mol%), PhSiH3 (1.1 

eq.), toluene, air, 0 °C 

62 % 211a, 50 % ee, trace 

238b 

3 BINAP (3 mol%), Cu(OAc)2·H2O (6 mol%), 

PhSiH3 (1.5 eq.), toluene, Ar, 0 °C 

Trace 211a, 70 % ee, 238b 

major product 

4 BINAP (3 mol%), Cu(OAc)2·H2O (6 mol%), 

PhSiH3 (1.0 eq.), toluene, Ar, 0 °C 

60 % 211a, 70 % ee, 20 % 

238b 

 

A rhodium-based catalytic system developed by Nishiyama and coworkers was then 

explored (Table 4).66 This method delivered product with high ee values, but conversion 

was poor initially. It was decided to take this method forward based on impressive ee 

values, and attempt to optimise the reaction conditions to improve conversion. 

Table 4. Attempted conditions for the Rh-catalysed reduction of diketone 210 

Entry Conditions Yield 211a Yield 

238b 

(%) 

ee 

211a 

(%) 

1 [(S)-iPrPybox]RhCl3 (5 mol%), (S)-iPrPybox (20 

mol%), AgBF4 (10 mol%), Ph2SiH2 (1.2 eq.), THF, 

Ar, rt 

71 % brsm 

(10 % 

conversion) 

Trace >95 

2 [(S)-iPrPybox]RhCl3 (5 mol%), (S)-iPrPybox (20 

mol%), iPrOH, piperidine, Ph2SiH2 , THF, Ar, 96 h 

52 35 >95 
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4. Results and Discussion 

 4.1 Synthesis of diketone 210 

As discussed in Section 2 and Section 3, diketone 210 is a common functionality found 

within the MLP family. Dr. Jessica Elwood synthesised it in her work towards 

hemibrevetoxin B. It is also found in gymnocins A and B, and could potentially provide 

access to other key ring systems (e.g. ring expansion to a fused [7,7]-ring system).  

Initially, the synthesis of diketone 210 was carried out using Dr Jessica Elwood’s 

synthetic route.63 The synthesis of diketone 210 began with Upjohn bis-dihydroxylation 

of 1,5-cyclooctadiene 226 (Scheme 67). This reaction afforded desired tetrol 233 in a 

91 % yield. 

 

Scheme 67. Bis-dihydroxylation of 1,5-cyclooctadiene 226 to produce tetrol 233 

The Upjohn dihydroxylation was developed in 1976 as a modification to the standard 

dihydroxylation reaction at the time. In the original procedure, stoichiometric amounts 

of the highly toxic and expensive osmium tetroxide were required. In the Upjohn 

dihydroxylation reaction conditions, the additive N-methylmorpholine N-oxide (NMO) 

is used as a stoichiometric oxidant to regenerate the osmium tetroxide after 

dihydroxylation is complete, allowing the use of catalytic amounts of osmium tetroxide 

(Scheme 68).67 
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Scheme 68. Catalytic cycling of the Upjohn dihydroxylation  

With decagram quantities of tetrol 233 in hand, the mixture of acetals 230 and 231 was 

produced via oxidative cleavage of one of the 1,2-diols present in the substrate, 

followed by cyclisation in the presence of acidic methanol (Scheme 69). This reaction 

gave a mixture of the fused bicyclic bis-acetal 230 and the linearly conjoined bis-acetal 

231 in good yield. 

 

Scheme 69. Synthesis of acetals 230 and 231 

The mixture of bis-acetals 230 and 231 was converted into the fused bicyclic bis-enol 

ether 232 by subjecting it to conditions reported by Burton and coworkers (Scheme 

70).57 The methoxy groups were replaced by iodide groups upon the addition of sodium 

iodide and TMSCl. The addition of base led to deprotonation and displacement of the 

iodide groups to form enol ether 232. 

 

Scheme 70. Synthesis of enol ether 232 

Burton and coworkers reported that both acetals 193 and 198 undergo the 

transformation to enol ether 192, and they proposed a mechanism for this reaction 
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(Scheme 71). Exchange of one methoxy group with an iodide followed by spontaneous 

loss of the iodide produces oxocarbenium ion 251.  Cyclisation of 251 affords a tricyclic 

intermediate 252. This intermediate opens to form second oxocarbenium ion 253, 

which also undergoes cyclisation to form second tricyclic intermediate 254 which 

undergoes ring-opening to afford third oxocarbenium ion 255. Nucleophilic attack of 

an iodide to the oxocarbenium ion and exchange of the remaining methoxy group with 

an iodide affords bis-iodide 256. Addition of base (HMDS) affords desired enol ether 

192.   

 

Scheme 71. Proposed mechanism for the formation of enol ether 19257 

Enol ether 232 was epoxidised with mCPBA and then underwent in-situ epoxide 

opening using acetic acid to afford bis-acetate 243 (Scheme 72). This reaction was 

performed under anhydrous conditions as significant amounts of the tri- or tetrol may 

be produced if water is present. Initial attempts at this reaction suffered from 

purification difficulties due to the high polarity of bis-acetate 243, leading it to become 

‘stuck’ on the silica gel during flash column chromatography. It was found that the use 

of wide, short pads of silica for flash column chromatography were sufficient to remove 

mCPBA and its byproducts while avoiding loss of product. 

  

Scheme 72. Synthesis of bis-acetate 243 

This reaction produces multiple diastereomers as there is no stereocontrol in the 

epoxidation or epoxide-opening. Epoxidation can occur from either face of the 

molecule, producing diastereomers. Attack of acetic acid onto these diastereomers 

can also occur from either side of the molecule. It is possible that some interactions 

such as hydrogen bonding between the acetic acid and the epoxide oxygen may bias 
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the dr towards one of the diastereomers, however the ratio of diastereomers was not 

investigated. Ultimately, the stereochemical outcome of this reaction is not of concern 

as the hydroxyl groups are later oxidised and the anomeric position can be altered by 

epimerisation. 

Due to the insolubility of bis-acetate 243 in the solvent required for C-allylation, it was 

necessary to benzoyl protect the free hydroxyl groups. Benzoylation with benzoic 

anhydride, triethylamine, and DMAP afforded the desired protected bis-benzoate 244 

in good yield (Scheme 73).  

 

Scheme 73. Benzoyl protection of bis-acetate 243 

Upon successful dissolution of 244 in CH2Cl2, C-allylation was accomplished by a 

Sakurai reaction with allylTMS to produce bis-allylated compound 245 (Scheme 74).  

 

Scheme 74. C-allylation of 244 

This allylation is a Sakurai-type C-allylation. Allylation by allylTMS and activation of the 

electrophile by a Lewis acid are key components of the Sakurai allylation reaction. Loss 

of one acetate group affords an oxocarbenium ion. Nucleophilic attack by allylTMS 

followed by loss of the TMS group affords the desired allylated product (Scheme 75). 

The β-silicon effect allows the allylTMS to act as a nucleophile and stabilise the 

primary carbocation.  

 

Scheme 75. Mechanism of C-allylation 
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Following C-allyation, the benzoyl groups were removed by treatment of 245 with 

potassium carbonate and methanol to afford diol 238 (Scheme 76). 

 

Scheme 76. Benzoyl deprotection of 245 

With both hydroxyl groups deprotected, the next step was to oxidise them to afford 

diketone 246. Oxidation of diol 238 with Dess-Martin periodinane was performed 

(Scheme 77), but reliability issues were encountered with this reaction. 

 

Scheme 77. DMP oxidation of diol 238 

It is known that the presence of water can improve the yield and rate of reaction of the 

DMP oxidation. This is a result of water reacting with DMP and producing a more 

powerful oxidant in situ (Scheme 78).68  

 

Scheme 78. Proposed explanation for the water-induced rate increase of DMP oxidations68 

Addition of water to the oxidation reaction was attempted, but no significant changes 

were noticed. It was then postulated that the diastereomers of 238 could have different 

rates of reactions in the oxidation, thus contributing to the variability in the outcome 

from the oxidation reaction.  

The isolated diastereomers were individually subjected to the same oxidation 

conditions, but no significant differences in yields or rates of reaction were observed 

between the comparable reactions. Thus, it was decided to explore a variety of 

different oxidation methods. These attempted reactions are outlined in Table 5. 
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Table 5. Attempted oxidations for the synthesis of diketone 246 

 

Oxidation Yield (%) 

Freshly synthesised DMP 30 

IBX 38 

Parikh-Doering Decomposition 

Attempted by co-workers:  

Jones 36 

PCC 50 

TPAP 0 – 50 

Oppenauer 0 

TEMPO Decomposition 

NaOCl Decomposition 

Albright-Goldman 64 

 

The Albright-Goldman oxidation was selected as the most successful oxidation 

method. This oxidation was reported in 1965 and it uses an ‘activated DMSO’ species 

as the oxidant (Figure 10).69 DMSO reacts with acetic anhydride to produce an 

intermediate which is sufficiently electrophilic to be attacked by the alcohol. This 

method afforded improved and more reliable yields in comparison to the DMP 

oxidation when applied to diol 246. 

 

Figure 10. Mechanism of the Albright-Goldman oxidation 
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Unfortunately, the major diastereomer from the C-allylation possesses allyl groups in 

the axial position of each ring, whilst the desired diketone 210 requires them to be in 

the equatorial position. In order to obtain the correct diastereomer 210, an 

epimerisation reaction of diketone 246 was performed with diazabicycloundecane 

(DBU) (Scheme 79). This method routinely afforded diketone 210 in a 6-10:1 ratio of 

desired epimer 210 to undesired epimer 246.  

 

Scheme 79. Epimerisation of diketone 246 

The epimerisation could be clearly observed by 1H NMR spectroscopy. The protons at 

C1/C2 display an upfield shift in the spectrum of the required diastereomer as 

compared to the spectrum of the undesired epimer, and the protons at C3/C4 display a 

downfield shift (Figure 11). 

 

Figure 11. Comparison of 1H NMR spectra of diketone 246 and epimerised diketone 210 
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An X-ray crystal structure of desired epimer 210 was obtained (Figure 12). 

 

Figure 12. X-Ray crystal structure of diketone 210 

Though diketone 210 could now reliably be accessed in 9 steps, the need for protection 

of the hydroxyl groups to improve solubility of diol 238 was not particularly elegant and 

required two extra steps. A one-pot allylation method was developed to circumvent 

this issue. This method involved in situ TMS protection of the hydroxy groups, 

increasing the solubility of the starting material in the reaction solvent. Subsequent 

addition of the Lewis acids and allylTMS resulted in in situ removal of the TMS groups 

and provided the allylated diol in a single operation (Scheme 80).  

 

Scheme 80. One-pot C-allylation of bis-acetate 243 

When monitoring C-allylation progress by TLC, three major products were observed. 

The diastereomers were separated, and a crystal structure of one of the isomers was 

obtained (Figure 13). 

 
Figure 13. X-ray crystal structure of diol 238 

Diketone 210 could now be accessed on a multigram scale in six steps and with an 

overall yield of 14 % (Scheme 81). 
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Scheme 81. 7-step synthesis of diketone 210 from 1,5-cylooctadiene 226 

 4.2 Desymmetrisation of diketone 210 

  4.2.1 Background 

Brunner and Kürzinger reported the enantioselective hydrosilylation of ketones with 

[Rh(COD)Cl]2 and pyridinethiazolidine ligands.70 They successfully produced fifty-eight 

unique silyl ethers using this new method, and these silyl ethers were subsequently 

hydrolysed to the corresponding secondary alcohol (Scheme 82). The most successful 

ligands used were 257 and 258. 

 

Scheme 82. First reported enantioselective Rh-catalysed hydrosilylation of ketones and 

subsequent hydrolysis 

Brunner and Kürzinger explored the reaction scope using a wide range of substrates 

and noted that functional groups appeared to have a large impact on ee values. Aryl 

and heterocyclic ketones were reduced to give alcohols with ee values of ≥80 %, but 

linear alkyl ketones could only be reduced to give products with a maximum ee of 50 

%. In 35 of the 58 cases, ligand 258 provided better ee values than ligand 257 (Table 6). 
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Table 6. Substrate scope of the first reported enantioselective Rh-catalysed 

hydrosilylation of ketones 

Entry R R’ Yield 

(%) 

ee (%) 

(ligand 257) 

ee (%) 

(ligand 258) 

1 Ph Me 90 79 85 

2 2-chlorophenyl Me 95 78 83 

3 Phenyl Et 90 61 74 

4 2-pyridyl Me 90 73 88 

5 Butyl Me 80 44 52 

6 Heptyl Et 85 11 19 

 

Nishiyama et al. further developed this work on asymmetric rhodium-catalysed 

hydrosilylation reactions. In 1992, they reported a novel rhodium catalyst bearing a 

bis(oxazolinyl)pyridine ligand (commonly known as PyBox) (Figure 14).66 Treatment of 

RhCl3(H2)3  with PyBox 259 afforded the catalyst (PyBox)RhCl3.  

 

Figure 14. PyBox ligand 259 

They reported the reduction of 16 different aliphatic and aromatic ketones mediated 

by this complex. The best ee values were achieved with aromatic ketones, and lower 

ee values were observed with aliphatic ketones.  

The reduction of cyclohexanone and its derivatives was also investigated (Scheme 

83).71 It was expected that due to the bulky nature of the ligand, cis alcohol 

(corresponding to equatorial attack) would be the major product. However, a trans:cis 

ratio of 67:33 was observed. When the same conditions were used with substituted 

cyclohexanone derivatives, a roughly 50:50 ratio of trans:cis was observed. However, 

each product was isolated in high ee, thus demonstrating the Re/Si face selectivity of 

the catalyst, as opposed to axial/equatorial selectivity.  
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Scheme 83. Results of Rh-catalysed hydrosilylation of cyclohexanone with a PyBox catalyst 

   4.2.2 Previous mechanistic studies 

There has been much debate regarding the mechanism of the rhodium-catalysed 

hydrosilylation of ketones. In 1975, Ojima et al. proposed the catalytic cycle below.72 

Oxidative addition of the monohydrosilane to the rhodium catalyst forms Rh(III) 

species (Ph3P)2RhH(SiEt3)Cl. Co-ordination of a ketone to the rhodium followed by 

insertion into the Rh-Si bond forms the metallocarbene. The metallocarbene 

undergoes reductive elimination to release the product hydrosilane and regenerate the 

catalyst (Scheme 84). 

 

Scheme 84. Ojima catalytic cycle for the Rh-catalysed hydrosilylation of ketones  

This mechanism was supported by the isolation of the (Ph3P)2RhH(SiEt3)Cl 

intermediate. However, this mechanism does not explain the increase in reaction rate 

observed when a dihydrosilane is used instead of a monohydrosilane. As well as this, 

Chan et al. observed that, when applied to α,β-unsaturated systems, 

monohydrosilanes exclusively produce the 1,4-addition products, whereas 

dihydrosilanes exclusively produce the 1,2-addition products.73 This cannot be 

explained by the mechanism proposed by Ojima and coworkers, and so Chan and 

coworkers proposed an alternative mechanism (Scheme 85). 
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Scheme 85. Chan catalytic cycle for the Rh-catalysed hydrosilylation of ketones  

In this mechanism, it is the hydrogen on the silicon which is transferred onto the carbon 

of the carbonyl species. This hydrogen is not available when a monohydrosilane is 

used.  

Gade and coworkers noted an inverse kinetic isotope effect (KIE) when dihydrosilanes 

were used in the enantioselective hydrosilylation of ketones. This KIE could not be 

explained by the previously discussed Chan mechanism, and thus Gade and 

coworkers put forth another possible mechanism (Scheme 86).74 Computational 

studies suggested that the formation of a silylene intermediate provided a lower-

energy pathway to the product, compared to the Ojima and Chan mechanisms.  
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Scheme 86. Gade mechanism for the Rh-catalysed hydrosilylation of ketones  

Aside from these three mechanisms, other hypotheses have been put forward with 

regard to the mechanism. Perutz et al. proposed a mechanism for the Rh-catalysed 

hydrosilylation of alkenes which involves a Rh(V) species (Scheme 87).75 This species 

results from a second oxidative addition of a silane. Through deuterium labelling 

studies, it was found that incorporation of deuterium from Et3SiD into 

CpRh(C2H4)(SiEt3)H occurred. The amount of deuterated hydrosilylation product 

increased with the ratio of Et3SiD to C2H4. 
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Scheme 87. Rh(V) mechanism for the Rh-catalysed hydrosilylation of ketones  

Itoh et al. reported unusual rate increases during hydrosilylation reactions of carbonyl 

compounds when bifunctional organosilanes were used.76 NMR studies found that the 

reaction of RhCl(PPh3)3 with 260 and 261 led to the production of disilyl Rh species 262 

and 263 (Scheme 88). They postulated that since the second oxidative addition is 

intramolecular, it occurs much more rapidly and thus allows reductive elimination to 

occur more rapidly. In contrast, in the case of monofunctional silanes, oxidation 

addition is an intermolecular process. 

 

Scheme 88. Formation of Rh(V) species 262 and 263 from bifunctional organosilanes 

  4.2.3 Results of desymmetrisation of diketone 210 

As mentioned in Section 3.2, Nishiyama’s conditions for asymmetric hydrosilylation 

were chosen based on impressive ee values obtained, though poor conversion 
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continued to be an issue. The reported procedure involved the use of catalytic [(S)-

iPrPybox]RhCl3 (5 mol%) with an extra 20 mol% of ligand present in solution. AgBF4 was 

used as an additive to activate the catalyst (though it was found that the addition of 

iPrOH/piperidine could be used instead as a more cost-effective alternative), and 

diphenylsilane was used as the silane source. The ee of the product was measured by 

conversion into the p-nitrobenzoate ester 264 which was detected by UV on HPLC 

(Scheme 89).  

 

Scheme 89. Desymmetrisation of diketone 210 and formation of UV-active 264 

Following the reported procedure, a decent ee could be seen although the exact ratio 

was difficult to a determine due to a messy HPLC trace despite attempts at purification 

(Figure 15). 

 

Figure 15. HPLC trace of diketone 210 desymmetrisation using Rh(III) catalyst 

Across all polycyclic ether project team members, both poor conversion and 

significant variations in conversion presented themselves as issues. Various reaction 

conditions were screened by Dr. Sophie Woolford (previous PhD student) and, 

surprisingly, the addition of water was found to significantly increase the rate of 

reaction; considerable amounts of mono-alcohol 211 were visible on TLC after 18 

hours, whereas no mono-alcohol 211 was present within the same timeframe when 

dry conditions with 4Å MS were used.77 These results were reproducible across all team 
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members. These results were unanticipated because Nishiyama had reported that 

exclusion of water was required. It is hypothesised that the hygroscopic nature of 

AgBF4 led to the accidental incorporation of water into the reaction in Nishiyama’s 

case. 

It was also discovered that sparging the solvent and catalyst mixture with oxygen prior 

to reagent addition increased the rate of reaction, and also provided a cleaner crude 

product. Barnett and coworkers reported an increase in reaction rate of Rh-catalysed 

ring openings of bicycloalkanes when oxygen was introduced to the system.78 In a later 

publication, [(PPh3)2RhCl(O2)]2 was isolated and shown to catalyse ring-opening of 

bicycloalkanes, thus leading the authors to hypothesise that this is the catalytically 

active species in the reaction.79 Though these observations were regarding Wilkinson’s 

catalyst and not [Rh(COD)Cl]2, it still noteworthy that a rhodium catalyst is known to 

benefit from the presence of oxygen. It may be the case that a rhodium-dioxygen 

species may be produced which is a more effective catalyst, thus causing the observed 

increase in reaction rate.  

In the catalytic cycle for this reduction reaction, the active species is a Rh(I) complex. 

This Rh(I) species is generated from the Rh(III) catalyst that is initially added to the 

reaction. It was thought that if the reaction began with a Rh(I) source instead of a Rh(III) 

source, an improved reaction rate might be observed. This proved to be correct, and 

~50 % conversion could be achieved after 18 hours with an impressive ee and cleaner 

HPLC trace (Figure 16). Unfortunately, one problem remained, and that is the over-

reduction of diketone 210. The reaction cannot go to completion, as the mono-alcohol 

211 will begin to be reduced to diol 240 and so it is necessary to stop the reaction 

before full conversion is achieved. However, usable amounts of mono-alcohol 211 can 

be produced in high ee, making this a viable route for the desymmetrisation of diketone 

210 (Scheme 90).  

 

Scheme 90. Desymmetrisation of diketone 210 
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Figure 16. HPLC trace of diketone 210 desymmetrisation using Rh(I) catalyst 

As discussed in Section 4.2.2, the exact mechanism for the reduction reaction is not 

obvious, which makes it difficult to propose a reason for the rate increase observed 

when water is introduced. As a dihydrosilane is used, it is likely that the reaction 

proceeds through the mechanism proposed by Chan and coworkers.73 It could be 

postulated that water displaces the product from the rhodium centre, thus increasing 

catalyst turnover. Though their work concerned a Rh-catalysed carbonylation reaction 

and not hydrosilylation, it is interesting to note that Gomes da Rosa and coworkers 

observed an enhancement effect upon the addition of water.80 Further studies showed 

that water was acting as a ligand in the active species, which provides some evidence 

that the same may be happening in our system. 

4.3 Towards the total synthesis of gymnocin B 

With a reliable synthesis of diketone 210 and a desymmetrisation procedure to 211 

developed, this method could now be applied to the total synthesis of gymnocin B as 

discussed earlier. 

The two proposed routes to produce fragments 212a and 212b are outlined below 

(Scheme 91). The first route follows an O-vinylation and RCM procedure that was 

previously developed in the Clark group for a similar compound to access enol ether 

266. Enol ether 266 could be epoxidised and subjected to epoxide opening with 

acetylenemagnesium bromide. The resulting alkyne could be reduced with Lindlar’s 



65 
 

catalyst to afford vinylated product 267. This product was envisaged to be subjected 

to a methylation procedure which will be discussed in Section 4.4 (Scheme 91A). The 

second route proposes that alkynyl ether 268 can be produced from either enantiomer 

of desymmetrised product 211. Enyne metathesis of 268 would afford triene 269. 

Triene 269 could undergo epoxidation and epoxidation with methylmagnesium 

bromide to afford the desired methylated products 212a or 212b (Scheme 91B). In their 

total synthesis of gambierol, Rainier et al. reported success in opening a similar 

bicyclic polyether epoxide by attack of the Grignard onto the carbon adjacent to the 

oxygen.81 

 

Scheme 91. A) Synthesis of target fragment via O-vinylation route, B) synthesis of target 

fragment via enyne metathesis route 

  4.3.2 Attempts towards gymnocin B  

It was decided to follow the synthesis outlined in Scheme 91B to access 212a/212b. 

First, diketone 210 was desymmetrised to fragment 211c following standard 

desymmetrisation conditions (Scheme 92).  
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Scheme 92. Desymmetrisation of diketone 210 

To synthesise alkynyl ether 268, Greene’s conditions were followed. In 1986, Greene 

and coworkers reported a method for the synthesis of alkynyl ethers. They successfully 

produced alkynyl ether 272 by treating alcohol 271 with trichloroethylene and n-

butyllithium (Scheme 93).82  

 

Scheme 93. Greene et al.’s procedure for alkynyl ether synthesis  

As mentioned in Section 1.2.4, Clark et al. applied this hydroxyl alkynylation technique 

to the synthesis of an MLP intermediate 118 (Scheme 94).  

 

Scheme 94. Clark et al.’s synthesis of alkynyl ether 118 

These conditions were applied to 211c. However, as a result of availability in the lab, 

sodium hydride was first used as a replacement for potassium hydride, and freshly 

distilled trichloroethylene was used. Unfortunately, there was no reaction observed 

and alcohol 211c was reisolated (Scheme 95). 

 

Scheme 95. Unsuccessful synthesis of alkynyl ether 268a with sodium hydride  

 The reaction was repeated with potassium hydride instead of sodium hydride. 

Unfortunately, no desired product was observed (Scheme 96).  
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Scheme 96. Unsuccessful synthesis of alkynyl ether 268a with potassium hydride 

It is possible that the ketone functionality of 211c was being converted to an enolate in 

the presence of potassium hydride. This enolate may have reacted with different 

reagents present in the reaction mixture, leading to the complex mixture that was 

observed. In future attempts, this ketone could be protected as an acetal, which 

should be stable to the reaction conditions. Due to time constraints this reaction could 

not be pursued any further. 

 4.4 Introduction of methyl groups 

  4.4.1 C-H insertion 

Methyl groups at bridgehead positions are a common structural feature across the MLP 

family of natural products. The ability to introduce these methyl groups in the correct 

position with the correct stereochemistry is a crucial requirement for their total 

syntheses. It was hypothesised that reduction and decarbonylation of lactone 274 

would afford the desired methylated product 276 (Scheme 97). This lactone would be 

produced via rhodium-catalysed C-H insertion reaction of diazoacetate 273.  

 

Scheme 97. Proposed synthesis of methylated compound 276 

It was decided to optimise all of these reactions on a model system, and acetonide 277 

was chosen (Figure 17). This is a model system that has been used extensively in the 

Clark group in other studies.83,84  
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Figure 17. Model system for diketone 210 

The synthesis of 277 begins with enol ether 278, which was available in the lab from 

previous syntheses by other group members. 84 Enol ether 278 was epoxidised with 

mCPBA and the epoxide 279 was opened with allylmagnesium chloride to afford the 

allylated product 280 in a 60 % yield over two steps (Scheme 98). 

 

Scheme 98. Synthesis of alcohol 280 

Alcohol 280 was then oxidised to afford ketone 281. Several oxidation conditions were 

explored and the Albright-Goldman oxidation (Table 7, entry 2) was chosen as the 

preferred method. 

Table 7. Attempted oxidations of alcohol 280 

 

Entry Conditions Result 

1 SO3·pyr, DMSO, Et3N, CH2Cl2, 0 °C, 4 h Decomp. 

2 Ac2O, DMSO, rt, 18 h 73 % 

3 DMP, NaHCO3, CH2Cl2, rt, 18 h No reaction after 24 h 

 

Unfortunately, the major isomer of the oxidation was the undesired diastereomer 281a. 

Ketone 281a was subjected to epimerisation with DBU to afford desired diastereomer 

277 (Scheme 99). 

 

Scheme 99. Epimerisation of ketone 281a to desired isomer 277 
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In 2007, Fukuyama and coworkers reported a simple and efficient method for the 

synthesis of diazoacetates.85 Until this point, the two major methods for diazoacetate 

synthesis had significant drawbacks. House et al reported the synthesis of 

diazoacetates from the p-toluenesulfonylhydrazone of glyoxylic acid.86 This reaction 

was then modified and improved by Corey et al.87 The reaction of an alcohol with the 

p-toluenesulfonylhydrazone of glyoxylic acid affords the desired diazoacetate in good 

yield (Scheme 100). However, the synthesis of the p-toluenesulfonylhydrazone of 

glyoxylic acid is a two-step procedure (Scheme 100A). 

 

Scheme 100. A) House procedure for diazoacetate synthesis and B) the improved procedure 

by Corey et al. 

Regitz et al. reported a two-step procedure for the production of diazoacetates from 

sulfonyl azides (Scheme 101).88 However, this method requires an activating group 

which is removed under basic conditions. This excludes the use of any base-sensitive 

groups in the final diazoacetate product. 

 

Scheme 101. Regitz procedure for diazoacetate synthesis  

Fukuyama et al. reported a one-step procedure for the conversion of bromoacetates 

to diazoacetates using N,N’-ditosylhydrazine 293 (Scheme 102).85 This simple method 

made the synthesis of diazoacetates more widely applicable. 
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Scheme 102. Fukuyama’s procedure for the synthesis of diazoacetates 

Fukuyama’s diazoacetate synthesis was chosen as the method to synthesise 

diazoacetate 273. Ketone 277 was subjected to sodium borohydride reduction to 

afford alcohol 280a as a single isomer in an 89 % yield (Scheme 103).  

 

Scheme 103. Reduction of ketone 277 to alcohol 280a 

Alcohol 280a was converted to bromoacetate 294 following a procedure reported by 

Feng et al.89 This afforded bromoacetate 294 in a 54 % yield (Scheme 104).  

 

Scheme 104. Conversion of alcohol 280a to bromoacetate 294 

With bromoacetate 294 in hand, Fukuyama’s conditions were followed to produce 

diazoacetate 273 (Scheme 105). N,N’-Ditosylhydrazine 293 was synthesised from 

p-toluenesulfonyl hydrazide 295 and tosyl chloride, following the procedure reported 

by Fukuyama and coworkers.85 This afforded diazoacetate 273. 

 
Scheme 105. Application of Fukuyama’s diazoacetate synthesis to bromoacetate 294 
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Focus now shifted to synthesis of lactone 274, and this was expected to be doing 

following conditions reported by Lecourt et al. They reported a method for the carbene-

mediated functionalisation of anomeric C-H bonds.90 They investigated the insertion 

of metal-carbene species into the anomeric C-H bond of sugars; catalyst screening 

results are outlined in Table 8. This metal-carbene was synthesised from a 

diazoacetate-functionalised sugar. Fukuyama’s diazoacetate synthesis was employed 

in order to access these diazoacetate sugars (Scheme 106). 

 

Scheme 106. Lecourt’s procedure for anomeric C-H insertion 

Table 8. C-H insertion catalyst screening by Lecourt et al. 

Entry Diazosugar Catalyst (mol%) Yield (%) 

1 297 Rh2(OAc)2 (2) 77 

2 297 Rh2(oct)4 (2) 49 

3 297 Rh2(cap)4 (2) 9 

4 297 Cu(acac)2 (2) 20 

5 298 [RuCl2(p-cym)]2 (2) 0 

6 298 Rh2(OAc)2 (1) 94 

 

The mechanism for the rhodium carbenoid generation is outlined below (Scheme 

107).91 The carbanion of the diazoacetate attacks the rhodium catalyst, forming the 

organometallic product 302. Loss of nitrogen leads to formation of the metallocarbene 

303. This carbene species is then capable of inserting into a C-H bond, which would 

form lactone 274 if applied to diazoacetate 273. 
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Scheme 107. Mechanism for the formation of metallocarbene 30391 

If lactone 274 could be accessed, it was hoped that reduction to lactol 275 would 

produce a species which behaved similarly to sugars in that it would undergo ring 

opening. It was imagined that application of the decarbonylation procedure reported 

by Andrews et al. to lactol 275 would produce the desired methylated product 276. 

Andrews et al  developed a one-step conversion of Cn aldose sugars to their 

corresponding Cn-1 without the use of protecting groups.92 Reduction of the lactone 

affords lactol 275. This would allow ring-opening to aldehyde 304. Oxidative addition 

of Wilkinson’s catalyst is expected to afford species 305. Migration of the CO group 

affords 306. Reductive elimination produces desired methylated compound 276 

(Scheme 108). 

 

Scheme 108. Mechanism of Rh-catalysed decarbonylation  

Rhodium-mediated C-H insertion was attempted with three different Rh(II) catalysts 

(Table 9). Unfortunately, with all three catalysts, the only product seen was the product 

from the reaction of water with the metallocarbene 307, despite care being taken to 

maintain anhydrous conditions (Scheme 109). 
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Scheme 109. Reaction of metallocarbene 307 with water to form undesired side-product 308 

Table 9. Catalyst screening for C-H insertion 

Catalyst Result 

Rh2(OAc)2 Only 308 observed 

Rh2(TFA)2 Only 308 observed 

Rh2(HFB)4 Only 308 observed 

 

Lecourt and coworkers had noted that the addition of water was an issue in their 

original publication, but this problem was circumvented just by the slow addition of 

substrate to the catalyst. This was the procedure that had been followed, and yet the 

addition of water persisted as the only product. However, several years later, they 

reported on the impact of molecular sieves in this reaction and the prevention of side-

reactions.93 They noted that, on large scale, the reaction with water had become a 

significant issue. They experimented with differing amounts and types of 4Å molecular 

sieves and found that the best results were obtained with 1g/mg of catalyst, and it was 

crucial that vigorous stirring was applied.  

This new procedure was followed, again with the same three catalysts as described 

previously. Unfortunately, the only product observed was the product of the reaction 

with water 308. In future, it may be beneficial to explore performing this reaction in a 

glove box, or potentially drying the catalysts overnight under high vacuum to avoid any 

potential of water being introduced to the reaction.  

  4.4.2 α-Carbon functionalisation 

A different option for inserting bridgehead methyl groups is following the α-carbon 

functionalisation strategy reported by D’Angelo et al.94 This technique involves the 

conversion of the carbonyl group into an imine, followed by a Michael-type alkylation 

of the imine, and then hydrolysis to regenerate the carbonyl group (Scheme 110). 
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Scheme 110. D’Angelo et al.’s α-functionalisation of carbonyl compounds94 

By performing deuterium labelling studies, they determined that the reactive species 

is the corresponding enamine, and the formation of the C-C bond is concerted with a 

proton transfer to the α-position from the nitrogen. They proposed an ‘aza-ene’ type 

mechanism (Figure 18). This reaction proceeds with complete regioselectivity, with 

alkylation only occurring at the most substituted position of the enamine. Thus, with 

both of these requirements, the reaction must occur from enamine 311, as this 

position holds the N-H bond and the enamine double bond syn to each other, allowing 

concerted proton transfer with C-C bond formation. With regards to the other possible 

enamine isomer 309, the concerted proton transfer is not possible (Scheme 111). 

 

Figure 18. Proposed aza-ene transition state 

 

Scheme 111. Allowed (311) and disallowed (309) product of the reaction 

This reaction proceeds with impressive stereoselectivity, and this can be rationalised 

by the figure below (Figure 19). The phenyl group blocks the front face of the molecule, 

forcing back-side attack of the electrophile. In the case of an electrophile with non-

bulky substituent, endo approach is favoured due to steric interactions between the R 

group and the EWG experienced in exo approach. In the case of an electrophile with a 

bulky substituent, the endo approach is disfavoured. 

 

Figure 19. Explanation for stereoselectivity of the reaction 
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It was postulated that this technique could be used to functionalise the α position of 

diketone 210. This would be achieved by synthesis of a diazoacetate in the α position. 

As in Section 4.4.1, Rh-catalysed C-H insertion followed by reduction and 

decarbonylation would afford the methylated product.  

Initially, the original conditions provided in the article were used in order to determine 

if this procedure was compatible with our system. Diketone 210 was desymmetrised 

via standard desymmetrisation conditions discussed in Section 4.2. Once 

desymmetrised, the free hydroxyl was protected with a TES group to afford ketone 312 

(Scheme 112). 

 

Scheme 112. Desymmetrisation of diketone 210 and protection of the free hydroxyl 

Ketone 312 was then converted to imine 313 following the conditions reported by 

D’Angelo et al.95 Due to the unstable nature of imines, purification of imine 313 was not 

possible and it was used crude in the next reaction. Imine 313 was subjected to the 

conditions reported by D’Angelo et al. for α-functionalisation, but no product was 

observed (Scheme 113). 

 

Scheme 113. Unsuccessful α-functionalisation of 313 

Due to time constraints, this procedure was not investigated any further. 

 4.5 Synthesis of fragments 

Although this project focused on gymnocin B as a target natural product, this 

bidirectional/desymmetrisation approach could be applicable to a wide variety of 

additional MLPs. In order to demonstrate the utility of this method, we decided to 
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produce fragments from a range of MLPs. Once protected desymmetrised ketone 221 

has been accessed, various other MLP fragments can be synthesised. Ring-expansion 

of the six-membered ring produces the [7,6]-system 223 that is found in both gymnocin 

A and gymnocin B. If, instead of TMS removal after ring-expansion, a Saegusa-Ito 

oxidation is performed on the ring-expansion product, the α,β-unsaturated enone 222 

found in gambierone can be accessed. Further ring-expansion of the seven-membered 

ring of 223 could provide the [8,6]-system 225 found in ciguatoxin 1B. As before, a 

Saegusa-Ito oxidation of the ring-expansion product gives access to the α,β-

unsaturated enone 224 found in maitotoxin. These fragments easily demonstrate the 

generality of this method (Scheme 114). 

 

Scheme 114. Proposed fragments to be synthesised from ketone 221 

Ring expansion strategies are commonly employed in the synthesis of medium-sized 

(7- to 11-membered) ring systems. In traditional intramolecular cyclisation reactions 

to form these rings, loss of entropy coupled with transannular strain in the final product 

present a significant challenge. Using ring-expansion techniques, it’s possible to offset 

these thermodynamic costs in some other way.  

The Büchner-Curtius-Schlotterbeck reaction is a popular homologation used for 

carbonyl compounds, employing the use of a diazoalkanes (Scheme 115).96,97 Although 

initially reported as a method for the synthesis of ketones from aldehydes, it has found 

extensive use a ring-expansion technique for cyclic ketones.  
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Scheme 115. Originally reported Büchner-Curtius-Schlotterbeck reaction 

Mosettig and Burger were the first to apply this technique to cyclic ketones and 

demonstrated that it could be used for a single carbon ring-expansion.98 In 1930, they 

described the conversion of cyclohexanone 315 to cycloheptanone 316. They also 

observed the formation of an epoxide side product 317 (Scheme 116). 

 
Scheme 116. Mosettig and Burger’s ring expansion using the Büchner-Curtius-Schlotterbeck 

reaction 

Though diazomethane provided useful ring expansion reactions, its use is limited by its 

toxicity and explosivity. TMS-diazomethane is a common alternative to diazomethane, 

because it maintains the reactivity of diazomethane while presenting a lower explosion 

risk. Upon formation of the tetrahedral intermediate 319, rearrangement can occur 

from either C1 or C2, leading to the possible formation of two regioisomers 320 and 321. 

The epoxide product 322 can be formed from attack of the oxygen onto C3 (Scheme 

117).99  

 

Scheme 117. Explanation for the three possible products of the TMS-diazomethane ring 

expansion 

Electronic effects of substituents in the α position can significantly impact the 

outcome of the reaction. Electron-withdrawing groups increase the relative amount of 
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epoxide that is formed; the corresponding epoxide is formed in a 90 % yield in the 

reaction of 2-chlorocycloheptanone.100  

The presence of an alkyl or aryl group has been found to reduce the yield of the 

reaction, and two regioisomers of the product can be formed during the 

rearrangement. The ring-expansion of 2-phenylcyclohexanone 323 yields 37 % of 

regioisomer 324, 12 % or regioisomer 325, and 21 % of epoxide 326 (Scheme 118).101  

 

Scheme 118. Diazomethane ring expansion of 2-phenylcyclohexanone 323 

  4.5.1 Ring expansions in MLP synthesis 

The use of ring expansion strategies in MLP synthesis is well-documented in the 

literature. In their synthesis of hemibrevetoxin B, Nakata and coworkers used ring 

expansion reactions in order to construct the CD rings (Scheme 119).55 A double ring 

expansion of the [6,6]-system with Zn(OAc)2 afforded the CD fragment 329 in a 61 % 

yield over three steps. 

 
Scheme 119. Ring expansion reaction in Nakata’s synthesis of hemibrevetoxin B  

In their directed synthetic studies towards the synthesis of polycyclic ethers, Mori et 

al. demonstrated the utility of ring-expansion reactions.102 In order to do this, they first 

synthesised the six-membered ring 330 which contained the desired functionality. This 

six-membered ring was then subjected to ring-expansion in the presence of TMSCHN2 

and BF3∙OEt2 to afford the desired seven-membered cyclic fragment 331. The ability to 

easily transform a six-membered ring to a seven-membered ring broadens the scope 

of this approach significantly, as MLPs generally have variable ring sizes along their 

polycyclic ether skeleton. They also employed the ring-expansion methodology on a 
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later stage pentacyclic fragment 334, demonstrating that this technique can also be 

applied to larger, more complex polyether arrays (Scheme 120). 

 
Scheme 120. TMS-diazomethane ring expansion reaction used in the synthesis of polycyclic 

ethers 

While in the previous work they focused on the synthesis of general polycyclic ethers, 

Mori et al. applied ring-expansion strategies to the total synthesis of MLPs. They used 

a biomimetic approach combined with ring-expansion strategies in the total synthesis 

of hemibrevetoxin 168103 and gambierol 337.104 In their synthesis of hemibrevetoxin B, 

they synthesised tricyclic fragment 338 and performed a ring expansion with TMSCHN2 

to afford the [6,6,7]-fragment 339. Fragment 339 was converted to epoxide 340, and a 

6-endo cyclisation was carried out to afford tetracyclic ketone 341. This tetracyclic 

ketone was also subjected to a TMSCHN2-mediated ring-expansion to afford [6,6,7,7]-
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tetracyclic fragment 342. Further functionalisation afforded desired hemibrevetoxin B 

168. 

 
Scheme 121. Mori et al.’s biomimetic/ring expansion approach to the total synthesis of 

hemibrevetoxin B 168 

In their synthesis of gambierol 337, a 6-endo cyclisation of epoxide 343 afforded 

pentacyclic ketone 344. Pentacyclic fragment 344 was subjected to a single-carbon 

ring-expansion to afford fragment 345. After several more steps, they obtained the 

octacyclic ketone 346. TMSCHN2-mediated ring-expansion afforded fragment 347 and 

further functionalisation afforded the desired gambierol 348 (Scheme 122).  
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Scheme 122. TMS-diazomethane ring expansions used in Mori et al.’s synthesis of gambierol 

348 

  4.5.1 Synthesis of fragments via TMS-diazomethane ring expansion  

With all of this information in mind, TMS-diazomethane was chosen as the reagent for 

the six- to seven-membered ring-expansion. Initially, BF3OEt2 was used as the Lewis 

acid promoter, but it was found that AlMe3 gave a cleaner reaction with improved the 

level of conversion. Following ring expansion, crude product 349 was subjected to silyl 

deprotection in the presence of TBAF to afford desired gymnocin A/B fragment 223 

(Scheme 123). An X-ray crystal structure of ketone 223 was obtained and it showed the 

desired product.  
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Scheme 123. Synthesis of gymnocin A/B fragment 223 

Initially, it was envisioned that silyl enol ether 354 could be accessed via a Brook-type 

rearrangement of 349.105 A similar transformation had been performed previously in the 

group, where ketone 350 was converted to silyl enol ether 351 (Scheme 124).  

 

Scheme 124. Brook-type rearrangement previously done in the Clark group83 

Unfortunately, application of these reaction conditions to 349 afforded no reaction. As 

an alternative, the α,β-unsaturated ketone was produced by application of the 

conditions reported by Li et al.106 In their total synthesis of bufogargarizins A and B, they 

produced α,β-unsaturated ketone 353 from bis-ketone 352, which bore some 

similarities to our ketone 248 in that it was a seven-membered cyclic ketone that was 

part of a fused cyclic system (Scheme 125). 

 

Scheme 125. Li et al.’s synthesis of α,β-unsaturated ketone 353 

This sequence of reactions involves producing the silyl enol ether, which is then 

subjected to a Saegusa-Ito oxidation. This reaction was first reported in 1978 as a way 

to access α,β-unsaturated carbonyl compounds from their saturated counterparts 

(Scheme 126).107  
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Scheme 126. Saegusa-Ito oxidation 

The silyl enol ether was produced from ring expanded product 223 following the 

conditions reported by  Li et al.106 Unpurified silyl enol ether 354 was used in the 

Saegusa-Ito oxidation, where stoichiometric amounts of palladium acetate afforded 

α,β-unsaturated gambierone fragment 222 (Scheme 127).  

  
Scheme 127. Synthesis of gambierone fragment 222 

The next challenge to tackle was the expansion of the seven-membered ring to the 

eight-membered ring found in the maitotoxin and ciguatoxin fragments. The first 

attempt was performed using the same conditions as before, but unfortunately 

reaction was not observed and only starting material was recovered (Scheme 128). 

 
Scheme 128. Unsuccessful ring expansion of 223 

 

  4.5.2 Other single-carbon ring expansion methods 

Ethyl diazoacetate is another diazo compound which can be employed in a ring 

expansion reaction. Unfortunately, treatment of ketone 223 with ethyl diazoacetate 

and BF3∙OEt2 gave no reaction after 24 h and led to eventual decomposition (Scheme 

129). 
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Scheme 129. Unsuccessful ring expansion of ketone 223 

In 2024, Maruoka et al. reported a method for asymmetric ring expansions of cyclic 

ketones using a BINOL-based ligand 360 and benzyl diazoacetate (Scheme 130).108 

 
Scheme 130. Maruoka et al.’s asymmetric ring expansion of 357108 

Before this reaction could be attempted, benzyl diazoacetate and ligand 360 had to be 

synthesised. Benzyl diazoacetate was synthesised following a procedure reported by 

Wang and coworkers.109 Starting from benzyl alcohol 361, α-bromo ester 362 was 

produced after reaction with bromoacetyl bromide, DMAP, and triethylamine. α-Bromo 

ester 362 was then converted into benzyl diazoacetate 363 by reaction with TsNHNHTs 

(Scheme 131). 

 

Scheme 131. Synthesis of benzyl diazoacetate 363 

Ligand 360 was synthesised following a procedure reported by Maruoka et al.108 The 

synthesis of ligand 360 began with MOM protection of (S)-binol 364 to produce MOM-

protected product 365. The TMS groups were then installed by treatment with n-BuLi, 

TMEDA, and TMSCl to afford intermediate 366. Finally, MOM deprotection afforded the 

desired ligand 360. Unfortunately, final MOM deprotection also led to partial removal 
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of the TMS groups, but enough of ligand 360 was produced to carry out the reaction 

(Scheme 132). 

 
Scheme 132. Synthesis of ligand 360 

Unfortunately, when this methodology was applied to our system, no reaction 

occurred and starting material was reisolated (Scheme 133). 

 
Scheme 133. Unsuccessful ring expansion of 223 

 

  4.5.3 [2+2] cycloaddition/rearrangement  

In 1963, Thweatt et al. reported the first use of a cyclobutene ring-opening as a method 

for a two-carbon ring expansion.110 They demonstrated that enamines will react readily 

with propiolates to form cyclobutene intermediates. These cyclobutene intermediates 

can undergo ring-opening when heated to reflux to form the desired ring expanded 

product (Scheme 134). 

 
Scheme 134. Thweatt et al.’s two-carbon ring expansion via cyclobutene intermediate 369110 
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Although this technique has been used in several total syntheses, it has some 

drawbacks. Namely, the synthesis of enamines from sterically hindered ketones is not 

a trivial task. For this reason, Untch and Clark explored a similar technique using silyl 

enol ethers.111 They demonstrated that, like enamines, silyl enol ethers undergo a [2+2] 

cycloaddition with propiolates to form cyclobutene intermediates. When exposed to 

mildly acidic conditions, the cyclobutene intermediates open to form the two-carbon 

ring expanded product (Scheme 135).  

 
Scheme 135. Untch and Clark’s application of Thweatt et al.’s two-carbon ring expansion to 

carbonyl systems111 

Due to the difficulties encountered when trying to perform a single-carbon ring 

expansion, it was decided to attempt a two-carbon ring expansion from the six-

membered ring to the desired eight-membered. As mentioned above, Untch and Clark 

demonstrated an effective two-carbon ring expansion of silyl enol ether substrates. 

Before applying this methodology to the real system, it was decided to attempt the 

reaction on cyclohexanone 315 as a model compound. Employing the methodology 

reported by Untch and Clark, silyl enol ether 374 was produced from cyclohexanone in 

a 68 % yield (Scheme 136).  

 

Scheme 136. Synthesis of silyl enol ether 374 

When consulting the literature, it was found that several conditions for the [2+2] 

cycloaddition of ether propiolate have been reported. The results of reactions 

performed under these various conditions attempted are outlined in Table 10. 
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Table 10. Attempted reaction conditions for [2+2] cycloaddition of 374 

Conditions Result 

ZrCl4 (1 eq.), ethyl propiolate (1.5 eq.), 
CH2Cl2/Et2O, −78 °C 

Complex mixture 

ZrCl4 (2 eq.), ethyl propiolate (2.2 eq.), 
CH2Cl2/Et2O, −78 °C 

Complex mixture 

TiCl4 (1 eq.), ethyl propiolate (1.5 eq.), CH2Cl2, -
65 °C 

Complex mixture 

TiCl4 (1 eq.) (freshly distilled), ethyl propiolate 
(1.5 eq.), CH2Cl2, −65 °C 

Complex mixture 

Tf2NH (1 eq.), ethyl propiolate (1.1 eq.), CH2Cl2, 
rt 

Complex mixture 

 

Due to these unexpected failures, the literature was consulted once again. 

Interestingly, it became evident that this struggle with six-membered rings was not an 

isolated incident. In their report of this methodology, Untch and Clark had reported 

disappointing yields when the reaction was performed on the six-membered ring 

system. While they did manage to produce cyclobutene 375, it was obtained with a 

yield of only 37 % yield, with a significant quantity of side-product 376 (Scheme 137). 

 

Scheme 137. Untch and Clark’s [2+2] cycloaddition/rearrangement of 374 

As discussed above, the original [2+2] cycloaddition/ring-expansion methodology was 

performed on enamines, as reported by Thweatt et al. They also experienced 

difficulties with the cyclohexanone-derived enamine 378, with unexpected side-

product 379 being formed (Scheme 138).  

 
Scheme 138. Thweatt et al.’s [2+2] cycloaddition/rearrangement of 378 

As the cyclohexanone-derived systems seemed to behave anomalously, it was 

decided to attempt Untch and Clark’s conditions on one of the systems that worked 
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best for them. Cycloheptanone 316 was chosen as a substrate because they reported 

an 80 % yield with no significant side-products. Silyl enol ether 371 was produced in a 

58 % yield using the same conditions as before (Scheme 139).  

 
Scheme 139. Synthesis of seven-membered silyl enol ether 371 

With silyl enol ether 371 in hand, the [2+2] cycloaddition was attempted following the 

conditions reported by Untch and Clark.111 Gratifyingly, the cyclobutene intermediate 

was successfully produced, albeit in a disappointing 28 % yield (Scheme 140).  

 

Scheme 140. [2+2] cycloaddition to form cyclobutene 372 

Following the conditions reported by Untch and Clark, hydrolysis of the cyclobutene 

372 to the desired nine-membered cyclic ketone 373 was performed (Scheme 141). 

This time, the achieved yield of product (57 %) did not differ from the reported yield (80 

%) as drastically as that of the [2+2] cycloaddition. 

 
Scheme 141. Rearrangement of 372 to produce 373 

While these results highlighted the potential challenge to perform this ring expansion 

on a six-membered cyclic ketone, some encouraging results were found in the 

literature. In their work towards the synthesis of bicyclo[5.3.1]undecadiene ring 

systems, Miesh et al. decide to employ this [2+2] cycloaddition/hydrolysis 

methodology to form the larger ring systems.112 This involved the synthesis of the 

cyclobutene intermediate 381 from the fused [6,6]-system 380, which they achieved in 

an impressive 96 % yield. Exposing cyclobutene 381 to acidic conditions at reflux 

produced the desired bicyclo[5.3.1]undecane ring system 382 (Scheme 142). 
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Scheme 142. Successful [2+2] cycloaddition/rearrangement of 380 to produce [6,8]-system 

382 

Our system is also a fused [6,6]-system, and so we were reassured by these results. 

The first step in applying the reaction to our system involved producing silyl enol ether 

383. Unsurprisingly, applying the same results as used for 

cyclohexanone/cycloheptanone was unsuccessful. However, the conditions used for 

producing Saegusa-Ito precursor 354 discussed in Section 4.5.1 were also 

unsuccessful. It was found that it was necessary to stir diketone 210 with TBSOTf 

before addition of the bases. With these reagents and this order of addition, silyl enol 

ether 383 was successfully produced (Table 11). 

Table 11. Attempted reaction conditions for the synthesis of silyl enol ether 383 

 

Conditions Result 
TBSOTf, Et3N, CH2Cl2, 4Å MS NR after 48 h 

1) LHMDS, Et3N 2) TBSCl, THF, −78 °C Decomposition 

1) TBSOTf 2) LHMDS, Et3N, THF, −78 °C 31 % 

 

Unfortunately, when silyl enol ether 383 was subjected to the [2+2] cycloaddition 

conditions, full conversion to the original diketone 210 was observed after 10 min 

(measured by 1H NMR) (Scheme 143). 

 

Scheme 143. Unsuccessful [2+2] cycloaddition of 383 

It was assumed that the TBS groups were incompatible with the acidic conditions 

produced by TiCl4. Thus, more acid-stable silyl enol ethers were produced in the hopes 

that they would be under the reaction conditions. The first acid-stable silyl group 
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chosen was the triisopropylsilyl (TIPS) group. The TIPS enol ether 385 was produced 

similarly to before (Scheme 144).  

 
Scheme 144. Synthesis of TIPS enol ether 385 

Unfortunately, upon addition of silyl enol ether 385 to the mixture of TiCl4 and ethyl 

propiolate, immediate conversion back to diketone 210 was observed. It was then 

decided to produce the TBDPS enol ether 386 (Scheme 145), as this should provide 

more acid stability than the corresponding TIPS enol ether. 

 
Scheme 145. Synthesis of TBDPS enol ether 386 

However, as before, silyl enol ether 386 did not survive the reaction conditions, and full 

conversion to diketone 210 was observed. Evidently, this [6,6]-fused system is not 

behaving as expected. It would be interesting to attempt the [2+2] cycloaddition on a 

[7,6]-silyl enol ether similar to 354, to determine if it is the ring size which is impacting 

the reactivity. 

When it became obvious that the use of TiCl4 was simply too harsh for the [6,6- fused 

silyl enol ethers, milder conditions were investigated. As mentioned previously, Miesh 

et al. successfully performed the [2+2] cycloaddition with ZrCl4 as the Lewis acid and 

so we decided to explore the use of these milder conditions. These conditions were 

first performed on the model silyl enol ether 371, and cyclobutene intermediate 372 

was obtained in a 26 % yield (Scheme 146). 

 

Scheme 146. Synthesis of cyclobutene 372 with ZrCl4  

The yield of the ZrCl4-catalysed reaction was similar to that of the TiCl4-catalyst, and 

so this result was encouraging. More importantly, Miesch et al. had achieved this 
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transformation on a [6,6]-fused system. Unfortunately, when silyl enol ether 383 was 

subjected to these conditions, no reaction was observed (Scheme 147).  

 

Scheme 147. Unsuccessful attempt at synthesis of cyclobutene 384 
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5. Conclusion 

 5.1 Summary of work 

  5.1.1 Synthesis of diketone 210 

The aim of this project was to develop a desymmetrisation strategy for a key symmetric 

intermediate in the synthesis of MLPs. This key symmetric intermediate was identified 

as diketone 210. A multigram synthesis of diketone 210 was completed (Scheme 148).  

 

Scheme 148. Synthetic route to diketone 210 

This synthetic route was streamlined from that previously developed in the group. An 

updated one-pot allylation reaction to produce diol 240 was introduced, and this 

removed the need for protection/deprotection of free hydroxyl groups, as protection of 

these hydroxyl groups was only necessary for solubility reasons (Scheme 149).  
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Scheme 149. A) Initial route towards diol 238, B) one-pot allylation procedure to produce diol 

238 

The oxidation of diol 238 to diketone 246 proved to be unreliable, and so various 

oxidation reactions were explored to find optimal reaction conditions. The Albright-

Goldman oxidation was found to provide the best and delivered the most reliable yields 

(Scheme 150). 

 

Scheme 150. Albright-Goldman oxidation of diol 238 

  5.1.2 Desymmetrisation of diketone 210 

The key feature of this project is the ability to desymmetrise a centrosymmetric 

molecule. The desymmetrisation of diketone 210 via Rh-catalysed hydrosilylation was 

completed. Initial reaction conditions provided a slow reaction with unreliable yields. 

Condition screening performed by other team members was verified and it was found 

that all team members obtained an increased yield and higher rate of reaction when 

oxygen and water were introduced (Scheme 151).  
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Scheme 151. Desymmetrisation of diketone 210 

  5.1.3 Synthesis of MLP fragments 

A selection of MLP fragments were chosen as synthetic targets to demonstrate the 

versatility of this procedure. Gymnocin A/B fragment 223, gambierone fragment 222, 

ciguatoxin 1b fragment 225, and maitotoxin fragment 224 were all expected to be 

accessed from key desymmetrised intermediate 221 (Scheme 152). 

 

Scheme 152. Proposed fragments to be synthesised from ketone 221 

TMSCHN2-mediated ring expansion of ent-264 followed by TMS removal readily 

afforded gymnocin A/B fragment 223, and an X-ray crystal structure was obtained. 

Conversion of gymnocin A/B fragment 223 into the silyl enol ether 354 followed by 

Saegusa-Ito oxidation produced gambierone fragment 222 (Scheme 153).  
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Scheme 153. Synthesis of fragments 222 and 223 

TMSCHN2-mediated ring-expansion of gymnocin A/B fragment to access the 8-

membered ring was unsuccessful. No reaction was observed and starting material was 

reisolated (Scheme 154).  

 

Scheme 154. Unsuccessful ring expansion of 223 

An ethyl diazoacetate-mediated ring expansion reaction of 223 was attempted, but 

these conditions led to decomposition (Scheme 155). 

 

Scheme 155. Unsuccessful ring expansion of 223 

Asymmetric ring expansion conditions reported by Maruoka et al. were attempted, but 

no reaction was observed and starting material was reisolated (Scheme 156). 
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Scheme 156. Unsuccessful ring expansion of 223 

The [6,7]-system exhibited low reactivity, and so it was decided to attempt a two-

carbon ring expansion on the 6-membered ring to access the 8-membered ring. Untch 

and Clark reported a two-carbon ring expansion by [2+2] cycloaddition of ethyl 

propiolate to a silyl enol ether followed by hydrolysis of the resulting cyclobutene. 

Unfortunately, attempts to perform the TiCl4-mediated [2+2] cycloaddition reaction on 

the [6,6]-silyl enol ether 387 was unsuccessful because the reaction conditions were 

too harsh, and silyl enol ether 387 was converted to diketone 210. Reactions of TBS, 

TIPS, and TBDPS enol ether substrates were all unsuccessful. ZrCl4 was used as a 

milder alternative to TiCl4, but this gave no reaction (Scheme 157). 

 

Scheme 157. Unsuccessful [2+2] cycloaddition of 387 

 5.2 Future work 

Future work on this project should be focused on both the synthesis of MLP fragments 

and the completion of the total synthesis of gymnocin B. 

  5.2.1 Synthesis of fragments 

As discussed in Section 4.5, the largest obstacle to synthesising fragments 250 and 

251 is accessing the 8-membered ring via ring expansion. While diazomethane-

mediated ring expansions are extremely common in the literature, the TMSCHN2-

mediated ring expansion of 223 to 355 was unsuccessful.  
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Traditionally, diazomethane-mediate ring expansions are performed in the presence of 

boron- or aluminium-based Lewis acids. However, Kingsbury and coworkers 

recognised that the presence of these Lewis acids can lead to decomposition of the 

diazo species. To circumvent this issue, they developed a protocol which uses Sc3+ 

salts as catalysts for diazoalkyl insertion reactions.113 Where boron- and aluminium-

based Lewis acids provided no reaction, Sc(OTf)3 resulted in high turnover with low 

catalyst loading (Scheme 158A). They then applied this reaction to the ring expansion 

of cyclic ketones, and they were successful in producing an 8-membered ring 394 

(Scheme 158B) 

 
Scheme 158. A) Sc-catalysed ring expansion where B and Al Lewis acids were unsuccessful, 

B) synthesis of 8-membered ring by Sc-catalysis 

It is possible that 7-membered fragment 223 has lower reactivity than 6-membered 

fragment ent-264, leading to slow ring expansion and thus decomposition of TMSCHN2 

in the presence of AlMe3 before ring expansion can occur. The use of Sc(OTf)3 in place 

of AlMe3 may allow ring expansion to proceed.  

In the event that the ring expansion in the presence of Sc(OTf)3 is unsuccessful, 

Knowles et al. developed a protocol that may be useful.114 This protocol employs an Ir 

catalyst to ring expand cyclic allylic alcohols and was used to ring expand the fused 

polycyclic androsterone 395 (Scheme 159). The phenyl side chain was found to be 

necessary in all starting materials. 

 

Scheme 159. Ir-catalysed ring expansion of androsterone 395 
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Following the procedure reported by Knowles et al., ketone 223 could be converted to 

allylic alcohol 398. First, conversion to alkyne 397 is done with n-BuLi and 

phenylacetylene. Knowles and coworkers then reduced the alkynes to alkenes by 

treatment with Red-Al. Unfortunately, for our system, this risks reducing the allyl side 

chain. Lindlar’s catalyst could be used, though this would produce a cis alkene 397. All 

alkenes in the substrate scope were of the trans conformation, and so it is unknown 

how this would impact the ring expansion. This ring expansion would introduce an 

unwanted aryl side chain, and so further manipulation would be necessary to access 

the desired fragments (Scheme 160). 

 
Scheme 160. Potential route to 8-membered ring 399 via Ir-catalysed ring expansion 

  5.2.2 Total synthesis of gymnocin B 

As discussed in Section 4.3.2, synthesis of enyne metathesis precursor 268 was 

unsuccessful. Successful enyne metathesis would have produced enol ether 269a, 

which could have undergone epoxidation and epoxide-opening with a nucleophilic 

methyl reagent to product intermediate 212a (Scheme 161).  

 
Scheme 161. Future route to product intermediate 212a 
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Due to time constraints, optimisation of this reaction not attempted. It is possible that 

this reaction would be successful with the correct solvent/temperature/equivalents, 

and future work should focus on finding the optimum reaction conditions. 

Once fragment 212a has been accessed, the synthesis route to gymnocin B discussed 

in Section 4.3.1 could be followed. 212a could be converted into coupling partner 219 

(Scheme 162).  

 

Scheme 162. Synthesis of coupling partner 219 from intermediate 212a 

A very similar series of reactions can be used to synthesise coupling partner 220 from 

the enantiomer of 212a. Coupling of 219 and 220, a final ring closure, and addition of 

the 2-methyl-2-butenal side chain would afford gymnocin B 127 (Scheme 163). 

 

Scheme 163. Coupling of 219 and 220 to produce gymnocin B 127 
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6. Experimental 

Organic solvents were dried using a Pure SolvTM 500 solvent purification system or 

purchased as anhydrous solvents from commercial suppliers. Reagents were obtained 

from commercial suppliers and used without further purification, unless otherwise 

stated.  

Flash column chromatography was performed with silica gel (Fluorochem LC60A, 

35−70 micron) as the solid phase. Petroleum ether used for column chromatography 

was the 40−60 °C fraction. Thin layer chromatography (TLC) monitoring of reactions 

was performed with Merck silica gel 60 covered aluminium backed plated F254 which 

was visualised with UV light and developed with either potassium permanganate 

solution of Hanessians stain. 

IR spectra were recorded on a Shimadzu FTIR-8400S spectrometer, as a thin film 

(liquid) or powder (solid) at room temperature. HRMS were recorded by University of 

Glasgow analytical services staff on a Bruker micro TOFq (ESI), Jeol MStation JMS-700 

(EI) or an Agilent 6546 LC/Q-TOF (ESI, APCI) mass spectrometer. Melting points were 

recorded using a Barnstead Electrothermal 9100 melting point apparatus. 1H NMR 

spectra were obtained with a Bruker AVIII 400 MHz spectrometer at room temperature. 
13C NMR spectra were recorded on a Bruker AVIII 400 MHz (101 MHz) spectrometer at 

room temperature. The signals were assigned using 2D NMR spectra (COSY, HSQC, 

HMBC). X-ray crystallography was carried out either at the University of Glasgow by Dr. 

Claire Wilson, or at the National Crystallography Service, Southampton 

Chiral HPLC analysis was performed using a Shimadzu LC-20AD prominence liquid 

chromatograph with a CBM-20A prominence communications bus module, a DGU-

20A5 prominence degasser and a SPD-M20A prominence diode array detector. A 

Diacel Chemical Industries chiralcel OD-H 5 μm 4.6 x 250 mm reverse phase analytical 

column was used with an isocratic mobile phase of HPLC grade isopropyl alcohol in 

HPLC grade hexane. 
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 6.1 Synthesis of reagents 

 

(S)-2,2'-Bis(methoxymethoxy)-1,1'-Binaphthyl 365 

 

(S)-(−)-1,1′-Bi(2-naphthol) (1.5 g, 5.2 mmol) in anhydrous THF (10 mL) was added to a 

suspension of NaH (0.5 g, 60 % in oil, 12 mmol) in THF (15 mL) at 0 °C. The reaction was 

stirred at rt under argon atmosphere for 1 h. MOMCl (1.0 mL, 1.1 g, 13 mmol) was 

added dropwise and the reaction was stirred for a further 4 h. The reaction was 

quenched by the addition of NH4Cl (sat. aq.). The phases were separated and the 

aqueous layer was extracted with CH2Cl2 (3 x 20 mL). The combined organic extracts 

were dried over MgSO4, concentrated in vacuo, and purified by flash column 

chromatography on silica gel (petroleum ether/EtOAc, 10:1) to afford the product as a 

white solid (1.46 g, 74 %). m.p. 99 – 101 °C; 1H NMR (400 MHz, CDCl3) δ 7.94 (d, J = 8.0 

Hz, 2H), δ 7.89 (d, J = 8.4 Hz, 2H), 7.58 (d, J = 9.6 Hz, 2H), 7.36 (m, 2H), 7.21 (m, 2H), 

7.15 (d, J = 8.4 Hz, 2H), 5.08 (d, J = 7.2 Hz, 2H), 4.97 (d, J = 6.8 Hz, 2H), 3.14, s, 6H); 13C 

NMR (101 MHz, CDCl3) δ 152.8, 134.2, 130.1, 129.6, 128.0, 126.5, 125.7, 124.3, 121.5, 

117.5, 95.4, 56.0. 

The spectroscopic data matched that previously reported in the literature.115 
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(S)-3,3’-bis(trimethylsilyl)-2,2’-bis(methoxymethoxy)-1,1’-binaphthyl 366 

 

TMEDA (2.2 ml, 1.7 g, 15 mmol) and n-BuLi (1.8 M, 6.5 ml, 12 mmol) were added 

dropwise to 365 (1 g, 3 mmol) in anhydrous Et2O (50 ml) at rt under argon atmosphere. 

The reaction was stirred for 30 min and TMSCl (2.2 ml, 1.9 g, 18 mmol) was added 

dropwise. The reaction was stirred for a further 18 h and quenched by the addition of  

NH4Cl (sat. aq.). The phases were separated and the aqueous phase was extracted 

with EtOAc (3 x 20 mL). The combined organic extracts were dried over MgSO4, 

concentrated in vacuo, and purified by flash column chromatography on silica gel 

(petroleum ether/EtOAc, 20:1) to afford the product as a colourless oil (0.99 g, 71 %). 
1H NMR (400 MHz, CDCl3) δ 8.10 (s, 2H), 7.90 (d, J = 8.4 Hz, 2H), 7.42 – 7.36 (m, 2H), 

7.31 – 7.24 (m, 4H), 4.48 (d, J = 4.4 Hz, 2H), 4.15 (d, J = 4.4 Hz, 2H), 2.95 (s, 6H), 0.45 (s, 

18H); 13C NMR (101 MHz, CDCl3) δ 158.5, 137.5, 136.1, 134.8, 130.8, 128.7, 127.4, 

126.5, 125.0, 122.8, 98.2, 57.1, 0.1; (HRMS (ESI) [M+NH4]+ calcd for C30H38O4Si2NH4, 

536.2647 found 536.2666. 

The spectroscopic data matched that previously reported in the literature.116 
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(S)-3,3’-bis(trimethylsilyl)-1,1’-binaphthyl-2,2’-diol 360 

 

6 M HCl (22 ml) was added to a solution of 366 (0.5 g, 1 mmol) in THF (22 ml). The 

reaction was heated to 60 °C and stirred for 18 h. The reaction was cooled to rt and 

extracted with Et2O (3 x 20 mL). The combined organic extracts were dried over MgSO4, 

concentrated in vacuo, and purified by flash column chromatography on silica gel to 

afford the product as a white solid (60 mg, 14 %). 1H NMR (400 MHz, CDCl3) δ 8.05 (s, 

2H), 7.86 (d, J = 8 Hz), 7.29 (m, 4H), 7.07 (d, J = 8.4 Hz, 2H), 0.39 (s, 18H). 13C NMR (101 

MHz, CDCl3) δ 157.1, 138.0, 134.5, 129.2, 128.7, 127.8, 124.2, 123.9, 109.7, -0.7. 

HRMS (APCI) [M+H]+ calcd for C26H31O2Si2, 432.1881 found 432.1880 

The spectroscopic data matched that previously reported in the literature.108 
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Benzyl diazoacetate 363 

 

Bromoacetyl bromide (1.8 mL, 4.2 g, 21 mmol) was added dropwise to a solution of 

benzyl alcohol (1.9 mL, 2.0 g, 19 mmol), triethylamine (2.8 mL, 2.0 g, 20 mmol), and 

dimethylaminopyridine (0.23 g, 1.9 mmol) in CH2Cl2 (20 mL) at 0 °C. The reaction was 

stirred for 3 h and quenched by the addition of H2O. The phases were separated and 

the aqueous phase was extracted with CH2Cl2 (3 x 15 mL). The combined organic 

extracts were washed with water (15 mL) and brine (15 mL), dried over MgSO4, filtered, 

and concentrated in vacuo to afford benzyl bromoacetate 362 as a brown oil which was 

used crude in the next reaction. 

N,N’-Ditosylhydrazine (4.45 g, 13.1 mmol) was added to crude bromoacetate 362 in 

THF (40 mL) at 0 °C. DBU (5.2 mL, 5.3 g, 6.6 mmol) was added dropwise and the 

reaction was stirred for 1 h. The reaction was quenched by the addition of NaHCO3 (sat. 

aq.) and the phases were separated. The aqueous phase was extracted with EtOAc (3 

x 20 mL). The combined organic phases were dried over MgSO4 and concentrated in 

vacuo. The residue was purified by flash column chromatography on silica gel to afford 

benzyl diazoacetate 363 as a yellow oil (1.23 g, 38 %). 1H NMR (400 MHz, CDCl3) δ 7.45 

– 7.28 (m, 5 H), 5.21 (s, 2 H), 4.80 (s, 1 H); 13C NMR (101 MHz, CDCl3) δ 166.7, 136.0, 

128.6, 128.3, 128.2, 66.5, 46.3. 

The spectroscopic data matched that previously reported in the literature.117 
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N,N’-Ditosylhydrazine 293 

 

A mixture of p-toluenesulfonyl hydrazide (5.02 g, 27.0 mmol) and p-toluenesulfonyl 

chloride (7.70 g, 40.3 mmol) were stirred in CH2Cl2 (26 mL) at rt. Pyridine (3.2 ml, 3.1 g, 

40 mmol) was added dropwise and the mixture was stirred for 1.5 h. The reaction 

mixture was cooled to 0 °C and Et2O (20 ml) and H2O (20 ml) were added. The solid 

product was collected by Buchner filtration and recrystallised from MeOH to afford the 

product as a crystalline solid (6.31 g, 69 %).  m.p. 246 – 250 °C; 1H NMR (400 MHz, d6-

DMSO) δ 8.86 – 8.63 (s, 2 H), 6.96 – 6.69 (d, 4 H), 6.64 – 6.45 (d, 4 H), 1.57 (s, 6 H); 13C 

NMR (101 MHz, DMSO) δ 143.4, 135.5, 129.4, 127.8, 21.0; HRMS (ESI) [M+NH4]+ calcd 

for C14H16N2O4S2NH4, 363.0444 found 363.0447. 

The spectroscopic data matched that previously reported in the literature.85 
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 6.2 Experimental procedures 

(1R*,2S*,5R*,6S*)-cyclooctane-1,2,5,6-tetrol 233 

 

1,5-Cyclooctadiene (8.8 g, 82 mmol) and OsO4 (0.3 mL, 4% in H2O, 0.05 mmol) were 

added to a solution of N-methylmorpholine N-oxide monohydrate (24.2 g, 179 mmol) 

in THF (40 mL) and MeOH (40mL) at 0 °C. The reaction was allowed to warm to rt over 

30 min. 1,4- Diazabicyclo[2.2.2]octane (2.34 g, 20.8 mmol) was added and the solution 

was stirred for 1 hr. DABCO (110 mg, 0.98 mmol), OsO4 (4% in H2O, 0.3 mL 0.05 mmol), 

and K2CO3 (20 mg) were added. The reaction was stirred at rt for 60 hr. The precipitate 

was filtered under vacuum and washed with THF (50 mL). The precipitate was 

transferred to a flask, washing with MeOH (50 mL) and concentrated in vacuo to afford 

tetrol 233 as an off-white solid (13.0 g, 91 %). Rf = 0.26 (EtOAc/MeOH, 8:1); m.p. 175 – 

178 °C; IR νmax (solid) 3345, 2936, 2886, 1466, 1378, 1277, 1150, 1045, 1011, 961, 864, 

829 cm-1; 1H NMR (400 MHz, MeOD) δ 3.78 (d, J = 8.8 Hz, 4H, CH-C1, CH-C2, CH-C5, CH-

C6), 2.14 –2.01 (m, 4H, CH2-C3a, CH2-C4a, CH2-C7a, CH2-C8a), 1.64 – 1.53 (m, 4H, CH2-

C3b, CH2-C4b, CH2-C7b, CH2-C8b); 13C NMR (101 MHz, MeOD) δ 73.6 (C1, C2, C5, C6), 27.3 

(C3, C4, C7, C8); HRMS (ESI+) [M+Na]+ calcd for C8H16NaO4Na, 199.0941 found 

199.0942. 
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(4aR,8aS)-2,6-dimethoxyoctahydropyrano[3,2-b]pyran 230 and (2R,2'S)-5,5'-

dimethoxyoctahydro-2,2'-bifuran 231 

 

Procedure 1:  

NaIO4 (6.7 g, 31 mmol) in H2O (55 mL) was added to a solution of tetrol 233 (4.94 g, 28.1 

mmol) in H2O (25 mL) at 0 °C. The reaction was stirred at 0 °C for 20 min and allowed 

to warm to room temperature for 20 min. p-TSA.H2O (9.00 g, 47.4 mmol) in MeOH (140 

mL) was added and the solution was stirred for 1 hr. A further portion of p-TSA.H2O 

(1.80 g, 9.47 mmol) in MeOH (25 mL) was added and the reaction was stirred at rt for 

18 h. The product was extracted with CH2Cl2 (multiple aliquots of 30 mL) in small 

portions and MeOH was added continuously as the extraction was performed. The 

combined organic extracts were dried over MgSO4 and concentrated in vacuo to afford 

a mixture of the methyl acetals as a brown oil (4.52 g, 80 %).  

Procedure 2: 

NaIO4 (4.28 g, 20.0 mmol) was added to a solution of tetrol 233 (3.20 g, 18.1 mmol) in 

H2O (30 mL) at 0 °C. The mixture was stirred for 20 min and MeOH (40 mL) and 2M HCl 

(20 mL) were added. The mixture was stirred for 5 min and further MeOH (200 mL) was 

added. The reaction was allowed for warm to rt and stirred for 18 h and then diluted 

with H2O (120 mL). The phases were separated and the aqueous phase was extracted 

with CH2Cl2 (3 x 100 mL). The combined organic extracts were combined, dried over 

MgSO4, and concentrated in vacuo to afford acetals 230 and 231 (mixture, 3 g, 82 %). 

Rf (mixture) = 0.68 (pet. ether/EtOAc, 7:3); IR νmax (oil) 2947, 2893, 2832, 2160, 2025, 

1443, 1362, 1204, 1126, 1034, 953, 914, 891, 849 cm-1; 1H NMR (400 MHz, CDCl3) 

(mixture) δ 5.01 (dt, J = 4.8, 1.2 Hz), 4.92 (dt, J = 4.3, 1.2 Hz), 4.61 (p, J = 1.5 Hz), 4.35 

(ddd, J = 9.3, 3.5, 2.1), 4.06 – 3.96 (m), 3.91 (tt, J = 4.4, 2.0), 3.45 (s), 3.34 – 3.26 (m), 

3.16 – 3.01 (m), 2.10 – 1.40 (m); 13C NMR (101 MHz, CDCl3) δ 105.4, 104.3, 103.0, 98.0, 

83.7, 82.1, 80.9, 79.5, 75.1, 74.5, 68.9, 68.4, 56.5, 54.8, 54.6, 54.5, 52.9, 33.0, 32.1, 

31.9, 30.9, 30.5, 29.8, 29.5, 27.9, 27.5, 26.9, 25.5, 25.3, 24.4; HRMS (ESI+) [M+Na]+ 

calcd for C10H18NaO4Na, 225.1097 found 225.1095. 
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(4aR,8aS)-4,4a,8,8a-tetrahydropyrano[3,2-b]pyran 232 

 

NaI (2.44 g, 16.3 mmol) and TMSCl (1.76 g, 2.05 mL, 16.2 mmol) were added to a 

solution of methyl acetals 230 and 231 (0.65 g, 3.2 mmol) in anhydrous MeCN (20 mL) 

at rt and stirred for 1 h under argon atmosphere. The mixture was cooled to 0 °C and 

HMDS (3.23 g, 4.20 mL, 20.1 mmol) was added. The mixture was stirred for 20 min and 

quenched with NaHCO3. The phases were separated and the aqueous phase was 

extracted with pentane (2 x 70 mL). The combined organic extract were washed with 

Na2S2O3 (70 mL) and H2O (70 mL), dried over MgSO4, and concentrated in vacuo (at <10 

°C) to afford enol ether 232 as a low-melting point yellow solid (0.38 g, 86 %). IR νmax 

(solution) 2916, 2855, 1647, 1443, 1339, 1289, 1234, 1153, 1103, 1065, 995, 841, 733 

cm-1; 1H NMR (400 MHz, CDCl3) δ 6.32 (ddd, J = 6.1, 2.6, 1.5 Hz, 2H, CH-C2, CH-C8), 

4.70 (td, J = 5.6, 2.4 Hz, 2H, CH-C3, CH-C4), 3.87 – 3.76 (m, 2H, CH-C3, CH-C4), 2.37 – 

2.23 (m, 2H, CH2-C5a, CH2- C6a), 2.12 – 1.99 (m, 2H, CH2-C5b, CH2-C6b). 13C NMR (101 

MHz, CDCl3) δ 143.3 (C2, C8), 98.4 (C1, C7), 71.8 (C3, C4), 26.8 (C5, C6). HRMS (ESI+) 

[M+H]+ calcd for C8H12O2, 139.0754 found 139.0753. 
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(4aR,8aS)-3,7-dihydroxyoctahydropyrano[3,2-b]pyran-2,6-diyl diacetate 243 

 

Acetic acid (7 mL) and m-CPBA (1.45 g, 8.38 mmol, 75% by weight) were added to a 

solution of enol ether 232 (0.53 g, 3.8 mmol) in anhydrous CH2Cl2 (15 mL) at 0 °C under 

argon atmosphere. The reaction was warmed to rt while stirring for 2 h. The reaction 

was concentrated in vacuo and purified by flash column chromatography on silica gel 

(gradient elution: petroleum ether/EtOAc 5:1, 1:1, then 100% EtOAc) to afford diol 243 

as a white solid as a mixture of diastereomers (0.74 g, 67 %). Rf = 0.49 (EtOAc); m.p. 

170 – 180 °C; IR νmax (solid) 3430, 1721, 1373, 1246, 1180, 1134, 1045, 1018, 949, 844 

cm-1; 1H NMR (400 MHz, MeOD) (mixture of diastereomers) δ 5.87 (d), 5.44 (d), 3.95 – 

3.86 (m), 3.76 – 3.55 (m), 2.32 – 2.26 (m), 2.16 – 2.11 (m), 2.09 – 1.75 (m); 13C NMR (101 

MHz, MeOD) δ 170.9, 94.6, 68.3, 68.0, 32.8, 20.9; HRMS (ESI+) [M+Na]+ calcd for 

C12H18NaO8Na, 313.0894 found 313.0893 
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(4aR,8aS)-2,6-diacetoxyoctahydropyrano[3,2-b]pyran-3,7-diyl dibenzoate 244 

 

Benzoic anhydride (0.63 g, 2.8 mmol), triethylamine (0.36, 0.50 mL, 3.6 mmol), and 4-

dimethylaminopyridine (0.03 g, 0.24 mmol) were added to a solution of diol 243 (0.24 

g, 0.83 mmol) in anhydrous THF (15 mL) at rt under argon atmosphere. The mixture was 

stirred for 18 h and concentrated in vacuo. The residue was purified by flash column 

chromatography on silica gel (gradient elution: petroleum ether/EtOAc 5:1, then 3:1) to 

afford bisacetate 244 as a white solid as a mixture of diastereomers (83 %, 0.34 g). m.p. 

110 – 117 °C; IR νmax 1721, 1269, 1218, 1175, 1106, 1061, 1008, 965 cm-1; 1H NMR (400 

MHz, CDCl3) (mixture of diastereomers) δ 8.20 – 7.79 (m, CH-Ph), 7.68 – 7.29 (m, CH-

Ph) 6.13 – 5.95 (m), 5.94 – 5.75 (m), 5.29 – 4.96 (m), 3.88 – 3.69 (m), 2.79 – 2.48 (m), 

2.29 (dd, J = 31.4, 13.8 Hz), 2.18 – 2.03 (m), 2.03 – 1.93 (m), 1.89 – 1.60 (m); 13C NMR 

(101 MHz, CDCl3) δ 165.4, 165.1, 133.7, 130.4, 129.9, 128.7, 93.9, 90.2, 71.8, 70.0, 

69.5, 68.5, 33.8, 29.8, 22.5, 21.1; HRMS (ESI+) [M+Na]+ calcd for C26H26O10Na, 

521.1418 found 521.1414. 
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(4aR,8aS)-2,6-diallyloctahydropyrano[3,2-b]pyran-3,7-diyl dibenzoate 245 

 

BF3·OEt2 (1.7 mL, 14 mmol) and TMSOTf (1.2 mL, 6.6 mmol) were stirred for 5 min in 

anhydrous CH2Cl2 at 0 °C under argon atmosphere. The solution was added to 

allyltrimethylsilane (2.2 mL, 1.6 g, 14 mmol) and bis-acetate 244 (0.67 g, 1.34 mmol) in 

anhydrous CH2Cl2 at 0 °C under argon atmosphere. The reaction was allowed to warm 

to rt and stirred for 18 h. The reaction was quenched by addition of NaHCO3 (aq. sat., 

100 mL) and the phases were separated. The aqueous phase was extracted with 

CH2Cl2 (2 x 150 mL). The combined organic extracts were dried over MgSO4 and 

concentrated in vacuo. The residue was purified by flash column chromatography on 

silica gel to afford allyl benzoate 245 as a yellow oil as a mixture of diastereomers (68 

%, 0.42 g). 1H NMR (400 MHz, CDCl3) (mixture of diastereomers) δ 8.19 – 7.93 (m, CH-

Ph), 7.71 – 7.54 (m, CH-Ph), 7.51 – 7.38 (m, CH-Ph), 5.96 – 5.66 (m, CH), 5.39 – 4.83 (m, 

CH), 4.36 – 3.27 (m, CH), 2.90 – 2.22 (m, CH2), 2.13 – 1.65 (m, CH2); 13C NMR (101 MHz, 

CDCl3) δ 171.2, 133.9, 133.7, 130.4, 129.9, 129.4, 128.7, 93.9, 90.2, 69.5, 68.5, 33.8, 

29.8, 28.0, 24.0, 21.2, 21.1; LRMS (ESI+) [M+Na]+ found 485.1988. 
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(2R,3R,4aS,6S,7S,8aR)-2,6-diallyloctahydropyrano[3,2-b]pyran-3,7-diol 238a 

 

Procedure 1: 

K2CO3 (0.30 g, 2.2 mmol) was added to allyl benzoate 245 (0.20 g, 0.43 mmol) in MeOH 

(15 mL) at rt. The mixture was stirred for 18 h and extracted with CH2Cl2 (2 x 50 mL) and 

EtOAc (50 mL). The organic phase was dried over MgSO4, concentrated in vacuo, and 

purified by flash column chromatography on silica gel (gradient elution: petroleum 

ether/EtOAc, 5:1, then 1:1) to afford diol 238 as a white solid (95 mg, 86%).  

Procedure 2: 

2,6-lutidine (0.51 g, 0.55 mL, 4.7 mmol) and chlorotrimethylsilane (0.45 g, 0.52 mL, 4.1 

mmol) were added to diol 243 (0.54 g, 1.9 mmol) in anhydrous CH2Cl2 (15 mL) at 0 °C 

under argon atmosphere. The reaction was stirred for 30 min and allyltrimethylsilane 

(2.9 mL, 2.1, 18 mmol) was added. In a separate flask, BF3·OEt2 (2.4 mL, 2.8 g, 19 mmol) 

and TMSOTf (2.7mL, 3.3 g, 15 mmol) were stirred in anhydrous CH2Cl2 (5 mL) at 0 °C 

under argon atmosphere for 10 min. This mixture was added to the main reaction flask 

and the reaction was stirred at 0 °C for 2 h. The reaction was quenched by careful 

addition of NaHCO3 (aq. sat.). The phases were separated and the aqueous phase was 

extracted with CH2Cl2 (2 x 20 mL). The combined organic extracts were washed with 

H2O (30 mL) and brine (40 mL). The combined aqueous washings were extracted with 

EtOAc (2 x 30 mL). The combined organic phases were dried over MgSO4 and 

concentrated in vacuo. The residue was purified by flash column chromatography on 

silica gel (gradient elution: petroleum ether/EtOAc, 2:1, 1:1, 1:2, then 100 % EtOAc) to 

afford the allylated product 238 as an off-white solid (0.37 g, 78 %). 

Rf = 0.33 (pet. ether/EtOAc 1:1); m.p. 125 – 132 °C; IR νmax (solid) 3198, 2943, 2909, 

1643, 1451, 1420, 1354, 1300, 1227, 1103, 1042, 991, 961, 914 cm-1; 1H NMR (400 MHz, 

MeOD) δ 5.91 – 5.78 (m, 2H, CH-C10, CH-C13), 5.16 – 5.03 (m, 4H, CH2-C11, CH2-C14), 

3.98 – 3.85 (m, 4H, CH-C2, CH-C8, CH-C1, CH-C7), 3.23 – 3.15 (m, 2H, CH-C3, CH-C4), 

2.61 – 2.49 (m, 2H, CH2-C9a, CH2-C12a, 2.37 – 2.28 (m, 2H, CH2-C9b, CH2-C12b), 1.94 (dt, 

J = 11.6, 3.6 Hz, 2H, CH2-C5a, CH2-C6a), 1.59 – 1.45 (m, 2H, CH2-C5b, CH2-C6b). 13C NMR 
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(101 MHz, CDCl3) δ 136.5 (C10, C13), 116.9 (C11, C14), 77.7 (C2, C8), 69.2 (C3, C4), 68.4 (C1, 

C7), 34.4 (C5, C6), 29.3 (C9, C12). HRMS (ESI+) [M+H]+ calcd for C14H24O4, 255.1586 found 

255.1591 
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(2R,4aS,6S,8aR)-2,6-diallyltetrahydropyrano[3,2-b]pyran-3,7(2H,6H)-dione 246 

 

Procedure 1 (DMP oxidation): 

Dess-Martin periodinane (0.13 g, 0.31 mmol) was added to diol 238 (32 mg, 0.13 mmol) 

in CH2Cl2 (5 mL) at rt and the mixture was stirred for 2 hr. TLC analysis indicated that 

the reaction was incomplete and further Dess-Martin periodinane (0.03 g, 0.1 mmol) 

was added. The reaction was stirred for a further 1 h. The reaction was quenched by 

the addition of Na2SO3 (aq. sat., 5 mL). The phases were separated and the aqueous 

phase was extracted with CH2Cl2 (2 x 10 mL). The combined organic extracts were dried 

over MgSO4 and concentrated in vacuo. The product was purified by flash column 

chromatography on silica gel (petroleum ether/EtOAc, 5:1) to afford diketone 246 as a 

white solid (14 mg, 44 %).  

Procedure 2 (IBX oxidation): 

2-Iodoxybenzoic acid (54 mg, 0.19 mmol) was added to a solution of diol 238 (12 mg, 

0.047) in anhydrous DMSO (2.5 mL) at rt under argon atmosphere. The mixture was 

stirred for 1.5 h and further 2-iodoxybenzoic acid (21 mg, 0.075 mmol) was added. The 

mixture was stirred for 18 h and quenched by the addition of NaHCO3 (aq. sat.) and 

Na2S2O3. The phases were separated and the aqueous phase was extracted with 

CH2Cl2 (2 x 20 mL) and EtOAc (2 x 20 mL). The organic extracts were washed with brine 

(20 mL), dried over MgSO4, and concentrated in vacuo. The residue was purified by 

flash column chromatography on silica gel (petroleum ether/EtOAc, 5:1) to afford 

diketone 246 as a white solid (14 mg, 38 %). 

Procedure 3 (Albright-Goldman oxidation): 

Acetic anhydride (0.67 g, 0.62 mL, 6.6 mmol) was added to diol 238 (0.14 g, 0.56 mmol) 

in anhydrous DMSO (1.55 mL) at rt under argon atmosphere. The mixture was stirred 

for 18 h. The mixture was cooled to 0 °C, diluted with EtOAc (5 mL) and the reaction 

was quenched by the addition of H2O (5 mL) followed by NaHCO3 (aq. sat.). The phases 

were separated and the aqueous phase was extracted with CH2Cl2 (3 x 15 mL). The 

combined organic extracts were washed with H2O (2 x 20 mL), dried over MgSO4, and 
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concentrated in vacuo. The residue was purified by flash column chromatography on 

silica gel (petroleum ether/EtOAc, 5:1) to afford diketone 246 as a yellow solid (64 %, 

87 mg). 

 Rf = 0.54 (petroleum ether/EtOAc, 5:1); IR vmax (solid) 2921, 1720, 1257, 1236, 1103, 

1079, 1010, 994, 979, 917, 904, 800 cm-1; 1H NMR (400 MHz, CDCl3) δ 5.81 – 5.70 (m, 

2H, CH-C10, CH-C13), 5.19 – 5.11 (m, 4H, CH2-C11, CH2-C14), 4.16 – 4.08 (m, 2H, CH-C2, 

CH-C8), 3.97 – 3.88 (m, 2H, CH-C3, CH-C4), 2.92 (dd, J = 16.4, 4.4 Hz, 2H, CH2-C5a, CH2-

C6a), 2.66 – 2.38 (m, 6H, CH2-C5b, CH2-C6b, CH2-C9, CH2-C12); 13C NMR (101 MHz, CDCl3) 

δ 206.3, 132.4, 118.9, 80.9, 68.7, 43.2, 34.5; HRMS (ESI+) [M+H]+ calcd for C14H20O4, 

251.1278 found 251.1275. 
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(2R,4aR,6S,8aS)-2,6-diallyltetrahydropyrano[3,2-b]pyran-3,7(2H,6H)-dione 210 

 

1,8-Diazabicyclo[5.4.0]undec-7-ene (60 μL, 61 mg, 0.40 mmol) was added to diketone 

231 (136 mg, 0.54 mmol) in anhydrous CH2Cl2 (140 mL) at rt under argon atmosphere. 

The rmixture was stirred for 72 h in the absence of light. The reaction was quenched by 

the addition of NH4Cl (aq. sat.). The phases were separated and the aqueous phase 

was extracted with CH2Cl2 (2 x 50 mL). The combined organic extracts were washed 

with H2O (100 mL), dried over MgSO4 and concentrated in vacuo. The residue was 

purified by flash column chromatography on silica gel (petroleum ether/EtOAc, 5:1) to 

afford diketone 210 as a white solid (90 mg, 66 %). Rf = 0.67 (petroleum ether/EtOAc, 

5:1); m.p. 123 – 130 °C; IR νmax (solid) 2920, 1724, 1435, 1358, 1296, 1234, 1096, 1049, 

991, 914 cm-1; 1H NMR (400 MHz, CDCl3) δ 5.89 – 5.76 (m, 2H, CH-C10, CH-C13), 5.18 – 

5.05 (m, 4H, CH2-C11, CH2-C14), 3.88 (dd, J = 6.8, 3.2 Hz, 2H, CH-C2, CH-C8), 3.79 – 3.71 

(m, 2H, CH-C3, CH-C4), 3.05 (dd, J = 15.6, 5.2 Hz, 2H, CH-C5a, CH-C6a), 2.70 – 2.60 (m, 

2H, CH-C9a, CH-C12a), 2.59 – 2.49 (m, 2H, CH-C5b, CH-C6b), 2.42 – 2.32 (m, 2H, CH-C9b, 

C12b). 13C NMR (101 MHz, CDCl3) δ 204.1 (C1, C7), 133.7 (C10, C14), 118.0 (C11, C14), 82.4 

(C2, C8), 75.8 (C3, C4), 45.0 (C5, C6), 33.8 (C9, C12). HRMS (ESI+) [M+H]+ calcd for 

C14H20O4, 251.1278 found 251.1278 
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(2R,4aR,6S,7R,8aS)-2,6-diallyl-7-hydroxyhexahydropyrano[3,2-b]pyran-3(2H)-one 

211c 

 

[RhCl(COD)]2 (47 mg, 0.01 mmol) and (R)-iPrPybox (115 mg, 0.04 mmol) were stirred in 

anhydrous THF (40 mL) at rt under argon atmosphere for 20 h. Silver tetrafluoroborate 

(5.7 mg, 0.029 mmol) was added and the mixture was stirred for 1 h. O2 was bubbled 

through the reaction mixture and diketone 210 (480 mg, 0.19 mmol) in anhydrous THF 

(40 mL) was added, followed by diphenylsilane (0.71 mL, 52 µL, 0.28 mmol) and H2O 

(35  µL, 35 mg, 0.18 mmol). The mixture was stirred for 18 h and then concentrated in 

vacuo. The residue was purified by flash column chromatography on silica gel (20:1 

pentane/EtOAc, then 10:1 pentane/EtOAc, then 5:1 pentane/EtOAc, then 3:1 

pentane/EtOAc) to afford the mono-alcohol 211c as a white solid (317 mg, 66 %).  

IR νmax (solid) 2877, 1709, 1639, 1429, 1311, 1218, 1100 cm-1; 1H NMR (400 MHz, MeOD) 

δ 5.98 – 5.78 (m, 2H, CH-C10, CH-C13), 5.19 – 5.04 (m, 4H, CH2-C11, CH2-C14), 3.82 (dd, 

J = 7.6, 4.4 Hz, 1H, CH-C8), 3.61 – 3.52 (m, 1H, CH-C1), 3.41 – 3.32 (m, 2H, CH-C3, CH-

C4), 3.27 – 3.20 (m, 1H, CH-C2), 2.95 – 2.88 (m, 1H, CH2-C6a), 2.68 – 2.28 (m, 6H, CH2-

C6b, CH2-C12, CH2-C9, CH2-C5a), 1.67 – 1.62 (m, 1H, CH2-C5a); 13C NMR (101 MHz, CDCl3) 

δ 204.9 (C7), 134.5 (C10), 133.8 (C13), 117.5 (C11/14), 117.4 (C11/14), 82.6 (C8), 80.9 (C2), 

76.4 (C3/4), 75.3 (C3/4), 69.2 (C1), 45.0 (C6), 38.3 (C5), 36.4 (C9/12), 33.7 (C9/12); HRMS (ESI+) 

[M+H]+ calcd for C14H20O4, 253.1434 found 253.1436 

 

 

 

 

 

 

 



118 
 

(2S,3R,4aS,6R,9aR)-2,6-diallyl-7-oxooctahydro-2H-pyrano[3,2-b]oxepin-3-yl 4-

nitrobenzoate 223 

 

AlMe3
 (2M in hexanes, 0.1 mL, 0.2 mmol) and TMSCHN2 (2M in hexanes, 0.1 mL, 0.2 

mmol) were added to ketone 211c (55 mg, 0.14 mmol) in anhydrous CH2Cl2 (9 mL) at -

90 °C. The mixture was stirred for 1.5 h and monitored by TLC. When all of the starting 

material had been consumed, the reaction was quenched by the addition of NaHCO3 

(sat. aq.). The phases were separated and the aqueous layer was extracted with CH2Cl2 

(3 x 5 mL). The combined organic extracts were washed with H2O (10 mL), brine (10 

mL), dried over MgSO4, and concentrated in vacuo.  

The crude isolated product was dissolved in THF (5 mL) at −78 °C and TBAF (1M in THF, 

0.11 mL) was added. The mixture was stirred for 2 h and the reaction was quenched by 

the addition of NH4Cl (sat. aq.). The phases were separated and the aqueous layer was 

extracted with CH2Cl2 (3 x 5 mL). The combined organic extracts were dried over MgSO4 

and concentrated in vacuo. The residue was purified by flash column chromatography 

on silica gel to afford the product 223 as a white solid. IR νmax (solid) 2871, 1716, 1606, 

1525, 1347, 1270,1098 cm-1;  1H NMR (400 MHz, CDCl3) δ 8.31 (d, J = 8.9 Hz, 2H, Ar-CH), 

8.19 (d, J = 8.9 Hz, 2H, Ar-CH), 5.91 – 5.71 (m, 2H, CH-C11, C-C14), 5.12 – 4.97 (m, 4H, 

CH2-C12, CH2-C15), 4.89 – 4.80 (m, 1H, CH-C1), 3.91 (dd, J = 8.0, 4.4 Hz, 1H, CH-C9), 3.60 

– 3.53 (m, 1H, CH-C2), 3.44 – 3.35 (m, 1H, CH-C3), 3.23 – 3.13 (m, 1H, CH-C4),  2.64 (dt, 

J = 12, 4.4 Hz), 1H, CH2-C5a), 2.89 – 2.80 (m, 1H, CH2-C7a), 2.48 – 2.18 (m, 6H, CH2-C10, 

CH2-C13, CH2-C6a, CH2-C7b), 1.75 (m, 1H, CH2-C5b), 1.64 – 1.55 (m, 1H, CH2-C6b); 13C 

NMR (101 MHz, CDCl3) δ 214.96 (C8), 163.77 (C16), 150.92 (Ar-C), 135.38 (Ar-C), 133.74 

(C11), 133.30 (C14), 130.95 (Ar-C), 123.85 (Ar-C), 118.13 (C12), 117.66 (C15), 87.01 (C9), 

80.99 (C3), 80.16 (C4), 78.47 (C2), 71.90 (C1), 37.25 (C10/13), 36.82 (C7), 36.7 (C5), 36.47 

(C10/13), 29.17 (C6); HRMS (APCI) [M]- calcd for C22H24NO7, 415.1637 found 415.1634 
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(2S,3R,4aS,6R,9aR)-2,6-diallyl-7-oxo-3,4,4a,6,7,9a-hexahydro-2H-pyrano[3,2-

b]oxepin-3-yl 4-nitrobenzoate 222 

 

LHDMS (1M in THF, 60 μL, 0.060 mmol) and triethylamine (22 μL, 16 mg, 0.16 mmol) 

were to a solution of 223 (10 mg, 0.024 mmol) in anhydrous THF (0.5 mL) under argon 

atmosphere at −78 °C. The mixture was stirred for 40 min and TMSCl (17 μL, 15 mg, 

0.13 mmol) was added. The mixture was stirred for 1 h at −78 °C and then 1 h at room 

temperature. The reaction was quenched by the addition phosphate buffer (aq., pH = 

7.4) and extracted with EtOAc (3 x 2 mL). The combined organic extracts were dried 

over MgSO4 and concentrated in vacuo.  

The crude residue was dissolved in anhydrous MeCN (0.5 mL) under argon atmosphere 

and Pd(OAc)2 (10 mg, 0.04 mmol) was added. The reaction mixture was stirred at room 

temperature for 4 hours, filtered, and purified by flash column chromatography on 

silica gel to afford enone 222 (3 mg, 30 %). IR νmax (film) 1724, 1526, 1266, 1099, 736, 

718 cm-1; 1H NMR (400 MHz, CDCl3) 8.31 (d, J = 8.8 Hz, 2H), 8.19 (d, J = 8.8 Hz, 2H), 6.53 

– 6.45 (m, 1H, CH-C7), 6.05 – 5.98 (m, 1H, CH-C6). 5.92 – 5.72 (m, 2H, CH-C11, CH-C13), 

5.13 – 4.99 (m, 4H, CH2-C12, CH2-C15), 4.93 – 4.85 (m, 1H, CH-C1), 4.26 (dd, J = 7.8, 4 

Hz, 1H, CH-C9), 4.00 (tt, J = 8.8, 2.8 Hz, 1H, CH-C3), 3.70 – 3.52 (m, 2H, CH-C4, CH-C2), 

2.77 – 2.67 (m, 1H, CH2-C5a), 2.62 – 2.54 (m, 1H, CH2-C10a), 2.50 – 2.24 (m, 3H, CH2-C13, 

CH2-C10b), 1.87 – 1.78 (m, 1H, CH2-C5b); 13C NMR (101 MHz, CDCl3) δ 203.9 (C8/16), 202.9 

(C8/16), 143.3 (C7), 133.5 (C14), 133.4 (C11), 131.0 (CH-Ar), 128.6 (C6), 123.9 (CH-Ar), 

118.0 (C12, C15), 87.0 (C9), 80.3 (C3), 79.1 (C2), 76.6 (C4), 71.5 (C1), 37.7 (C10), 36.4 (C13), 

36.3 (C5); HRMS (APCI) [M+H]+ calcd for C22H24NO7, 414.1547 found 415.1548 
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(4aR,6S,7R,8aS)‐Hexahydro‐2,2‐dimethyl‐6‐(prop‐2‐ en‐1‐yl)‐pyrano[3,2-d]‐1,3‐

dioxin‐7‐ol 280 

 

Procedure 1: 

 

A solution of m-CPBA (17.2 g, 87.8 mmol, 70 – 75 % by weight) and KF (10.2 g, 176 

mmol) was stirred in anhydrous CH2Cl2 (400 mL) under argon atmosphere for 30 min. 

A solution of enol ether 278 (6.0 g, 35 mmol) in anhydrous CH2Cl2 (100 mL) was added 

slowly. The reaction mixture was stirred for 3 h. The mixture was filtered through a pad 

of MgSO4 and the filtrate was concentrated in vacuo to afford epoxide 279 as a 

colourless oil. 

The crude epoxide was dissolved in anhydrous THF (50 mL) and added to a solution of 

allylmagnesium chloride (2M in THF, 90 mL, 180 mmol) in anhydrous THF (450 mL) at 0 

°C under argon atmosphere. The mixture was stirred for 3 h and the reaction was 

quenched by addition of H2O (500 mL). The product was extracted into EtOAc (3 x 300 

mL). The combined organic extracts were dried over MgSO4 and concentrated in vacuo. 

The residue was purified by flash column chromatography on silica gel (petroleum 

ether/EtOAc, 5:1, then 1:1) to afford a diastereomeric mix of alcohol 280 as a yellow oil 

(2.18 g, 27 %). 

Procedure 2: 

NaBH4 (8 mg, 0.2 mmol) was added to a solution of ketone 277 (30 mg, 0.13 mmol) in 

an EtOH/CH2Cl2 mixture (1:1, 2 mL) at 0 °C. The solution was stirred for 1 h and the 

reaction was quenched by addition of H2O. The phases were separated and the 

aqueous phase was extracted with EtOAc (3 x 2 mL). The combined organic extracts 

were dried over MgSO4 and concentrated in vacuo to afford alcohol 280 (25 mg, 83 %).  

1H NMR (400 MHz, CDCl3) δ 5.93 – 5.80 (m, 1H, CH-C16), 5.15 – 5.00 (m, 2H, CH2-C12),  

3.84 (dd, J = 16, 5.6 Hz, 1H, CH2-C7a), 3.63 (t, J = 10.4 Hz, 1H, CH2-C7b), 3.55 – 3.41 (m, 
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2H, CH-C3, CH-C2), 3.21 – 3.07 (m, 2H, CH-C1, CH-C4), 2.59 – 2.50 (m, 1H, CH2-C10a), 

2.28 – 2.19 (m, 2H, CH2-C10b, CH2-C3a), 1.52 – 1.42 (m, 1H, CH2-C3b), 1.45 (s, 3H, CH3-

C8), 1.36 (s, 3H, CH3-C9); 13C NMR (101 MHz, CDCl3) δ 134.7 (C11), 117.2 (C12), 99.3 (C6), 

81.8 (C1), 74.3 (C4), 69.4 (C5), 69.1 (C3), 62.8 (C7), 38.7 (C3), 36.4 (C10), 29.3 (C9), 19.2 

(C8); HRMS (APCI) [M+H]+ calcd for C12H21O4, 229.1436 found 229.1436 

The spectroscopic data matched that previously reported in the literature.84 
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(4aR,8aS)‐Hexahydro‐2,2‐dimethyl‐6‐(prop‐2‐en‐1‐yl)‐pyrano[3,2‐d]‐1,3‐dioxin‐7‐

one 281 

 

Acetic anhydride (5.85 g, 5.42 mL, 57.4 mmol) was added to alcohol 280 (2.18 g, 9.54 

mmol) in anhydrous DMSO (27.1 mL) at rt under argon atmosphere. The reaction 

mixture was stirred for 18 h. The mixture was cooled to 0 °C, diluted with EtOAc (20 mL) 

and the reaction was quenched by the addition of H2O (20 mL) followed by NaHCO3 

(aq. sat.). The phases were separated and the aqueous phase was extracted with 

CH2Cl2 (3 x 40 mL). The combined organic extracts were washed with H2O (2 x 20 mL), 

dried over MgSO4, and concentrated in vacuo. The residue was purified by flash column 

chromatography on silica gel (petroleum ether/EtOAc, 10:1) to afford a diastereomeric 

mixture of ketone 281 as a yellow solid (1.58 g, 73 %). 1H NMR (400 MHz, CDCl3) 

(mixture of diastereomers) δ 5.91 – 5. 68 (m), 5.16 – 4.97 (m), 3.99 (dd, J = 10.8, 5.2 Hz), 

3.92 – 3.83 (m), (t, J = 10.4 Hz), 3.52 – 3.42 (m), 2.81 (dd, J = 15.2, 5.6 Hz), 2.66 – 2.56 

(m), 2.53 – 2.40 (m), 1.48 (s), 1.45 (s), 1.39 (s), 1.37 (s); 13C NMR (101 MHz, CDCl3) δ 

206.6, 204.5, 133.8, 132.6, 118.8, 117.7, 99.4, 99.3, 83.4, 81.8, 73.2, 70.0, 69.4, 69.0, 

66.8, 62.9, 62.6, 45.4, 43.7, 34.5, 33.9, 29.2, 19.2. 

The spectroscopic data matched that previously reported in the literature.84 
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(4aR,6S,8aS)‐Hexahydro‐2,2‐dimethyl‐6‐(prop‐2‐en‐1‐yl)‐pyrano[3,2‐d]‐1,3‐

dioxin‐7‐one 277 

 

DBU (0.24 mL, 0.24 g, 1.6 mmol) was added to a solution of ketone 281 (1.44 g, 6.31 

mmol) in anhydrous CH2Cl2 (70 mL) under argon atmosphere at room temperature. The 

mixture was stirred for 24 h and the reaction was quenched by the addition of NH4Cl 

(aq. sat.). The phases were separated and the aqueous phase was extracted with 

CH2Cl2 (3 x 30 mL). The combined organic extracts were dried over MgSO4 and 

concentrated in vacuo. The residue was purified by flash column chromatography on 

silica gel (petroleum ether/EtOAc, 10:1) to afford ketone 277 as a white solid (0.90 g, 

63 %). IR vmax (film) 2920, 1722, 1400, 1250, 1037, 844 cm-1; 1H NMR (400 MHz, CDCl3) 

δ 5.88 – 5.75 (m, 1H, CH-C11), 5.16 – 5.02 (m, 2H, CH2-C12), 4.03 (dd, J = 10.8, 5.6 Hz, 

1H, CH2-C7a), 3.96 – 3.86 (m, 2H, CH-C1, CH-C4), 3.79 (t, J = 10.4 Hz, CH2-C7b), 3.55 – 

3.47 (m, 1H, CH-C5), 2.85 (dd, J = 15.6, 5.6 Hz, 1H, CH2-C3a),  2.70 – 2.60 (m, 1H, CH2-

C10a), 2.48 (dd, J = 15.6, 11.6 Hz, 1H, CH2-C3b) 2.41 – 2.32 (m, 1H, CH2-C10b), 1.52 (s, 3H, 

CH3-C8), 1.43 (CH3-C9);  13C NMR (101 MHz, CDCl3) δ 204.7 (C2), 133.8 (C11), 117.8 (C12), 

99.4 (C6), 83.5 (C1), 73.3 (C5), 69.5 (C4), 62.7 (C7), 45.5 (C3), 33.9 (C10), 29.1 (C9), 19.3 

(C8); HRMS (APCI) [M+Na]+ calcd for C12H18O4Na, 249.1097 found 249.1096 
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(4aR,6S,7R,8aS)-6-allyl-2,2-dimethylhexahydropyrano[3,2-d][1,3]dioxin-7-yl 2-

bromoacetate 294 

 

Bromoacetic acid (23 mg, 0.17 mmol), DCC (34 mg, 0.16 mmol) and DMAP (10 mg, 

0.082 mmol) were added to a solution of alcohol 280a (25 mg, 0.11 mmol) in anhydrous 

CH2Cl2 (1 mL) under argon atmosphere at room temperature. The mixture was stirred 

for 1.5 h. The reaction mixture was concentrated in vacuo and the residue was purified 

by flash column chromatography on silica gel (pentane/EtOAc, 10:1) to afford 

bromoacetate 294 (20 mg, 38 %). IR vmax (film) 2360, 2341, 1737, 1379, 1272, 1199, 

1100, 985, 920, 855 cm-1; 1H NMR (400 MHz, CDCl3) δ 5.88 – 5.76 (m, 1H, CH-C11), 5.12 

– 5.04 (m, 2H, CH2-C12), 4.76 – 4.68 (m, 1H, CH-C2), 3.93 – 3.87 (m, 1H, CH2-C7a), 3.84 

– 3.76 (m, 2H, CH2-C14), 3.69 (t, J = 10.8 Hz, 1H, CH2-C7b), 3.66 – 3.58 (m, 1H, CH-C4), 

3.52 – 3.45 (m, 1H, C1), 3.25 – 3.16 (m, 1H, C5), 2.45 – 2.35 (m, 2H, CH2-C3a, CH2-C10a), 

2.27 – 2.16 (m, 1H, CH2-C10b), 1.62 – 1.52 (m, 1H, CH2-C10b), 1.49 (s, 3H, CH3-C8), 1.40 

(s, 3H, CH3-C9); 13C NMR (101 MHz, CDCl3) δ 166.4, 133.7, 117.8, 99.5, 78.8, 74.6, 72.0, 

68.6, 62.8, 36.2, 35.0, 29.3, 25.6, 19.3; HRMS (APCI) [M+H]+ calcd for C14H22BrO5, 

349.0645 found 349.0646 
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(4aR,6S,7R,8aS)-6-allyl-2,2-dimethylhexahydropyrano[3,2-d][1,3]dioxin-7-yl 2-

diazoacetate 273 

 

N,N’-Ditosylhydrazine 293 (1.01 g, 2.97 mmol) and DBU (1.1 mL, 1.1 g, 7.2 mmol) were 

added to a solution of bromoacetate 294 (0.52 mg, 1.5 mmol) in anhydrous THF (25 

mL) under argon atmosphere at 0 °C. The mixture was stirred for 10 min and the 

reaction was quenched by the addition of NaHCO3 (aq. sat.). The phases were 

separated and the aqueous layer was extracted with CH2Cl2 (3 x 20 mL). The combined 

organic extracts were dried over MgSO4 and concentrated in vacuo. The residure was 

purified by flash column chromatography on silica gel (pentane/EtOAc, 10:1) to afford 

diazoacetate 273 as a white solid (170 mg, 44 %). IR vmax (solid) 2110, 1692, 1380, 1351, 

1232, 1176, 1089, 1049, 988, 915, 857 cm-1; 1H NMR (400 MHz, CDCl3) δ 5.88 – 5.76 (m, 

1H, CH-C16), 5.11 – 5.02 (m, 2H, CH2-C12), 4.81 – 4.71 (m, 2H, CH-C2a, CH-C14), 3.92 – 

3.85 (m, 1H, CH2-C7a), 3.69 (t, J = 10.8 Hz, 1H, CH2-C7b), 3.65 – 3.56 (CH-C4), 3.44 – 3.37 

(1H, CH-C1) 3.24 – 3.14 (CH-C5), 2.42 – 2.32 (2H, CH2-C3a, CH2-C10a), 2.24 – 2.14 (CH2-

C10b), 1.60 – 1.50 (1H, CH2-C3b), 1.48 (s, 3H, CH3-C8), 1.40 (s, CH3-C9); 13C NMR (101 

MHz, CDCl3) δ 133.9, 117.5, 99.5, 79.2, 74.6, 70.7, 68.7, 62.8, 46.6, 36.3, 35.7, 29.3, 

19.3; HRMS (APCI) [M+H]+ calcd for C14H21N2O5, 297.1445 found 297.1444 
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tert-Butyl(cyclohexenyloxy)dimethylsilane 374 

 

Triethylamine (3.5 mL, 2.5 g, 25 mmol) was added to a solution of cyclohexanone (1 g, 

10 mmol) in CH2Cl2 (60 mL) under argon atmosphere at room temperature. The 

reaction was stirred for 1 h and TBSOTf (2.6 mL, 3.0 g, 11 mmol) was added. The 

reaction was stirred for 2 h and quenched with NH4Cl (aq. sat.). The phases were 

separated and the aqueous phases was extracted with CH2Cl2 (3 x 20 mL). The 

combined organic phases were dried over MgSO4 and concentrated in vacuo. The 

residue was purified by flash column chromatography on silica gel (100 % hexanes) to 

afford silyl enol ether 374 as a colourless oil (1.45 g, 68 %). 1H NMR (400 MHz, CDCl3) δ 

4.89 – 4.84 (m, 1H), 2.05 – 1.95 (m, 4H), 1.70 – 1.61 (m, 2H), 1.55 – 1.46 (m, 2H), 0.92 

(s, 9H), 0.13 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 150.7, 104.5, 29.9, 25.8, 24.0, 23.4, 

22.6, 18.2, -4.2. 

The spectroscopic data matched that previously reported in the literature  .118 
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Tert-butyl(cyclohept-1-en-1-yloxy)dimethylsilane 371 

 

Triethylamine (1.5 mL, 1.1 g, 11 mmol) was added to a solution of cycloheptanone (0.5 

g, 5.1 mmol) in CH2Cl2 (25 mL) under argon atmosphere at room temperature. The 

reaction was stirred for 1 h and TBSOTf (0.93 mL, 1.1 g, 4.0 mmol) was added. The 

reaction was stirred for 2 h and quenched with NH4Cl (aq. sat.). The phases were 

separated and the aqueous phases was extracted with CH2Cl2 (3 x 10 mL). The 

combined organic phases were dried over MgSO4 and concentrated in vacuo. The 

residue was purified by flash column chromatography on silica gel (100 % pentane, 

then pentane/EtOAc, 10:1) to afford silyl enol ether 371 as a colourless oil (0.58 g, 58 

%).1H NMR (400 MHz, CDCl3) δ 5.00 (t, J = 6.8 Hz, 1H), 2.24 – 2.19 (m, 2H), 2.00 – 1.94 

(m, 2H), 1.71 – 1.62 (m, 2H), 1.60 – 1.48 (m, 4H), 0.92 (s, 9H), 0.11 (s, 6H); 13C NMR (101 

MHz, CDCl3) δ 156.3, 108.7, 35.7, 31.6, 27.9, 25.9, 25.5, 25.3, 18.1, -4.3; HRMS (APCI) 

[M+H]+ calcd for C13H27OSi, 227.1826 found 227.1828. 

The spectroscopic data matched that previously reported in the literature.119 
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Ethyl l-(tert-Butyldi-methylsilyloxy )bicyclo[5.2.0]non-8-ene-9-carboxylate 372 

 

Silyl enol ether 371 (100 mg, 0.44 mmol) in CH2Cl2 (1 mL) was added dropwise to a 

solution of freshly distilled titanium tetrachloride (73 μL, 0.13 g, 0.69 mmol) and ethyl 

propiolate (67 μL, 0.065 g, 0.67 mmol) in CH2Cl2 (1.5 mL) at -78 °C under Ar 

atmosphere. The reaction was stirred for 15 minutes and quenched with H2O (2 mL). 

The phases were separated and the aqueous layer was extracted with CH2Cl2 (3 x 2 

mL). The combined organic phases were dried over MgSO4, filtered, and concentrated 

in vacuo to afford the crude product. The product was purified by flash column 

chromatography to afford cyclobutene 372 as a colourless oil (40 mg, 28 %). IR νmax 

(film) 2361, 2341, 1700, 1252, 836, 778 cm-1;  1H NMR (400 MHz, CDCl3) δ 6.90 (d, J = 

1.2 Hz, 1H), 4.19 (m, 2H), 2.78 (m, 1H), 1.29 (t, J = 7.2 Hz, 3H), 0.88 (s, 9H), 0.05 (s, 3H), 

0.02 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 162.3, 149.8, 143.6, 82.9, 60.1, 57.1, 36.3, 

32.2, 29.9, 27.6, 26.4, 25.9, 23.8, 18.4, 14.5, -2.8, -3.1; HRMS (APCI) [M+H]+ calcd for 

C18H33O3Si, 325.2193 found 325.2195 

The spectroscopic data matched that previously reported in the literature  111 
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Ethyl 2-Oxocyclonon-8-ene-l-carboxylate 373 

 

A solution of cyclobutene 372 (35 mg, 0.1 mmol), acetic acid (0.5 mL), phosphoric acid 

(50 μL), THF (0.5 mL) and H2O (0.25 mL) was refluxed for 5 h. The reaction was extracted 

with Et2O (3 x 2 mL). The combined organic phases were dried over MgSO4 and 

concentrated in vacuo. The residue was purified by flash column chromatography on 

silica gel (hexanes/EtOAc, 10:1) to afford 373 (15 mg, 60 %). 1H NMR (400 MHz, CDCl3) 

δ 5.91 – 5.79 (m, 1H), 5.58 (dd, J = 10.0 Hz, 1H), 4.28 – 4.18 (m, 2H), 4.13 (d, J = 10.0 Hz, 

1H), 2.85 (td, J = 12.8, 3.2 Hz, 1H), 1.29 (t, J = 7.2 Hz); 13C NMR (101 MHz, CDCl3) δ 204.0, 

168.4, 138.5, 119.9, 64.8, 61.2, 38.0, 33.5, 29.7, 26.3, 24.4, 14.2. 

The spectroscopic data matched that previously reported in the literature.  111 
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(((2R,4aR,6S,8aS)-2,6-diallyl-2,4a,6,8a-tetrahydropyrano[3,2-b]pyran-3,7-

diyl)bis(oxy))bis(tert-butyldimethylsilane) 383 

 

LHMDS (1M in THF, 0.8 mL, 0.8 mmol) and Et3N (0.44 mL, 0.32 g, 3.1 mmol) were added 

to a solution of TBSOTf (0.18 mL, 0.21 g, 0.78 mmol), diketone 210 (0.05 g, 0.20 mmol), 

and 4Å MS in THF (2 mL) at −78 °C. The reaction was stirred for 2.5 h and quenched with 

NaHCO3 (sat. aq.). The phases were separated and the aqueous layer was extracted 

with CH2Cl2 (3 x 5 mL). The combined organic layers were dried over MgSO4, 

concentrated in vacuo, and purified by flash column chromatography on silica gel 

(100% petroleum ether, then petroleum ether/EtOAc, 10:1) to afford the product as a 

white solid (30 mg, 31 %). IR νmax (solid) 2954, 2856, 1651, 1470, 1360, 1290, 1253, 

1210, 1096, 850 cm-1; 1H NMR (400 MHz, CDCl3) δ 5.94 – 5.80 (m, 2H, CH-C13/10), 5.15 – 

5.02 (m, 4H, CH2-C11/14), 4.98 (s, 2H, CH-C5/6), 4.11 (br. s, 2H, CH-C2/8), 3.85 (s, 2H, CH-

C3/4), 2.58 – 2.47 (m, 2H, CH-C9a/12a), 2.42 – 2.31 (m, 2H, CH-C9b/12b), 0.92 (s, 18H), 0.19 

(s, 12 H); 13C NMR (101 MHz, CDCl3) δ 152.1 (C1/7), 134.6 (C10/13), 117.2 (C11/14), 103.7 

(C5/6), 77.4 (C2/8), 72.8 (C3/4), 36.8 (C9/12), 25.8, -4.4; HRMS (APCI) [M+H]+ calcd for 

C26H47O4Si2, 479.3007 found 479.3003 
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(((2R,4aR,6S,8aS)-2,6-diallyl-2,4a,6,8a-tetrahydropyrano[3,2-b]pyran-3,7-

diyl)bis(oxy))bis(triisopropylsilane) 385 

 

LHMDS (1M in THF, 0.6 mL, 0.6 mmol) and Et3N (0.35 mL, 0.25 g, 2.5 mmol) were added 

to a solution of TIPSOTf (0.16 mL, 0.18 g, 0.60 mmol), diketone 210 (0.03 g, 0.12 mmol), 

and 4A MS in THF (1 mL) at −78 °C. The reaction was stirred for 5 h and quenched with 

NaHCO3 (sat. aq.). The phases were separated and the aqueous layer was extracted 

with CH2Cl2 (3 x 2 mL). The combined organic layers were dried over MgSO4, 

concentrated in vacuo, and purified by flash column chromatography on silica gel 

(pentane/EtOAc, 8:1) to afford the product as a white solid (60 mg, 88 %). IR νmax (film) 

2944, 2866, 1651, 1461, 1286, 1210, 1098, 994, 909, 880, 828 cm-1; 1H NMR (400 MHz, 

CDCl3) δ 5.95 – 5.82 (m, 2H, CH-C13/10), 5.15 – 5.01 (m, 4H, CH2-C11/14), 4.98 (s, 2H, CH-

C5/6), 4.14 (br. s, 2H, CH-C2/8), 3.83 (s, 2H, CH-C3/4), 2.59 – 2.49 (m, 2H, CH2-C9a/12a), 2.46 

– 2.37 (m, 2H, CH2-C9b/12b), 1.28 – 1.17 (m, 6 H), 1.12 – 1.06 (m, 36 H); 13C NMR (101 

MHz, CDCl3) δ 152.1 (C1/7), 134.7 (C10/13), 117.0 (C11/14), 103.2 (C5/6), 77.4 (C2/8), 72.7 

(C3/4), 36.9 (C9/12), 17.9, 12.5; HRMS (ESI) [M+H+] calcd for C23H59O4Si2, 563.3946 found 

563.3948. 
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(((2R,4aR,6S,8aS)-2,6-diallyl-2,4a,6,8a-tetrahydropyrano[3,2-b]pyran-3,7-

diyl)bis(oxy))bis(tert-butyldiphenylsilane) 386 

 

LHMDS (1M in THF, 0.5 mL, 0.5 mmol) and Et3N (0.28 mL, 0.20 g, 2.0 mmol) were added 

to a solution of TBDPSOTf (0.12 mL, 0.14 g, 0.5 mmol), diketone 210 (0.025 g, 0.1 

mmol), and 4A MS in THF (1 mL) at −78 °C. The reaction was stirred for 5 h and 

quenched with NaHCO3 (sat. aq.). The phases were separated and the aqueous layer 

was extracted with CH2Cl2 (3 x 2 mL). The combined organic layers were dried over 

MgSO4, concentrated in vacuo, and purified by flash column chromatography 

(pentane/EtOAc, 10:1) to afford the product as a white solid (24 mg, 32 %). 1H NMR (400 

MHz, CDCl3) δ 7.59 – 7.44 (m, Ar-CH), 7.30 – 7.15 (m, Ar-CH), 5.81 – 5.49 (m, 2H, CH-

C10/13), 4.70 – 4.60 (m, 2H, CH-C5/6), 4.07 (br. s, 2H, CH-C2/8), 3.72 (CH-C3/4), 2.42 – 2.27 

(m, 2H, CH2-C9a/12a), 2.26 – 2.14 (m, 2H, CH2-C9b/12b), 0.92 – 0.86 (m, 9H); 13C NMR (101 

MHz, CDCl3) δ 135.6, 134.8, 134.4, 129.7, 127.7, 116.9, 95.5, 75.7, 72.9, 36.9, 26.5 
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8. Appendix 

 8.1 1H and 13C NMR Data 
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 8.2 X-ray crystal structure data 

 

Crystal data 

 C14H18O4 Dx = 1.302 Mg m-3 

Mr = 250.28 Mo Ka radiation, l = 0.71073 Å 

Orthorhombic, Pbca Cell parameters from 9903 reflections 

a = 9.3231 (6) Å q = 3.1–28.3° 

b = 7.2728 (5) Å  m = 0.10 mm-1 

c = 18.8340 (13) Å T = 295 K 

V = 1277.04 (15)  Å3 Block, colourless 

Z = 4  0.44 × 0.43 × 0.14 mm 

F(000) = 536  

 

Data collection 

 Bruker D8 VENTURE  
diffractometer 

1588 independent reflections 

Radiation source: microfocus sealed 
tube, INCOATEC Ims 3.0 

1401 reflections with I > 2s(I) 

Multilayer mirror optics monochromator Rint = 0.040 

Detector resolution: 7.4074 pixels mm-1 qmax = 28.3°, qmin = 2.2° 

f and w scans  h = -12®12 

Absorption correction: multi-scan  
SADABS2016/2 (Bruker,2016/2) was used 
for absorption correction. wR2(int) was 
0.1170 before and 0.0652 after 
correction. The Ratio of minimum to 
maximum transmission is 0.9032. The l/2 
correction factor is Not present.  

k = -9®9 

Tmin = 0.674, Tmax = 0.746 l = -25®25 
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14244 measured reflections  

 

Refinement 

 Refinement on F2 Primary atom site location: dual  

Least-squares matrix: full Hydrogen site location: inferred from 
neighbouring sites 

R[F2 > 2s(F2)] = 0.054 H-atom parameters constrained 

wR(F2) = 0.161  w = 1/[s2(Fo
2) + (0.0787P)2 + 0.8406P]   

where P = (Fo
2 + 2Fc

2)/3 

S = 1.09  (D/s)max < 0.001 

1588 reflections Dñmax = 0.44 e Å-3 

82 parameters Dñmin = -0.19 e Å-3 

0 restraints  
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Crystal data 

 C14H22O4 Dx = 1.111 Mg m-3 

Mr = 254.31 Mo Ka radiation, l = 0.71073 Å 

Trigonal, R¯3 Cell parameters from 2226 reflections 

a = 28.4925 (16) Å q = 2.5–26.3° 

c = 4.8658 (3) Å m = 0.08 mm-1 

V = 3420.9 (4)  Å3 T = 123 K 

Z = 9  Rod, colourless  

F(000) = 1242 0.31 × 0.04 × 0.04 mm 

 

Data collection 

 Bruker D8 VENTURE  
diffractometer 

1537 independent reflections 

Radiation source: microfocus sealed 
tube, INCOATEC Ims 3.0 

1306 reflections with I > 2s(I) 

Multilayer mirror optics monochromator Rint = 0.041 

Detector resolution: 7.4074 pixels mm-1 qmax = 26.4°, qmin = 2.5° 

f and w scans  h = -35®22  

Absorption correction: multi-scan  
SADABS2016/2 (Bruker,2016/2) was used 
for absorption correction. wR2(int) was 
0.0653 before and 0.0499 after 
correction. The Ratio of minimum to 
maximum transmission is 0.8265. The l/2 
correction factor is Not present.  

k = -21®35 
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Tmin = 0.616, Tmax = 0.745 l = -4®6 

3908 measured reflections  

 

Refinement 

 Refinement on F2 0 restraints 

Least-squares matrix: full Hydrogen site location: mixed 

R[F2 > 2s(F2)] = 0.054 H atoms treated by a mixture of 
independent and constrained refinement 

wR(F2) = 0.181  w = 1/[s2(Fo
2) + (0.150P)2 + 9.9404P]   

where P = (Fo
2 + 2Fc

2)/3 

S = 0.79  (D/s)max < 0.001 

1537 reflections Dñmax = 0.30 e Å-3 

86 parameters Dñmin = -0.26 e Å-3 
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Crystal data 

 C22H25NO7 Z = 2 

Mr = 415.43 F(000) = 440 

Triclinic, P1 Dx = 1.318 Mg m-3 

a = 4.8182 (2) Å Cu Ka radiation, l = 1.54184 Å 

b = 12.4928 (3) Å  Cell parameters from 12784 reflections 

c = 17.5741 (4) Å  q = 2.5–74.1° 

a = 96.115 (2)° m = 0.82 mm-1 

b = 95.436 (2)° T = 293 K 

g = 90.552 (2)° Plate, colourless 

V = 1046.88 (6)  Å3 0.18 × 0.08 × 0.02 mm 

 

Data collection 

 Rigaku 007HF  
diffractometer equipped with Arc)Sec 
VHF Varimax confocal mirrors and a UG2 
goniometer and HyPix 6000HE detector 

14542 measured reflections 

Radiation source: Rotating anode, Rigaku 
007 HF 

14542 independent reflections 

Mirror monochromator 13049 reflections with I > 2s(I) 

Detector resolution: 10 pixels mm-1 qmax = 75.8°, qmin = 2.5° 

profile data from w–scans  h = -6®6 
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Absorption correction: multi-scan  
CrysAlis PRO 1.171.42.80a (Rigaku 
Oxford Diffraction, 2023) Empirical 
absorption correction using spherical 
harmonics, implemented in SCALE3 
ABSPACK scaling algorithm. 

k = -15®15 

Tmin = 0.073, Tmax = 1.000 l = -21®21 

 

Refinement 

 Refinement on F2 H-atom parameters constrained 

Least-squares matrix: full  w = 1/[s2(Fo
2) + (0.1466P)2 + 0.1856P]   

where P = (Fo
2 + 2Fc

2)/3 

R[F2 > 2s(F2)] = 0.069 (D/s)max = 0.001 

wR(F2) = 0.206 Dñmax = 0.41 e Å-3 

S = 1.09  Dñmin = -0.32 e Å-3 

14542 reflections Extinction correction: SHELXL2018/3 
(Sheldrick 2018), 
Fc*=kFc[1+0.001xFc2l3/sin(2q)]-1/4 

583 parameters Extinction coefficient: 0.019 (4) 

58 restraints Absolute structure:  refined for each of 
the twin components  

Hydrogen site location: inferred from 
neighbouring sites 

Absolute structure parameter: 0.06 (9) 

 

Special details 

 Geometry. All esds (except the esd in the dihedral angle between two l.s. planes)  are 
estimated using the full covariance matrix.  The cell esds are taken  into account 
individually in the estimation of esds in distances, angles  and torsion angles; 
correlations between esds in cell parameters are only  used when they are defined by 
crystal symmetry.  An approximate (isotropic)  treatment of cell esds is used for 
estimating esds involving l.s. planes.  

Refinement. Refined as a 4-component twin. 
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