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Abstract 

The Hyphodermin A-H natural products were isolated in 1997.  This thesis reports 

the first total synthesis of Hyphodermins A-D (47-50).  The reaction sequence to 

Hyphodermin B, 48, involved conversion of dione 58 to a methoxy enolether 

followed by vinyl Grignard addition to give diene 54.  A Diels-Alder cyclo-addition 

reaction with dimethyl acetylenedicarboxylate followed by dehydrogenation with 

Pd/C gave diester 66.  Conversion of the ester to the corresponding phthalic acid, 

cyclisation with acetic anhydride and reduction of the anhydride moiety to the lactol 

with LiAlH(t-BuO)3 gave (±)-Hyphodermin B, 47.  (±)-Hyphodermin B, 48, was 

synthesised in six steps and with an overall yield of 38%.  A key step in this synthesis 

was the regioselective reduction of anhydride 56 at C1 to (±)-Hyphodermin B, 48. 

The total synthesis of Hyphodermins A, C and D (47, 49 and 50) used diester 66 as a 

common starting material.  Installation of a double bond α,β to the ketone moiety of 

66 via α-bromination and dehydrohalogenation gave unsaturated diester 110.  Ester 

hydrolysis, cyclisation with acetic anhydride and reduction of C1 (as per the synthesis 

of (±)-Hyphodermin B, 47) resulted in the formation of lactol 113.  In the synthesis of 

Hyphodermins C, 49, and D, 50, lactol 113 was converted to the corresponding 

methyl ether and epoxidised to give Hyphodermins C, 49, and D, 50.  Hyphodermins 

C, 49, and D, 50, were synthesised in eleven steps in unoptimised overall yields of 

49, 0.33% and 50, 1.5% respectively.   

The synthesis of Hyphodermin A, 47, was achieved by protection of lactol 113 as a 

THP ether followed by epoxidation and selective deprotection under mild acidic 



 xii 

conditions.  (±)-Hyphodermin A, 47, was synthesised in twelve steps from diketone 

58, and in an unoptimised overall yield of 1.55%. 

Hyphodermin analogues 47, 48, 50, 66, 70, 108, 109, 110, 113, 117 and 130 were 

assayed for potential inhibitory activity against GPa.  None of the analogues inhibited 

GPa at a concentration < 100 μM. 

This thesis also reports preliminary investigations into the synthesis of a spiro-proline 

scaffold 136, in an effort to develop a library of amino acid mimetics for the C-

terminal sequence of the GL subunit of PP-1 which binds to GPa. 
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“The wind is blowing and the skies keep turning grey.  

The sun is setting, but the sun will rise another day.” 
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Introduction 
1.1 Overview 

The incidence of type 2 diabetes in developed countries is reaching epidemic 

proportions and is showing no sign of decreasing.  Current treatments for type 2 

diabetes are of limited effectiveness and possess inherent mechanism-based side 

effects.  Therefore, there is an urgent need to develop new lead compounds, and to 

develop new therapeutic agents with minimal side effects which are able to control 

blood glucose levels.  The work presented herein is focused on the synthesis of new 

potential inhibitors of glycogen phosphorylase, an enzyme implicated in type 2 

diabetes. 

1.2 Diabetes 
 
Diabetes is the most common hormonal deficiency disease in the world. 

Approximately 90 – 95% of all diabetes mellitus diagnoses are classified as type 2 / 

non-insulin dependant diabetes mellitus (NIDDM).1  Currently in Australia, diabetes 

affects approximately 600 000 Australians and is the seventh leading cause of death.  

The International Diabetes Federation (IDF) estimates global costs of type 2 diabetes 

in 2003 to be between $153 - $286 billion, rising to $213 - $396 billion in 2025.2  To 

Australians, the cost of treating diabetes in 2000 was $636 million.  However, the 

low diagnosis rate for diabetes sufferers, around 50%, makes the possible cost to 

Australia $1.23 billion per annum.2  By comparison, in the US it is estimated that by 

2010, 250 million will be diagnosed with type 2 diabetes,3 and the annual cost for 
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treating diabetes and its secondary health effects, such as retinopathy and ischemic 

heart disease will be US$100 billion.4   

In contrast to many other serious illnesses the number of people affected by type 2 

diabetes has increased (30%) in recent years.  This growth has been attributed to 

several factors.  In particular, the obesity epidemic and a general increase in 

sedentary lifestyle are both dominant factors in western societies and economically 

developed countries.  Type 2 diabetes is characterised by elevated blood glucose 

levels which result from either resistance to the biological activity of insulin or by 

abnormal insulin secretion rates.1,4  One function of insulin is to promote the 

production of glycogen, effectively a glucose polymer, from free glucose in the 

blood.  Insulin promotes this action by facilitating the transport of plasma glucose 

through cell walls into muscle, liver and adipose tissue where it is then converted to 

glycogen.4  Thus, when a person has a reduced sensitivity to insulin, the plasma 

glucose levels become chronically elevated and the kidneys must work to normalise 

these levels.  If left untreated, the chronically elevated plasma glucose levels of type 

2 diabetes can have devastating consequences for the sufferer.  Impaired circulation 

to extremities can result in a lack of oxygen to the hands and fingers, feet and toes 

and can lead to numbness and possible amputation.   

Extremely elevated blood glucose levels can also lead to the development of 

conditions such as renal insufficiency, where kidney failure occurs due to excessive 

use and high work load filtering glucose from the blood.  This condition usually 

appears abruptly and can require a kidney transplant or alternatively, regular dialysis 

treatment.  Other secondary illnesses are the development of retinopathy leading to 
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blindness and neuropathy (the damage of nerves possibly leading to paralysis and 

ischaemic heart disease).     

The first line of prevention and treatment for type 2 diabetes involves lifestyle 

changes such as increased exercise and hypo-caloric diets.  These changes help to 

reduce weight and assist in normalising blood glucose levels.  In addition, both 

treatments increase the sensitivity of the sufferer to insulin and encourage more 

economic glucose utilization by the body.4  Since diabetes is commonly diagnosed 

in adults, lifestyle changes can be difficult to adhere to and so are not carried out, 

therefore pharmaceutical intervention is required.  The nature of treatments and their 

pharmacological effects will be discussed later. 

1.3 Biological Control of Blood Glucose Levels 

The human body requires highly variable, yet controlled, blood glucose 

concentrations to meet the energy requirements of the body at any given time during 

a 24 hour period. 

Blood Glucose

Blood Glucose

Pancreas Islet
β-Cells

Insulin Liver Cells

Glucose Glycogen

Pancreas Islet
α-Cells

Glucagon Liver Cells
Glycogen Glucose

Amino Acids Glucose

Blood Glucose 
Falls

Blood Glucose 
Rises

Normal 
Fasting 
Glucose 
Levels
(4-6mmol/L)

Negative Feedback

Negative Feedback

<4 mmol/L

>6 mmol/L

 

Figure 1 - Biological control of blood glucose levels 
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In a healthy person, blood glucose levels are regulated by a complex network of 

events to maintain glucose homeostasis.  A detailed analysis of this process is 

beyond the scope of this discussion but an overview will be given here (Figure 1).  

In mammalian systems the energy for biochemical processes comes primarily from 

the conversion of consumed food to biological fuel, i.e. glucose.  Many systems in 

the body require glucose, especially the central nervous system which is constantly 

in high energy demand.1  Unused glucose is stored as glycogen in the liver, muscle 

and adipose tissue.5 Glycogen is a highly branched polysaccharide made up of 

glucose monomers and is synthesised via two alternate pathways.  The first is 

glyconeogenesis, where the de novo synthesis of glycogen occurs from smaller three 

carbon precursors (glycerol, pyruvate, alanine and lactate).  This happens chiefly in 

the liver and to a lesser extent in the kidneys.   
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The second method is the synthesis of glycogen from the uptake of glucose from the 

blood stream, this process is initiated by insulin.  It is interesting to note that the 

insulin-initiated response to glycogen synthesis inhibits glyconeogenisis and the 

glycolytic pathway.  This action allows blood sugar to be lowered quickly and 

effectively.  Insulin and glucagon are secreted to initiate either the synthesis of 

glycogen during times of low energy demands or breakdown of glycogen during 
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times of high energy demand (glycogenolysis).  The concentration of blood glucose, 

at any one time, relies on the balance of activities between insulin and glucagon.   

Both insulin and glucagon are initiators in enzymatic cascades that result in the 

raising or lowering of blood glucose levels.  When glucose is needed in muscles, 

glucagon initiates an enzyme cascade that results in the successive shortening of the 

glycogen polysaccharide (glycogenolysis).  The key enzyme which cleaves glucose-

1-phosphate (glucose-1-P, a precursor to both free glucose and ATP) from glycogen 

is glycogen phosphorylase (GP).6  The reverse process, whereby glucose is 

converted to glycogen, via glucose-1-P, is carried out by glycogen synthase which is 

activated by protein phosphatase-1 (PP-1) (Figure 2). 

 

Glycogen Phosphorylase

Glycogen Synthase ATPADP

Glycogen Glucose-1-P

O
RO

HO

HO

HO
OR

O
HO

HO

HO

HO
OPi

O
HO

HO

HO

HO
OH

R = α-D-glucose

Glucose

 

Figure 2 - Enzymatic pathway in regulating plasma glucose concentration 

 

 In a non-diabetic system, once the desired blood glucose level has been achieved, 

glucose-1-phosphate molecules inhibit GP via binding to an allosteric (Greek: allos, 

other and steros, solid or space) site.  The inactivation of GP results in a plateau, and 

eventual decline, of blood glucose concentration.  This biological feedback system 

shows one of the many examples where allosteric control of GP can be used to 

manipulate glycogen synthesis and regulate blood glucose levels in humans. 
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1.4 Current Treatments and Medications 

As stated previously, the first line of prevention and treatment for type 2 diabetes is 

lifestyle change.  In advanced cases of diabetes, hypoglycaemic medication is 

prescribed to lower blood glucose levels.  The approach of using medication as an 

initial treatment is also applicable to those who are unable to exercise, such as the 

elderly, physically handicapped or excessively obese.  In some cases the use of 

medication to treat diabetes is a way of controlling blood glucose levels while 

allowing time for a person to become educated on diet and/or to lose weight to allow 

for regular exercise.  There are many classes of prescription drugs available with 

variable modes of action and side effects.  A brief overview and discussion of 

commonly used medications is given below. 

1.5 Biguanides 

 Biguanides such as phenformin, 1, and metformin, 2, as have been used to treat type 

2 diabetes for approximately 50 years and have had varying degrees of success.7  

The mechanism by which these drugs normalise blood glucose levels is not fully 

understood.4 
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H
NN

NH NH

NH

N
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H2N
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2 Metformin1 Phenformin  
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Evidence suggests that metformin, 2, is effective in lowering the rate of glucose 

production by inhibiting the gluconeogenic pathway, in addition to reducing the 

overall rate of glycogenolysis.8  It was also suggested that the biguanides promote 

the transport of glucose across the cell wall and thus compensate for insulin 

resistance commonly found in diabetics.  Whether this effect of improved glucose 

transport is a direct effect of metformin, 2, or is a secondary effect from the patients 

body facilitated by inhibition of the gluconeogenic pathway by metformin, 2, has not 

been conclusively elucidated.4   Patients who are treated with biguanide medication 

often experience side effects such as weight loss, bloating, metallic taste, and 

abdominal pains.  Phenformin, 1, is no longer used due to its correlation with the 

onset of severe lactic acidosis.9-11  A similar effect is seen in metformin, 2, therapy 

but the incidence rate is very low.  As a result, the prescription of metformin, 2, to 

people who are predisposed to lactic acidosis (people who have renal impairments, 

heart defects and liver dysfunctions among others) is limited. 

1.6 Thiazolidinediones (TZDs) 

Thiazolidinediones are an effective class of drugs which derive from clofibrate, a 

drug displaying high antilipidemic and low hyperglycaemic properties.12  TZD 

medications work by increasing the sensitivity of the patient to insulin, thus 

inhibiting hepatic glucose production and assisting in glucose disposal by the body.4  

This assists in the normalisation of blood glucose levels.  First generation TZD 

medication, Troglitazone®, 3, was seen to produce a marked improvement in patient 

blood glucose levels.  Despite being approved for use it was removed from use due 
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to rare incidence of hepatic toxicity.  New TZD medication, such as Rosiglitazone®, 

4, is currently used and does not induce hepatic toxicity.13 
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The side-effects for TZD drugs include edema and weight gain.  The latter of these 

two side-effects is an extremely undesirable effect in a patient who is likely to be 

obese.  TZD drugs can be used in conjunction with the biguanide class listed above 

since the biguanides display weight neutral properties, where patients are likely to 

lose weight as a result of medication. 

1.7 α-Glucosidase Inhibitors 

The enzyme, α-glucosidase, is located in the small intestine and facilitates the 

production of easily absorbed mono-saccharides, such as glucose, from larger 

complex carbohydrates.4  α-Glucosidase inhibition  medications (eg Acarbose, 5, 

brand name Precose®) delay the absorption of glucose by acting as reversible 

competitive inhibitors of  α-amylase (from pancreas) and membrane-bound intestinal 

α-glucosidase hydrolase enzymes.14,15  Since many diabetics suffer from lethargic 

insulin response, α-glucosidase inhibitors slow the rate at which easily digestible 

sugars are produced thus avoiding detrimental high spikes in blood sugar, which 
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may occur after meals.  Since α-glucosidase inhibitors delay the absorption of 

sugars, adverse side effects (flatulence, diarrhoea and abdominal discomfort) occur 

when complex carbohydrates are metabolised in the large intestine generating 

gaseous by-products.  Fortunately, α-glucosidase inhibitors also display weight 

neutral properties and, due to their mode of action, are not prone to cause 

hypoglycaemia.  Possible long term effects of this type of medication have not been 

investigated.4 
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1.8 Sulfonylureas 

Sulfonylureas are usually insulin secretagogues, which stimulate the β-cells in the 

pancreas to release insulin.1  Glipizide, 6, and Glimepiride, 7, are commercially 

available anti-diabetic agents which stimulate the production of insulin via the 

blocking of potassium ion channels involved in the synthesis and export of insulin 

from pancreatic β-cells.16  Again, these medications are usually prescribed to 

patients who are not overly obese.  Side-effects of sulfonylurea medication include 
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weight gain, gastrointestinal discomfort and skin rashes.  Unfortunately since 

sulfonyl ureas effect the output of insulin they are prone to causing hypoglycaemia.4 

1.9 Insulin Therapy 

If none of the above medications are deemed suitable for treatment of a patient, or 

the condition is severe, then insulin itself is administered intravenously.  Most 

patients will progress to insulin therapy over time.  A limitation of most treatments 

is that they do not control the large fluctuations in blood glucose levels as is 

characteristic of type 2 diabetes.  Such fluctuations result in chronically high glucose 

levels and proliferate the secondary symptoms previously described.1 

The above highlights a need to develop a new medicinal treatment for diabetes 

mellitus that can provide a controlled mechanism of blood glucose homeostasis 

without inherent side-effects.  Recently, the focus of new therapy research has been 

on identifying key enzymes as potential therapeutic targets which are more specific 

in controlling blood glucose levels than insulin.  Therefore, these targets may 

provide a means to effectively control blood glucose concentrations without 

discomfort or adverse side-effects.  Recently, GP has been validated as a therapeutic 

target for treating hypoglycaemia1,17 as it plays a crucial role in the formation of 

glucose-1-phosphate from hepatic glycogen stores.  GP is heavily regulated by 

allosteric effectors and possible allosteric manipulation of the enzyme potentially 

reduces the need to target the highly conserved catalytic site.18   
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1.10 Glycogen Phosphorylase (GP) 

GP is a homodimeric enzyme which is approximately 94 kDa in weight.  There are 

three isoforms of GP: human liver glycogen phosphorylase (HLGP), human muscle 

glycogen phosphorylase (HMGP) and one isoform which supplies the central 

nervous system with glucose.  The three isoforms display approximately 80% amino 

acid sequence homology and rabbit muscle GP (RMGP), on which most preliminary 

biological activity assays are conducted is again 80% homologous in amino acid 

sequence to HLGP.19  Due to the high level of amino acid homology among the 

isoforms of the enzyme, targeting HLGP in preference to the other isoforms is a 

major challenge.  Low isoform specificity of GP inhibitors would lead to problems 

in skeletal muscle contraction and control and would cause the central nervous 

system to fail.  HLGP is the primary target in type 2 diabetes therapy as a means to 

control hepatic glucose production thus from here on GP will refer to HLGP unless 

otherwise labelled.   

GP exists in a dynamic equilibrium between the T state (inactive) and R state 

(active) conformation.  The equilibrium between the T and R conformations relies 

on two factors; (1) the phosphorylation state of the enzyme and (2) the binding of 

any allosteric effectors, be they activators or deactivators.  Note that the 

phosphorylated or dephosphorylated GP species are known as GPa and GPb, 

respectively. 

GPb is associated with low glycolytic activity since it exists primarily in the 

deactivated T conformation, with only a small percentage in the active R 

conformation.  In the T conformation the catalytic site is blocked by residues 282 – 
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286 (the 280’s loop) which results in low biological activity. GPb may become 

biologically active via two mechanisms.  Firstly, phosphorylation of the Ser14 

residues on each monomer of GPb gives GPa.  The R conformation is stabilised by 

the phosphate groups and so GPa exists primarily in the active R form and is the 

major contributor to the generation of glucose-1-phosphate.  Secondly, allosteric 

binding of AMP (to GPb) also stabilises the activated R conformation and so pushes 

the equilibrium from T to the R conformation.  During this transition, a 5o rotation 

occurs in the enzyme (Figure 3) which disorders the 280’s loop and opens the 

catalytic site.  In addition, replacement of Asp283 with Arg569 in the catalytic site, 

forms a phosphate recognition site,1 thus leading to high rate of glycogenolysis.   

   

 

Figure 3 - 5o Rotation of GPb which exposes the catalytic site20 

 

s2614989
Text Box
Figure removed, please consult print copy of the thesis held in Griffith University Library or visit http://pdb202.sdsc.edu/pdb/static.do?p=education_discussion/molecule_of_the_month/pdb24_2.html
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Notably, the rotation between the T to R conformation results in allosteric sites 

being exposed at the dimer interface of the enzyme.1  It is known that allosteric 

effectors such as glucose, glucose-6-phosphate, ATP and caffeine among others, 

when bound to GPa or GPb, stabilise the T state conformation and so are all 

inhibitors (individual or synergistic) of the GP enzyme (Figure 4).1,3,21  Conversely, 

AMP allosterically binds to GPa and GPb, stabilising the R conformation thus 

increasing biological activity and substrate affinity (Figure 4).  Therefore GPa, in 

contrast to GPb, exists primarily in the R conformation and is the active species in 

the conversion of glycogen to glucose-1-phosphate.1   

 

GPa GPb

R T

PO3H- OH OH

GPa GPb

OH OH

T
Inactive

Active

Active

Inactive

Phosphoryl kinase

Protein Phosphatase-1

R

AMP AMP* *

* Glucose, Glucose-6-phosphate, ATP, Glycogen, Caffeine.

PO3H-

PO3H- PO3H-

 

Figure 4 –The effect of activators and deactivators on the T and R state  
equilibrium of GPa and GPb. 
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GPa in the R conformation (in blue, Figure 4) is known to inhibit protein 

phosphatase-1 (PP-1) activation of glycogen synthase.  A potent GP inhibitor will 

force the equilibrium from the R to the T conformation; thereby deactivating GP and 

allowing PP-1 to activate glycogen synthase, both facilitate the removal of free 

glucose from the blood.  This is an attractive system for the design of allosteric 

inhibitors since a successful inhibitor may provide a double edged attack on elevated 

serum glucose levels.  In the past decade, research has intensified towards the 

development of potent GP inhibitors which can be used as a therapeutic means to 

control hepatic glucose production. Allosteric effectors in both biological and 

laboratory settings have been seen to greatly affect the position of equilibrium 

between the T and R conformations and therefore can regulate blood glucose 

levels.22  

1.11 Non-Diabetic GP Therapy Applications 

The cellular production of glucose facilitated by GP has a wide range of applications 

besides those of lowering serum glucose levels.  GP inhibitors, by nature, are 

cardioprotective thus several applications which stem from this are: stabilisation of 

arrhythmia; protective medication against ischaemic injury and as a possible 

treatment for early onset cardiac disease.23  In addition to this, GP inhibitors have 

been proposed as a means of suspending the cellular cycle of tumour growth.   This 

comes from research findings which indicate that high glycogen levels in tumour 

cells correlates to slow growth.23   
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1.12 Protein Phosphatase-1, GL and GP 

Protein phosphatase-1 is a major serine/threonine specific phosphatase and is 

involved in a range of diverse and important cellular processes, such as muscle 

contraction, glycogen metabolism, RNA splicing and mitosis.24  The differentiation 

between these tasks is achieved by the presence of a protein phosphatase catalytic 

site (PP1c) which contains several function-specific subunits.  These subunits are 

responsible for taking PP-1 to tissue-specific locations and the modulation of PP-1 

activity towards substrates within that tissue.  One function of specific interest is the 

role of PP-1 and its hepatic glycogen targeting subunit (GL) in glycogen metabolism 

and any influence on the glycogen phosphorylase-glycogen synthase system.  The 

GL subunit allows PP-1 to selectively inhibit GPa from deactivating glycogen 

synthase.  PP-1 is GP isoform-specific and therefore could be used in the treatment 

of elevated blood glucose levels.  The action exerted by PP-1 on GPa, through GL, 

occurs with a high affinity (nM levels)25 suggesting an allosteric mechanism.26   

The GL targeting subunit of rat PP-1 has been isolated, the amino acid sequence 

elucidated and compared to rabbit and human muscle glycogen targeting subunit of 

PP-1 (GM).27  The 16 amino acid residues of the C-terminus of the GL subunit has 

been identified as a lead sequence in the development of anti-diabetic therapeutic 

agents.  The amino acid sequence was identified as PEWPSYLGYEKLGPYY.28,29  

A therapeutic agent which mimics or blocks the PP-1-GL interaction with GPa 

would serve as a potent and isoform-specific agent to treat hypoglycemia.30,31  

Interestingly, the spatial contacts between allosteric enzymes is thought to be only ~ 

10 Å, or approximately 4 amino acids in length.32  Therefore it is likely that the 
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interaction between PP1-GL-GP would occur on a similar scale of 10 Å.  Thus, small 

molecules could be designed to mimic a section of the GL binding sequence and thus 

bind to GP and effect the same consequences as PP-1-GL.   

In addition, PP-1 activates glycogen synthase thus facilitating removal of glucose 

from the blood and lowering blood glucose concentrations.  In the context of 

inhibitor design, by employing a small molecule to lower the concentration of GPa 

(in the R conformation) in these pathways not only stops the eventual formation of 

glucose, through GPa deactivation, but also allows PP-1 to activate glycogen 

synthase.  This feedback system mentioned above allows a double faceted approach 

to lowering elevated blood glucose levels, possibly compounding the action of a 

single inhibitor.   

1.13 Sites of Inhibition and Inhibitors 

Currently, there are six known binding sites of GP.  These are; (1) the Ser14 

phosphate recognition site; (2) the enzymatic catalytic site which binds glucose, 

glycogen and analogues of these; (3) the allosteric (AMP) site which binds AMP, 

IMP, ATP and glucose-6-phosphate; (4) the purine nucleoside site, an allosteric site 

(also referred to as ‘the inhibitor site’), which is active towards caffeine, purine 

derivatives and a range of heterocyclic compounds;33 (5) an allosteric (indole) site at 

the enzyme dimer interface which binds indoles;34,35 and (6) the glycogen storage 

site which binds glycogen.  Of these six binding sites the Ser14 phosphate 

recognition site and the glycogen storage site are not used or accessed by inhibitor 

compounds.  Recently there was the possible elucidation of a seventh binding site on 

the surface of the protein located roughly 32 Å from any other binding site.36  
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The high level of allosteric control which is exhibited by GP allows for the synthesis 

of a structurally diverse range of molecules which can be tested for biological 

activity.  There are several advantages of allosteric inhibitors over catalytic site 

inhibitors, the traditional type of therapeutic drugs.  By not targeting the highly 

conserved active-site, molecular size, functionality and stereochemistry do not have 

to be as strictly enforced in the therapeutic drug target.  In addition, allosteric 

inhibitors which are ‘small molecule’ inhibitors will allow synthetic techniques such 

as combinatorial chemistry to be used to generate a large number of test compounds.  

The multiple allosteric effector sites of GP also allow for synergistic binding to 

occur.  This has been demonstrated with GP and has been proven to occur in vivo 

with rabbit muscle GP.22  An extensive range of compounds have been synthesised, 

tested and analysed for biological activity with GP extracted from rabbit muscle.  

Comprehensive reviews on a range of GP inhibitors have been reported in the 

literature up to August 2006.1,6,19,23  
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The compounds tested for biological activity range from direct analogues of 

naturally occurring inhibitors, such as α-D-glucose 10,1 to compounds that bear little 
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or no resemblance to physiologically occurring inhibitors, such indole 819 and Bayer 

diacid W1807, 9.1 

A brief summary of each inhibitor site and the compounds found to bind at each site 

will now be given.  It should be noted that although GP is a heavily researched 

enzyme there is no standard method for testing substrate activity in vivo.  In some 

instances the origin of the enzyme differs (rabbit, rat, pig or human).  In addition the 

GP isoforms (liver, muscle or brain) vary on a case by case basis and the assay itself 

can be conducted in the forward (glucose production) or reverse (glycogen 

synthesis) directions.  All of these factors, in addition to the presence or absence of 

chemical activators or deactivators, will affect the potency of the assayed inhibitor.  

Typically catalytic site inhibitors have been designed on the basis of the 3-

dimensional structure of T-state GPb complexed with α-D-glucose.1,21,37 As a result, 

the comparison of substrate activity must be compared with caution as variability in 

data, due to variable assay conditions, has not been taken into account.  Where 

possible, the animal source of GP and the type (GPa or GPb) has been included with 

the relevant inhibitor. 

1.14 Catalytic site inhibitors 

The catalytic site of GP is located centrally on the enzyme, approximately 15 Å from 

the protein surface and consists of a deep cavity.  It has been the focus of extensive 

experimental, solid state and computer-aided studies which have been used to 

elucidate novel inhibitors.  A “β-pocket” has been located near the catalytic site.1  

The “β-pocket” is lined with both polar and non-polar groups which can be used to 

increase inhibitor-enzyme affinity.38,39  Probing of the catalytic site with α-D-
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glucose and β-D-glucose analogues has yielded a large number of compounds with 

activities which range from no inhibition to high levels of inhibition of GP (μM 

range).1  Solid state studies of α-D-glucose 10 and β-D-glucose 11 bound to the T 

state of GPb showed β-D-glucose 11 was sufficiently close to the “β-pocket” to 

justify functional group variation at the anomeric position to capitalise on any 

unsatisfied “β-pocket” contacts, whereas the spatial orientation of α-D-glucose 10 

was not optimal for designing GP inhibitors.24,43  The introduction of an amide at C1 

of 10 and 11 generated a range of α- and β-anhydroglucoheptanoic acids.  The 

unsubstituted amides (12 and 13) resulted in a five and seventeen fold increase in 

binding affinity for the α-D-glucose 10 and β-D-glucose 11 analogues respectively.  

Co-crystallisation of 12 with GPb showed that the amide takes advantage of the β-

pocket and makes several hydrogen bond contacts.1  Although 12 and 13 display 

similar Ki values, they make different contacts to the GPb enzyme.   
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The α derivative 13 makes water-mediated contacts to residues Glu88, Gly134, 

Gly135 and Asp283.  The β derivative 12 makes a direct hydrogen bond contact 

from the unsubstituted amide nitrogen to the main chain oxygen of His377, while the 
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amide carbonyl oxygen has a weak hydrogen bond interaction with the unsubstituted 

amide nitrogen of Asn284.1  The best inhibitor of this series was N-methyl amide 14 

which makes the same direct nitrogen-to-oxygen contact as 12 and an additional 

three polar (Asp339, His377 and Asn 284), two non-polar contacts (His377 and 

Thr378).  Additionally, upon binding, a water molecule is dislodged thus lowering 

entropy and increasing inhibitor potency.  Increasing the length of the N-substituted 

alkyl chain resulted in analogues of lower Ki due to poor conformation in situ.1  The 

success of the amide group prompted the exploration of other hydrogen bonding 

moieties at the C1 position of glucose.  This included the β-thioglucose analogue 15 

and β-N-acetyl glucopyranosylamines 16 and 17.  Improved enzyme affinity was 

displayed for 16 and 17 with μM levels of inhibition. 
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The β-N-acetyl glucopyranosylamine derivatives 16 and 17 showed an 

approximately 200 times greater inhibition of GPb, compared to the parent β-D-

glucose 11.  Co-crystallisation of 16 with GPb showed that the amide made the same 

hydrogen bond contact with His377 as above (compounds 12 and 14), a residue 

whose hydrogen bond capacity was previously unsatisfied.1  This is a contact 

previously seen to enhance inhibitor activity.44,45  In addition to this, the added steric 
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bulk of the N-methyl group dislodged two water molecules, thus assisting in 

lowering entropy.  Elaboration of the N-acetyl glucopyranosyl amine derivatives by 

varying the carbon chain length from the carbonyl yielded analogues of a lower 

affinity than the parent analogue 16.1   

A natural product isolated from Streptomyces hydroscopicus provided the starting 

point for the hydantocidin group of inhibitors.  This class merges the α-

anhydroglucoheptanoic acids and N-acetyl glucopyranosyl amine analogues, 

mentioned above, and are currently the most potent catalytic site inhibitors reported.  

The most successful inhibitor of this class is spirohydantoin 18, which displays a 3.1 

μM inhibition to GP. 
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Analysis of the solid state structure of the complex of GPb with spirohydantoin 18 

found that, as with N-acetylglucopyranosyl amines, the β-N-acetyl moiety bound to 

His377.  The urea carbonyl makes one water-mediated hydrogen bond with Asp339 

while the α carbonyl oxygen makes one water-mediated hydrogen bond to Asp283.  

Upon binding of 18, five water molecules are displaced from the site, thus assisting 

in compound inhibition potency.  Derivatives of 18, in which the ring size of both 

the hydantoin and glucose moieties are altered have been synthesised.  
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Diketopiperizine 19 showed a marked decrease in binding (owing to the increased 

degree of conformational freedom achieved via the six membered ring).  Furanose 

derivative 20 showed no inhibition to GP thus proving that GP does not bind to the 

glucofuranose moiety regardless of the presence of the spirohydantoin group.1   

The success of 18 and the corresponding class of analogues to inhibit GP has given 

momentum to research currently undertaken towards catalytic site inhibitors.  

Analogues of 18 developed recently explore open and closed hydantoin ring forms, 

and a range of glucose analogues in attempts to improve biological efficacy.37,40-42,46-

53  Some selected examples of these analogs (21 – 26) and their corresponding 

activities are shown below. 
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Finally, the iminosugars isofagomine 27, neuromycin 28 and 1,4-dideoxy-1,4-imino-

D-arabinitol (DAB) 29 have been shown to be inhibitors of GPb and bind at the 

catalytic site.1  These iminosugars, unlike other inhibitors, do not display synergistic 

binding with caffeine.  The effect of synergistic binding of synthetic inhibitors in 

situ with glucose and caffeine is seen among several classes of inhibitors.  This 
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effect can increase the potency of some inhibitors several fold and reduces the risk 

of an inhibitor causing overt hypoglycaemia.   
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27 Ki = 0.4 μM (Liver GPa) 28 IC50 = 0.7 μM (GPb) 29 IC50 = 4.0 μM (Liver GPa)
 

Additionally, binding of these iminosugars is specific to compounds bearing the 

same relative stereochemistry at the 3, 4 and 5 positions (for 27 and 28) or the 2, 3 

and 4 positions (29) thus suggesting that the imino sugars bind at the catalytic site as 

glucopyranose mimetics.1  Though these compounds are potent inhibitors of GP, 

little work has been published to date on optimising biological activity. 

1.15 Allosteric Site (AMP) Inhibitors 

The AMP allosteric site is a known activation site of GP provided AMP is bound to 

the enzyme.  The site consists of a three sided channel, ~ 35 Å from the catalytic 

site, formed from the residues of β4 (153 – 160), β11 (234 – 247) and β7 (191 – 

193).  The channel is closed at one end by the opposing subunit of the GP dimer (cap 

residues 36 – 47), thus forming a small pocket.1,54   The site has been heavily 

investigated for possible inhibitory compounds.  The majority of these compounds 

bear no resemblance to physiological substrates.  Until recently, the most potent 

inhibitor of GP was Bayer diacid W1807, 9 (Ki = 1.6 nM and 10.6 nM for GPa and 

GPb respectively, see page 17), and variants thereof.19,55   
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A key moiety to effect GP inhibition is thought to be the phthalic acid, since all 

potent inhibitors at the allosteric site have that moiety.    Crystallographic studies of 

9 show the phthalic acid anion interacts electrostatically to the residues Arg309, 

Arg310 and Arg242 at the phosphate (PO3H-, at physiological pH) recognition site, 

thus mimicking the phosphate moiety.54  The chlorophenyl ring sits sandwiched 

between Val45’ and Phe196 (the prime refers to residues from the other GP 

monomer).  This interaction is dominated by π-π stacking which is thought to be the 

driving force behind the high affinity for GP displayed by 9.   
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Currently, the most potent inhibitor is the novel phthalic acid 30 which displays an 

IC50 = 1 nM.56  Similarly, 30 also displays a high number of π-π interactions, due to 

the presence of phenyl rings, both the fluorophenyl and nitropyridine rings sit in 

hydrophobic pockets making several contacts each.  Also, the phthalic acid is seen to 

mimic the phosphate groups as well by interacting electrostatically with residues 

Arg309, Arg310 and Arg81.54,56  The success of 30 as an inhibitor was based on 

extensive computer modelling and docking simulations.  Concurrently, other work 
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identified a similar scaffold via high throughput screening (HTS) methods.57  The 

solid phase synthesis of twenty one analogues of the parent scaffold led to the 

identification of bis-nitroamide 31 as the most potent inhibitor from this work. 

Co-crystallisation of 31 with GPb found that the nitroamide ring situated para to the 

ether functionality protruded from the AMP binding channel and in doing so made 

contacts with the opposing half of the GP dimer.  This effect resulted in a ten fold 

increase in activity, although the ligand-residue contacts which cause this increased 

affinity were not elucidated.57 

1.16 Indole Inhibitor Site 

This inhibitor site, the most recently confirmed, is far removed from both the 

catalytic and allosteric inhibitor sites (33 Å and 37 Å, respectively),34 and is located 

at the GP dimer interface (1 site per GP monomer).  The two inhibitor sites are 

related by a 2-fold symmetry operation and are spatially close to each other.  The 

site is a deep cavity (~ 30 Å) and is closed at one end by Arg33, His34, Arg60 and 

Asp61 (and their symmetry related counterparts).  The rest of the site is composed of 

Asn270, Glu273 and Ser276 (and their symmetry related counter parts).  The site is 

very large, containing sixty water molecules and occupies a volume of ~ 1300 Å3.  

This site is called the indole inhibitor site as all potent inhibitors binding to this site 

have been based on the 5-chloroindole-2-carboxamide scaffold, for example 32, 

discovered by Pfizer.23,58,59  These types of inhibitors have shown great potential as 

hypoglycaemic agents as they display slight selectivity to the liver isoform of GP 

and synergistic binding to GP with both glucose and caffeine thus minimising the 

risk of causing overt hypoglycaemia.23,34,35  In addition, recent work has found that 
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these indole-based hypoglycaemic agents also encouraged the reduction of plasma 

cholesterol in dogs, mice and rats.23,60  The first generation of indole inhibitors 

included 32 (CP 91449) and analogues 33 (CP 320626) and 34 (CP 403700) all of 

which are nanomolar inhibitors.  As a representative example of enzyme-inhibitor 

interations at the indole inhibitor site, only 33 (CP 320626) will be discussed.     
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The number of GP-inhibitor interactions in this case consists of seven hydrogen 

bonds and exploits 114 Van Der Waals interactions.22  The specific strong contacts 

of this inhibitor are predominantly aromatic-aromatic and amino-aromatic in nature, 

which arise mainly from the 4-fluorophenyl-Phe53’ and His57’-4-fluorobenzyl 

interactions.  Also, the indole nitrogen makes a contact with Lys191, the 2-

carboxamide carbonyl makes a contact with Thr38 while most of the 5-chloroindole 

moiety is buried in a hydrophobic pocket.19,35  In addition, there are a vast array of 
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weaker interactions.22  It was seen in the solid state structure of 34 with GP that 34 

bound identically to each of the indole inhibitor sites on each of the GP monomers.   

As a result of these findings, 35 (CP 526423) was designed to take advantage of the 

close spatial relationship of the indole sites.  The dimer 35 was synthesised and 

tested and was found to be the most potent indole based inhibitor reported in the 

literature to date (August 2006).19 
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The success of 35 as an inhibitor of GP identified the importance of the indole 

moiety for high inhibitory activity.  This was recently reinforced by computer-aided 

docking simulation.61 Extensive QSAR studies, using computer-aided docking 

simulations and combinatorial library syntheses, have been carried out varying the 

nature of the terminal carboxamide62-64 and substituents on the indole ring.   

Recently, eighty eight 5-chloroindole analogues which used three scaffolds and 

investigated diversity at the 2-carboxamide position were synthesised and tested for 

activity against GP.  The most potent inhibitors were compounds 36-38.62  Initially 

the 5-chloroindole carboxamide scaffold allowed for a large number of compounds 

to be prepared via combinatorial synthesis.  Extensive work in this area has 

effectively exhausted the data that can be extracted from this scaffold, thus recently, 
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novel indole mimetics and other heterocyclic compounds such as unsubstitued 

indole analogues and a novel lactam scaffold have been investigated for possible 

activity against GP.55   
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The 3,4-dichloro lactam 39 was found via HTS and was considered to be an indole 

mimetic and thus should be recognised by GP at the indole inhibitor site.   
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Initial SAR investigations showed a definite preference by GPa for the 5-

chloroindole moiety.  An additional thirty nine analogues of indole 40 were 

synthesised and tested.55  This work also investigated the effect of the indole 

substituent and a range of analogous of 40 whereby the lactam moiety was N-

substituted with several hetero aromatic groups such as in 41, 42 and 43.  From this 

it was determined that chlorine was the optimal substituent at the 5-indole position 

and that heteroaromatic groups did not significantly improve inhibitory activity 

towards GPa.  In addition to the array of work discussed here there is an extensive 

patent literature on the synthesis and use of indole-based inhibitors of GP.  It is 

beyond the scope of this report to summarise this body of work and the reader is 

referred to the literature.65-76 
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1.17 Purine Nucleoside Site and Miscellaneous Inhibitors 

The nucleoside (or inhibitor) site is a relatively unexplored inhibitor site, as little 

work has been carried out on developing and optimising inhibitors targeting this 

site.77  The site itself is located close to the catalytic site (12 Å) and is close also to 

the dimer interface, thus the site consists of residues from both monomers.  The 

residues 13 – 484 from domain 1 and residues 485 – 842 from domain 2 make up 

this binding site which consists predominantly of hydrophobic regions.1  Of the 

known inhibitors there is a wide degree of molecular variation, suggesting a wide 

range of inhibitors could potentially bind to this site.  Some known inhibitors are 

caffeine 44, flavopiridol 45, flavin-adenine mononucleotide 46 and a range of other 

nucleotides (AMP, IMP and ATP).1  A common factor of these known ligands is the 

presence of aromatic rings, which allow for π-π interactions to occur, the chief cause 

of binding at this site.  Evidence of this interaction is given in the solid state analysis 

of GP with 44 or 45 which both show π-π interactions with residues Phe285 and 

Tyr613.  This interaction stabilises the T state of GP, thus blocking the catalytic site.  

A property of purine site inhibitors is the synergistic binding with glucose,1,19 which 

could be useful in the design of purine site inhibitors in the future. 
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Recent work has found several new classes of compounds validated as glycogen 

phosphorylase inhibitors.  Some of these include: terpenes derived from masclinic 

acid,78,79 a family of small molecules isolated from the fungus hyphoderma radula,80 

a range of benzoylureas,81-85 heteroaroylaminotetralins,86,87 fused bipyrrole sugars,49 

thienopyrrole carboxamides, fused pyridine-pyrroles as indole mimetics,70,71,88-96 

indirubin derivatives97 and a range of quinoline-3-carboxylic acids.98  In addition to 

this multitude of small molecule inhibitors, a peptide was recently identified to bind 

to GP to assist in calcium ion release in skeletal muscles.99   

The focus of the present work is the synthesis of novel potential inhibitors of GP.  

The starting point for the synthesis of potential GP inhibitors was a natural product 

isolated from hyphoderma radula.  The design of biologically active molecules 

based on lead compounds from Nature is a commonly used technique.  Natural 

products provide biologically validated lead compounds, thus provide a higher 

success rate in the design of potent biologically active molecules.100  Thus through 

analogue development and SAR studies an active pharmacophore can be found 

which is then built upon and refined for drug development. 

1.18 Hyphodermins A-H 

Largely unresearched natural products, Hyphodermins A-H have been shown to 

inhibit the interaction between GPa and PP-1 and are therefore possible lead 

compounds as hypoglycaemic agents.  Hyphodermins A-H, a novel class of 

naphtho[1,2-c]furan-3,9-diones, were isolated from a culture of Basidiomycete 

hyphoderma radula (WP 2184) obtained from the trunk of wild cherry tree in 

Wuppertal (Germany).80  In addition, biological studies identified these compounds 
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as also being potentially suitable for the treatment and prophylaxis of asthma, 

chronic bronchitis as well as heart and CNS illnesses.80   Of particular interest is 

Hyphodermin A, 47, the major isolated metabolite of the fungus, whose structure 

was solved using 1H and 13C NMR spectra, in addition to Hyphodermins B, 48, C, 

49, and D, 50.   
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Although first isolated in 1997 a total synthesis of Hyphodermin A, 47, has yet to be 

reported and literature syntheses of compounds containing a related aromatic lactol 

structure are limited.  For example the simple antibacterial corollosporine, 51,101 has 

been made, whereas syntheses of more complex structures such as betonicoside,102 

betonicolide,102 betolide, 52,102-104 and jusmicranthin105 remain unreported.   
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Although analogues of Hyphodermin A, 47, are more likely to be developed into 

useful therapeutic agents, the biological activity and novel skeleton incorporating a 

highly oxygen functionalised structure make Hyphodermin A, 47, a challenging and 

important target.  The development of structural analogues of Hyphodermin A, 47, is 

supported by Hyphodermins B-H displaying inhibitory activity in the GPa-PP-1 

system.   

The highly functionalised ring system of Hyphodermins A-H raises questions in 

relation to binding to an enzyme.  For example, how important is the hydroxyl to 

binding?  Is the lactone ring oxygen involved in binding?  Is the stereochemistry of 

this group vital to inhibition?   
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It is interesting to note here that the lactol moiety of Hyphodermins A, 47, and B, 48, 

would presumably exist in equilibrium with the aldehyde – carboxylic acid 53 

(Scheme 1).  An aldehyde moiety would be expected to be reactive towards certain 

enzyme functional groups, for example, the formation of an imine with the amino 

group of a lysine residue, or a hemiacetal with the hydroxyl of a serine residue.   

The Hyphodermin natural products provide a unique and novel scaffold for the 

synthesis of analogues previously unresearched for the development of GP 



 34 

inhibitors.  Therefore, the development of Hyphodermin analogues will provide data 

for preliminary SAR studies for the elucidation of an active pharmacophore.  

Additionally, the high degree of functional group diversity present in the 

Hyphodermins provides a means for rapid analogue development and the 

introduction of amine and amide groups giving rise to more ‘drug-like’ molecules 

which may enhance binding strength and thus potency of the potential inhibitor.   

1.19 Project Aims 

Hyphodermins 47 - 50 were identified as target compounds that may provide novel 

compounds with pharmacophores upon which new potent glycogen phosphorylase 

inhibitors could be designed.  Therefore the primary aims of this project are:   

• To develop a synthesis of Hyphodermin B, 48, the least structurally complex 

Hyphodermin. 

• Extend the Hyphodermin B chemistry to synthesise more structurally 

complex Hyphodermin targets, such as Hyphodermins A, 47, C, 49, and D, 

50. 

• To biologically validate the synthetic Hyphodermin(s) obtained as inhibitors 

of glycogen phosphorylase. 
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Chapter 2 
Total Synthesis of (±)-Hyphodermin B, 48. 
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Chapter 2 

It was envisaged that the tetralone bicyclic backbone of the Hyphodermins would be 

rapidly assembled via a Diels-Alder cycloaddition reaction from novel dienone 54.  

Conversion of an intermediate, such as 55, to the corresponding phthalic anhydride 

56 should occur via chemistry developed for the synthesis of angucyclinones.106  

The phthalic anhydride 56 provides a key synthon from which libraries of 

Hyphodermin analogues could be generated and a central point from which the total 

synthesis of other Hyphodermins may diverge. 

 

O O CO2R
CO2R

O O
O

O

5655 R = Alkyl54  

Scheme 2 

 

Installation of the lactol functionality was planned to be from regioselective ring 

opening of the anhydride 56 with a sterically hindered alcohol.  Further 

manipulation of 56 could give the adjacent carboxylic acid/aldehyde groups, as in 

compound 53 (Scheme 1) which should be in equilibrium with the lactol group.  

Preliminary and basic molecular modelling studies (ChemDraw, v 7.0) carried out 

on Hyphodermins A-H show them to be highly planar and rigid molecules, with 

hydrophobic and hydrophilic regions.  This is advantageous as it allows for more 

reliable SAR data to be obtained and so it is an attractive molecular scaffold for 
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structural analogue development. Preliminary studies previously reported for 

Hyphodermins A-H80 show that the epoxide ring did not influence bioactivity.  All 

Hyphodermins which showed inhibitory activity towards the GPa/PP-1 system 

contained the lactol group (Hyphodermins A, 47, B, 48) or methyl ether derivatives 

at the C1 position (Hyphodermins C, 49, and D, 50).80 

An approach to the synthesis of vinylcyclohexenone 54 via 1,4-conjugate addition of 

vinyl magnesium bromide to ethoxyenone 57 is proposed in Scheme 3.  Thus, a 

reliable and scaleable synthesis of enone 57 was required.   
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Scheme 3 

 

Treatment of diketone 58 with ethanolic HCl gave a mixture of the required 

ethoxyenone 57 and isomeric 59107 in a 1:2 ratio respectively (Table 1, Entry 1; 

Scheme 4).  In an attempt to minimise any steric interaction between the alkoxy and 

geminal dimethyl groups, a smaller alcohol (methanol) was used.  Methanolic HCl 

gave a similar ratio of the corresponding methoxyenones 60:61 (Table 1, Entry 2). 

Use of an organic acid, p-toluene sulfonic acid, resulted in an increase in the ratio in 

favour of methoxyenone 61 (Table 1, Entry 3).  The low regioselectivity in these 

reactions may be due to the presence of water in the reaction and the extended 
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reaction times, thus the reaction may have reached equilibrium between 57/59 and 

60/61.  Having established conditions that produced a good yield of 60, a trial 

reaction of purified 60 with vinyl magnesium bromide was carried out to test the 

validity of 1,4-conjugate addition.  Treatment of 60 with vinyl magnesium bromide 

overnight led to the recovery of unreacted 60 (44%).   
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Scheme 4 

 

As the proposed 1,4-conjugate addition to 60 was not viable, an alternate synthesis 

of 54 was considered whereby 1,2-Grignard addition to 59 or 61 could be employed.  

The literature provided a method of synthesising 61 in high yields and selectivity.108     

 

Table 1 Formation of alkoxyenones 57, 59-61 from diketone 58. 

entry reaction conditions ROH products product ratio 
57:59 or 60:61 

yield 
% 

1 10% HCl, reflux, 16h EtOH 57 and 59 1:2 47 

2 10% HCl, reflux, 16h MeOH 60 and 61 1:2 39 

3  p-TSA, reflux, 1.5h MeOH 60 and 61 1:2.5 49 

4 (a) TiCl4, 15 min, 
(b) Et3N, 45 min 

MeOH 60 and 61 1:7 91 

5 (a) TiCl4, 15 min, 
(b) Et3N, 45 min 

EtOH 57 and 59 1:2 37 
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Thus, under these conditions it was found that the yield of methoxyenone 61 from 

diketone 58 was markedly improved when diketone 58 was treated with 

titanium(IV) tetrachloride in methanol108 (Table 1, Entry 4).  In an attempt to 

capitalise on the high selectivity of this reaction a slightly larger alcohol (ethanol) 

was used to reinforce the steric interaction with the geminal dimethyl group, thus 

giving higher selectivity for 59.  Thus, using titanium(IV) tetrachloride in absolute 

ethanol resulted in generation of the corresponding ethoxyenones 57:59, but with 

poor selectivity (1:2 respectively, Table 1, Entry 5).  The low selectivity of 

titanium(IV) chloride with ethanol was surprising and the reason for this is 

unknown.  One possibility may be that the formation of the active catalyst 

Ti(OR)nCl4-n may be slower in ethanolic solutions compared to methanolic 

solutions.109  Therefore under the time constraints of 1 hour, the reaction may not 

have proceeded to completion, thus explaining the poor yield and selectivity. 
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The high selectivity in the formation of 61 may be due to the reaction of 

Ti(OCH3)nCl4-n with 58 which would result in two possible six co-ordinate 

intermediates 62 and 63.109  The formation of enone 60 may involve a transition 
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state of high energy, such as 62, due to steric interaction between the coordinated 

titanium and the geminal dimethyl groups.  Whereas the formation of enone 61, via 

intermediate 63, should have a lower transition state energy and so should be 

favoured.   

In the trial 1,4-conjugate addition reaction, the absence of any Grignard addition, be 

it 1,4 or 1,2-addition, highlighted a need for a more aggressive reagent or activation 

of the ketone with a catalyst.  Thus, 1,2-addition of vinyl Grignard to the isomeric 

methoxyenone 61, catalysed by cerium (III) chloride110-112 was considered as an 

alternative route to 54.110  The use of cerium (III) chloride has been shown to 

provide a way to achieve 1,2-addition on deactivated or hindered ketones via 

generating the organocerium reagent in situ or by acting as a ketone activator via 

carbonyl oxygen coordination.111,112   

 

CeCl2
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Scheme 5 

 

This alternate route was more attractive since methoxyenone 61 could be made 

reliably on large scales and with high regioselectivity.  An initial attempt at 1,2-

addition was via the generation of vinyl organocerium reagent 64 from vinyl 
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magnesium bromide in situ (Scheme 5).  Stirring dried cerium (III) chloride with 

vinyl magnesium bromide prior to addition to the methoxyenone 61 returned 

unreacted starting material (57% recovery).  Instead, stirring a suspension of cerium 

(III) chloride in THF with methoxyenone 61 for one hour followed by addition of 

vinyl magnesium bromide, gave vinylcyclohexenone 54 in high yield (93%) and 

purity (> 95%) upon acidic work up (Scheme 6).  
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Scheme 6 

 

The formation of diene 54 could also be achieved by treatment of ethoxyenone 59 

with cerium (III) chloride then vinyl magnesium bromide, however the yield was 

lower (58%).  Due to the low specificity in generating ethoxyenone 59 and the 

reduced yield of diene 54 formation from 59, methoxyenone 61 was used in 

preference.  Thus, the synthesis of anhydride 56 was continued using methoxyenone 

61 and with application of aspects of the methodology used for the synthesis of 

angucyclinones.106 

Crude 54 was used immediately in the next step as it decomposed on storage or 

attempted purification via silica gel chromatography.  Upon isolation, 

vinylcyclohexenone 54 was directly treated with dimethyl acetylenedicarboxylate 

(DMAD) in a Diels-Alder [4+2] cycloaddition reaction (Scheme 7).   
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Scheme 7 

 

When carried out, this reaction gave the dihydroaromatic compound 65 and, 

unexpectedly, aromatised diester 66.  The formation of diester 66 was attributed to 

dihydroaromatic ester 65 undergoing oxidation to afford the more 

thermodynamically favoured structure.  The anticipated Diels-Alder product 67 

(Scheme 8) was not obtained at all, as no diagnostic vinyl peaks between δ 5 - 6 ppm 

were present in the crude 1H NMR spectrum.  The expected Diels-Alder adduct 67 is 

presumably an intermediate which undergoes enolisation and isomerisation to give 

the more thermodynamically stable dihydroaromatic compound 65. 
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Scheme 8 
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Under a nitrogen atmosphere dihydroaromatic dimethyl ester 65 and dimethyl ester 

66 were formed in a ratio of 40:60 respectively (54% yield).  Upon removal of the 

nitrogen atmosphere and heating at reflux in air for 60 hrs, the ratio changed to 

approximately 25:75 (23% yield) for 65:66 respectively.  The difference in the ratio 

of 65:66 obtained suggested autoxidation of 65 occurred in situ and indicated that a 

mild oxidant may be used to aromatise 65 to 66.  Various oxidation reagents have 

been used to dehydrogenate polycyclic hydroaromatic compounds to achieve 

aromaticity.  Some of these oxidation procedures are: (i) heating at reflux in the 

presence of DDQ (2,3-dichloro-5,6-dicyano-p-benzoquinone);113 (ii) stirring with 

selenium dioxide114 or a two step process whereby allylic bromination is carried out 

via treatment with NBS followed by elimination of hydrogen bromide.114  A 

literature example whereby aromatisation of the highly conjugated molecule 68 to 

69 is achieved by the use of DDQ is given below (Scheme 9).113  However, 

attempted oxidation of 65 to 66 by treatment with DDQ in benzene at reflux returned 

a complex mixture of products.   
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The failure of DDQ, a strong oxidant, to convert 65 to 66, was attributed to the 

pseudo peri relationship between H4 and the geminal dimethyl group at C5 (Figure 

5).115  This presumably provides unfavourable steric interactions which prevented 

DDQ achieving the required transition state for oxidation to occur.  However, 65 

was smoothly dehydrogenated to dimethylester 66 (68%) by heating with Pd/C at 

reflux for 60 hours in toluene.  Additionally the use of Pd/C as a heterogeneous 

catalyst allowed for a simplified work up and purification.   

 

O CO2Me
CO2Me

65

H
H

 

Figure 5 – Pseudo peri interaction 
 

Purification of dihydroaromatic dimethyl ester 65 was tedious and isolated 65 was 

unstable upon storage.  The loss of material which resulted from the purification of 

65 and the loss during oxidation to 66 prevented this from being a practical method 

of obtaining 66.  Furthermore, as mixtures of 65 and 66 were obtained, a ‘one-pot’ 

method of oxidising dihydroaromatic ester 65 upon formation was investigated.  A 

more efficient process was to treat the mixture of 65 and 65 with Pd/C.  Using the 

Diels-Alder reaction and subsequent oxidation via Pd/C as a two-step process, diene 

54 was converted directly to dimethyl ester 66 in 57% overall yield, from diene 54 

(Scheme 10). 
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Scheme 10 

    

The formation of dicarboxylic acid 70 was achieved via saponification of dimethyl 

ester 65 or 66 using aqueous sodium hydroxide followed by acidification.  It was 

unexpected that dicarboxylic acid 70 could be directly obtained from the 

hexahydronaphthalene 65 (89%) (Scheme 11) by treatment with refluxing sodium 

hydroxide.   
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Scheme 11 

 

Presumably, under the strongly alkaline conditions the enolate is formed which is 

more susceptible to autoxidation.  This suggests an alternate two-step procedure to 
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synthesise 70 may be to carry out the Diels-Alder reaction followed by heating the 

obtained mixture of 65 and 66 with sodium hydroxide.  Treatment of 

tetrahydronaphthalene dimethylester 66 with sodium hydroxide at reflux for 3 hours, 

followed by acidification also gave diacid 70 in excellent yield (91%) (Scheme 11).   

Formation of the phthalic anhydride 56 (Scheme 12) was examined next.  Treatment 

of the dicarboxylic acid 70 with acetic anhydride and heating at reflux (ca. 145 oC) 

for 45 minutes (Table 2, Entry 1) gave anhydride 56 in addition to a small amount of 

enol acetate 71 (71 comprising typically 10% of the mixture obtained).   

Enol acetate 71 was synthesised independently from anhydride 56 by treatment of 56 

with acetic anhydride and heating at reflux with an acid catalyst (H2SO4) (Table 2, 

Entry 2).  Comparison of the 1H NMR spectrum of enol acetate 71 with the 1H NMR 

spectra of the product mixtures previously obtained verified 71 as the 10% impurity.  
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Scheme 12 

 

Although full 2D NMR techniques were not employed to assign 71, the 

characteristic triplet in the 1H NMR spectrum at δ 6.02 ppm was assigned to the α-

proton in the acylated enol form.  A suggested mechanism for the formation of enol 

acetate 71 is via acid catalysed enolisation of the ketone of anhydride 56 to 72, 
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followed by acylation by excess acetic anhydride (Scheme 13).  Analysis by both 1H 

NMR spectroscopy and mass spectrometry verified incorporation of the acetate 

moiety in the molecule. 

Under milder acylation conditions, enol acetate 71 was not formed.  Thus treatment 

of diacid 70 in neat acetic anhydride at 50 oC overnight gave 56 (88%) as the only 

product (Table 2, Entry 3). 

 

Table 2 – Formation of anyhydride 56 and enol acetate 71. 

Entry Reaction Conditions Products Product Ratio 
56:71  

Yield 
% 

1 Acetic anhydride, reflux, 45 min 56 and 71 90 : 10 82 

2 Acetic anhydride, H2SO4 (cat.), 
reflux, 3 hrs 56 and 71 0:100 9 

3 Acetic anhydride, 50 oC, 16 hrs 56 and 71 100:0 88 
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Scheme 13 

 

In summary anhydride 56 was made in five steps from diketone 58 and in 38% 

unoptimised overall yield (Scheme 14).   
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Scheme 14 

With a robust synthesis to the molecular scaffold 56 in hand, elaboration of 

anhydride 56 to (±)-Hyphodermin B, 48, was examined next. 

Initial attention turned to the formation of the lactol moiety.  The synthetic strategy 

was as follows.  Anhydride 56 could be ring-opened regioselectively with a bulky 

alcohol, such as t-butyl alcohol, to give the t-butyl ester 73.  

 

(i) BH3.THF, (ii) PCC, (iii) TFA.
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R = CHO 75(ii)
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Scheme 15 - Proposed synthesis of 53, a precursor to (±)-Hyphodermin B, 48. 

 

It was predicted that C1 of anhydride 56 would be of lower reactivity, compared to 

C3, due to steric impedance by the ketone at C8.  The carboxylic acid group of 73 

could be selectively reduced by borane.THF complex thus giving a benzylic alcohol, 

as in 74, which could then be oxidised to the corresponding aldehyde 75 using 

PCC.116,117  Cleavage of the t-butyl ester of 75 via standard treatment with TFA 
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should give the corresponding acid/aldehyde 53, which, under acidic conditions 

should ring-close to (±)-Hyphodermin B, 48 (Scheme 1, p 33).118  

Therefore, anhydride 56 was treated with t-butyl alcohol, DMAP, NEt3, N-

hydroxysuccinimide and heated at reflux in toluene using a literature procedure.119-

121  Surprisingly, lactone 76 was obtained along with recovery of anhydride 56 

(45:55, anhydride:lactone, 48%) (Scheme 16). The structure of lactone 76 was 

assigned by mass spectrometry, and NMR spectroscopy.  Diagnostic peaks at δ 5.85 

ppm (triplet, H8) and δ 2.72 ppm (doublet, H7) in the 1H NMR spectrum indicated 

formation of the enol part of lactone 76.  The shifts of these peaks were comparable 

with the analogous peaks in the 1H NMR spectrum of enol acetate 71.  
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Scheme 16 

 

The same product was obtained in the absence of both t-BuOH and N-

hydroxysuccinimide.  Treatment of anhydride 56 with DMAP, triethylamine in 

toluene at reflux, resulted in the formation of lactone 76 in 46% yield.    It is thought 

that the formation of vinyl lactone 76 occurs via the regioselective attack of DMAP 

at C1 of the anhydride ring generating the activated DMAP ester 77 (Scheme 17).  

Subsequent attack of the activated carbonyl by the alcohol group of enol 78 then 
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generates the lactone moiety.  The activated DMAP ester is thought to have the 

pyridine and phenyl rings perpendicular, thus allowing for the correct angle of attack 

at the activated carbonyl by the enol oxygen atom.  Purification and full 

characterization of lactone 76 was complicated by partial hydrolysis to the diacid 70, 

which occurred rapidly upon standing.  Treatment of vinyl lactone 76 with sodium 

borohydride in THF/MeOH gave the stable cyclic ether derivative 79 and the methyl 

ester 80 (Scheme 18).  Methyl ester 80 was thought to arise from the attack of 

methanol on lactone 76.   
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The connectivity of ether 79 was unequivocally assigned using g-COSY, g-HSQC 

and g-HMBC NMR spectroscopy.  Decarbonylation of the lactone was proven via a 

correlation (Scheme 18 – in blue) between the methylene hydrogens of the ether at 

δ 5.26 and δ 5.54 ppm with C2a at δ 128.1 ppm in the g-HMBC spectrum.    

Additionally a long range (4J) correlation (Scheme 18 – in red) was seen between the 

methylene hydrogens at δ 5.26 and δ 5.54 ppm and H8a at δ 4.81 ppm in the g-

COSY spectrum.  The presence of a hydrogen at C8a confirmed both the 

decarbonylation and the reduction of the double bond of 76.   
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Scheme 18 

 

In another experiment a mixture of 81 and 79 was obtained.  Interestingly it was 

noted that the double bond was reduced by sodium borohydride prior to reduction of 

the lactone carbonyl.  Retreatment of the crude 79/81 mixture with sodium 

borohydride in THF gave 79 exclusively (Scheme 19).  This is unusual since sodium 

borohydride is generally a selective reagent for the reduction of carbonyl groups in 

the presence of carbon-carbon double bonds.122  A reason for the reduction of the 

double bond may be due to the in situ formation of B2H6 from the interaction of 
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NaBH4 and the carboxylic acid moiety, thus the double bond would undergo 

hydroboration.123     
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Scheme 19 

 

As opening the anhydride ring of 56 with t-butyl alcohol, gave the vinyl lactone 76 

another nucleophile (sodium benzyl oxide) was chosen.  Use of a benzyl ester 

offered the possibility of selective cleavage, in the presence of an aldehyde and 

ketone, via catalytic hydrogenation to regenerate the carboxylic acid.  An initial 

attempt at generating the C3 benzyl ester was made by treating anhydride 56 with 

sodium benzyl oxide generated in situ.  It was important to use dry sodium 

benzyloxide as 56 is very susceptible to hydrolysis.  Upon treatment of anhydride 56 

with sodium benzyloxide in THF and stirring overnight gave only C1 benzyl ester 

82 (24%) (Scheme 20).  The regioselective formation of the ester functionality at C1 

was thought unusual since this was considered to be the most sterically hindered 

anhydride carbonyl group.  The regiochemistry of 82 was confirmed through g-

COSY, g-HSQC and g-HMBC NMR spectroscopy.   
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Scheme 20 

 

Attempted regiochemical assignment of the 13C NMR spectrum of benzyl ester 82 at 

400 MHz was difficult as the the carbonyl peaks of the ester and carboxylic acid 

were coincident.  At 600 MHz the 13C NMR signals of 82 were resolved in the 

spectrum of 82 thus allowing the regiochemical assignment to be made.  Individual 

peaks at δ 169.0 ppm and δ 169.3 ppm were observed which corresponded to the 

ester and carboxylic acid groups respectively (Scheme 20).  Assignment of the 

benzyl ester exclusively at C1 in 82 was proved by correlations in the g-HMBC 

NMR spectrum of 82, the peak at δ 8.24 ppm (H3) correlated to the acid carbonyl (δ 

169.3 ppm) while the benzyl methylene group correlated to the ester carbonyl at δ 

169.0 ppm.  Once unambiguous regiochemical assignment of 82 had been 

confirmed, the planned synthesis of (±)-Hyphodermin B, 48, was invalid, since 

regioselective ring-opening of the anhydride at C3 was unlikely.   

Due to the formation of lactone 76 and the unexpected regioselectivity of benzyl 

ester formation, modelling studies on anhydride 56 were carried out at the HF/6-

31G* level using Spartan '04.*,124  The energy-minimized structure of anhydride 56 

is shown below (Figure 6). The LUMO was mapped onto the electron density 

                                                 
* Molecular modelling carried out by Dr. M. Campitelli. 
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surface and then adjusted to highlight the most electron deficient (and thus most 

susceptible to nucleophilic attack) region (blue/green).  This LUMO map shows the 

electron deficiency was heavily centralised around C1 in the anhydride ring.   

These modelling results support the experimental observations in the selective 

formation of the benzyl ester at C1 from anhydride 56 and support the proposed 

mechanism in the formation of lactone 76.  The regioselective reduction and ring-

opening displayed by anhydride 56 is unusual for a phthalic anhydride.   

 

 

Figure 6 - Representation of energy-minimized structure of 56 (Spartan '04, V1.0.1, 
HF/6-31G*). For clarity, the LUMO map has been adjusted to make only the most 
electron deficient region of 56 visible (shown in blue then green).† 

 
Since the phthalic anhydride moiety of 56 is unsymmetrically substituted a 

preference for nucleophlic attack on one carbonyl over the other would be expected, 

but complete selectivity for one carbonyl over the other was unexpected.  

Comparison of this reactivity with known compounds is difficult as no examples 

exist of a phthalic anhydride bearing a γ-substituted ketone.  The closest analogy 

                                                 
† Molecular modelling carried out by Dr. M. Campitelli. 
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found in the literature was the reduction of simple unsymmetric anhydrides, such as 

83 and 86.125,126   
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Scheme 21 

It was found that reduction of 3-nitro-phthalide 83 with sodium borohydride gave 

exclusively 84 and none of the other regioisomer 85.  The high selectivity was based 

on electronic factors in addition to relieving steric interactions between the nitro and 

carbonyl groups.  By contrast when R1 was an electron donating group, as in 86, 

reduction with sodium borohydride gave both regioisomers, 87 and 88, with a slight 

preference for 87.  Additionally, if the R substituent is able to act as a Lewis base, 

coordination effects may influence the reactivity at the adjacent carbonyl.127   
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Figure 7 – Possible factors influencing 56 reactivity 
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Therefore, it is likely all these factors could be influencing the remarkably high 

regioselectivity found with anhydride 56 (Figure 7).  Taking the high reactivity of 

C1 of 56 into account, initial attempts at reduction of the carbonyl group to the lactol 

were carried out by treating 56 with triethylsilane (Table 3, Entry 1).  This provided 

a mild reducing agent and was mono hydridic, thus equimolar amounts of reductant 

were used to minimise any over reduction to the lactone.   

Treatment of 56 with triethylsilane in THF at 0 oC returned unreacted 56 (49% 

recovery) and triethylsilane.  The reaction was repeated in the presence of 

trifluoroacetic acid, in an attempt to protonate the oxygen of C1 of 56 thereby 

activating the carbonyl group (Table 3, Entry 2).  Again, upon reaction under these 

conditions, unreacted 56 was recovered (57% recovery).  It was concluded that 

triethylsilane was too mild a reductant to achieve the desired transformation.   

 

Table 3 – Reduction of anhydride 56 to (±)-Hyphodermin B, 48. 

Entry Reagents Conditions Product Yield 

1 Et3SiH CH2Cl2, 0 oC, 4hrs 56 49% recovery 

2 Et3SiH/TFA CH2Cl2, 0 oC, 4hrs 56 57% recovery 

3 DIBAL-H THF, -78 oC, 2 hrs 76 40% 

4 LiAlH(t-BuO)3 THF, 0 oC, 4hrs 48 99% 
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Therefore, the nature and reactivity of the reducing agent was changed to an 

organometallic species and a subsequent attempt was made with DIBAL-H at 0 oC 

in THF (Table 3, Entry 3).  Reduction of 56 with DIBAL-H unexpectedly gave 

lactone 76 in 40% yield as part of a mixture with unreacted 56 (1:1), repeated 

experiments found variable amounts of lactone 76 and in some cases a complex 

mixture of products. 
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Scheme 22 

 

The formation of lactone 76 was attributed to DIBAL-H acting as a base instead of a 

reductant.  Formation of a diisobutylaluminium enolate128 (Scheme 22) intermediate, 

such as 89, is facilitated by initial coordination of DIBAL-H to the ketone carbonyl 

of 56.  In addition 89 remains conjugated to the rest of the π-system and is so 

stabilised.  Unfortunately, the variable results of reduction of 56 with DIBAL-H 

provided no indication as to the actual mechanism of formation.  Preference for 

enolisation over reduction in a similar group of 1,8-disubstituted naphthalenes has 

been cited previously.115  

Next, to promote reduction at the most electron deficient carbonyl of anhydride 56 

and to by-pass any acid/base effects, a sterically hindered reducing agent, such as 
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LiAlH(t-BuO)3 was considered.  Treatment of anhydride 56 with LiAlH(t-BuO)3 at 0 

oC for 4 hours gave (±)-Hyphodermin B, 48, as a racemic mixture in 99% yield 

(Scheme 23) and in 38% unoptimised yield from diketone 58.  The 1H NMR 

spectrum of synthetic (±)-Hyphodermin B, 48, in d4-methanol was consistent with 

the reported 1H NMR data (Table 4) for (±)-Hyphodermin B, 48,80 isolated from 

Hyphoderma radula. 
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The regioselective reduction of anhydride 56 was confirmed via complete 

assignment of the 1H and 13C NMR using 2D NMR techniques.  A crystal (yellow 

plates) of (±)-Hyphodermin B, 48, suitable for X-ray analysis was grown by slow 

evaporation of the synthetic sample from chloroform.  The ORTEP plot of (±)-

Hyphodermin B, 48, is given (Figure 8).  Notably, in the X-Ray structure of 48 

conformational mobility of C8 was observed.  This implies conformational mobility 

of C7, C7-methyl groups and C9, which would facilitate the release of any steric 

strain due to pseudo peri interactions. 
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Table 4 - 1H NMR spectra of (±)-Hyphodermin B, 48, (synthetic and reporteda) in 

d4-MeOH (at 200 MHz). 

Hydrogen Assignment Natural 48 (in ppm) Synthetic 48 (in ppm) 

CH3 1.43/1.46 1.47 

H1 7.03 7.06 

H4 7.97 7.99 

H5 7.86 7.87 

H7 2.13 2.11 

H8 2.82 2.79 
a Spectral values are reported in reference 80, the NMR field strength was quoted as being 200, 300 or 
400 MHz but was not specified for individual compounds. 
 

   

 

Figure 8 – ORTEP plot of (±)-Hyphodermin B, 48,‡ (30% ellipsoids are shown) 

                                                 
‡ X-Ray crystallography carried out by Prof. P. C. Healy 
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The C7-methyl groups are well removed from C1 in 48 and do not provide steric 

impedance to reduction at C1.  This confirms that electronic factors within 

anhydride 56 are the major influence for regiochemistry of reduction.  The unit cell 

showed hydrogen bonding from the hydroxyl proton to the C10 carbonyl with an 

intramolecular distance of 1.84 Å (typically 3.0 Å) and an interatomic distance 

between O2…H2 of 2.728 Å, indicating a stronger than typical hydrogen bond at 

this interface.  (±)-Hyphodermin B, 48, in the crystal lattice, dimerises via hydrogen 

bonding between the hydroxyl and the ketone moieties (Figure 9). 

 

 

Figure 9 – Dimerisation of 48 in the crystal lattice 

 

With a protocol for the introduction of the 1-hydroxyphthalide well established, the 

elaboration of this chemistry to achieve the synthesis of other more structurally 

complex Hyphodermins was undertaken.  Specifically, the introduction of an 

epoxide moiety at the α,β positions relative to the ketone was the next challenge.  An 

approach that was considered was via epoxidation of a carbon-carbon double bond 

α, β to the ketone of 56. 
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Chapter 3.0 
Installation of the α,β-double bond 
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Chapter 3 

The next target intermediate was enone 90, in which the double bond provides a key 

functional group for epoxidation.  The first procedure considered for installation of 

the double bond into the keto α,β position of anhydride 56, was α-selenylation to 

give 91 followed by oxidative elimination with aqueous hydrogen peroxide.129,130  
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Treatment of anhydride 56 with LDA at 0 oC for 1 hour followed by addition of 

phenylselenium chloride (PhSeCl) resulted in a complex mixture of products in 

which no α-selenylated anhydride 91 was observed.  To avoid decomposition, 

anhydride 56 was retreated with LDA at a lower temperature (-78 oC) followed by 

addition of phenylselenium chloride and warming to room temperature overnight.  

Attempted oxidation with hydrogen peroxide resulted in a complex mixture of 

products showing no trace of 91 or target enone 90.  It was considered that the 

highly reactive anhydride ring of 56 may be undergoing nucleophilic attack by LDA 

or diisopropyl amine generated in situ from LDA.  In a control reaction, treatment of 

56 with diisopropylamine amine (1.5 equiv) returned a complex mixture of products 

containing approximately 50% unreacted anhydride 56 (69% mass recovery).  This 

result indicated that LDA was unsuitable as a base for α-deprotonation.  Next, it was 



 63

considered that alkylation of enol 72 could be promoted by heating 56 with PhSeCl.  

Heating a THF solution of phenylselenium chloride and anhydride 56 at reflux for 

16 hours and subsequent oxidation (H2O2) gave a complex mixture of products in 

which no trace of target enone 90 or 91 could be seen by 1H NMR spectroscopy.  

As installation of the desired α,β-double bond moiety via α-selenylation of 56 could 

not be achieved, an alternative reagent was considered.  The strong oxidant DDQ 

can be used to oxidise the α,β-position of a ketone, such as in the transformation of 

92 to 93 (Scheme 24).131-133   
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Treatment of anhydride 56 with DDQ in toluene at 60 oC resulted in the formation of 

a complex mixture of unidentified products.  At this point it was considered that the 

use of 56 as a starting material was a poor choice.   

The high reactivity of the anhydride ring made selective dehydrogenation or reaction 

of the α,β-positions extremely challenging.  Other synthetic routes which could 

afford enone 90 were then considered.  One possible route was allylic bromination 

of lactone 76 with NBS to give 94 (Scheme 25).  Allylic bromide 94 could then 

undergo elimination of HBr to provide the desired product 90.  Poor solubility of 76 
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in CCl4 did not permit the use of standard NBS allylic bromination conditions,134,135  

thus an initial attempt at allylic bromination of lactone 76 was carried out in a 

CCl4/THF mixture (Table 5, Entry 1).  Purification was problematic due to the 

presence of succinimide, which did not completely precipitate from the reaction 

solvent.   
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Scheme 25 - Proposed synthesis of 90 

 

Upon treatment of 76 with NBS, α-bromo anhydride 95 was found to be the major 

component (44%) of the mixture obtained.  Apparently the ionic process (Scheme 

26) is much faster than a radical-chain process, possibly due to the presence of the 

carboxylic acid moiety. 
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It is interesting to note that the dienyl carboxylic acid 96 undergoes exclusive 

lactonisation to 97 with NBS in preference to allylic bromination (Scheme 27).136  α-

Halogenation of ketones in acidic media with NBS, NCS and NIS has been reported 

in the literature.137 
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Scheme 27 

 

Surprisingly, the addition of a free radical initiator (AIBN) did not induce allylic 

bromination, although the yield of anhydride 95 was reduced (Table 5, Entry 4).  In 

some cases the diacid 98 was the only product isolated, presumably due to 

adventitious moisture. 

Diacid 98 was independently synthesised (Scheme 28) and characterised, and thus 

confirmed by 1H NMR spectroscopy  as being present in the crude mixtures from the 

above reactions (Table 5, Entries 5 and 7).   
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Scheme 28 
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Other attempts to induce free radical bromination included the use of UV light and 

radical initiator Bz2O2.  Both a tungsten lamp and a medium pressure UV lamp were 

tried but only products of ionic bromination were observed (Table 5, Entries 6 and 

7). 

 

Table 5 – Treatment of lactone 76 with NBS under various conditions. 

Entry Solvent Temp 
Time 

(hrs) 
Reagent(s) 

Yield 

(%)a Product (s)a 

1 CCl4/THFb rt 16  NBS 44 95 

2 THF rt 16 NBS 55 95  

3 THF rt 48  NBS 44 95  

4  C6H6 reflux 4  AIBN and NBS 10 95 

5 C6H6/THFc reflux 3 AIBN/NBSd 12/9 98/76 

6 MeCN rt 6  NBS, hve,f 26 95 

7 MeCN rt 2  NBS, Bz2O2, hve,g 16 98 

8 CH2Cl2 rt 2.5  
NaH then NBS, 

Bz2O2, hve,g < 5  90h 

a Product observed amongst a complex mixture of products, yield calculated via 1H 
NMR integration 
b 60:40, THF:CCl4 
c 1:1, C6H6:THF 
d NBS added slowly to solution of 76 and AIBN 
e  reaction carried out in a quartz round bottom flask. 
f hv source was standard tungsten lamp. 
g hv source was UV emitter lamp (medium pressure). 
h < 5% of 90 observed amongst a complex mixture. 
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It is possible the hydrogen abstraction from the allylic position is hindered by the 

presence of the geminal dimethyl groups at C7.  The continual failure to obtain or 

observe allylic bromination in any of the above described procedures led to the 

conclusion that the acidic environment of the reaction solution, due to the carboxylic 

acid moiety of lactone 76 and/or traces of HBr present in the NBS sample caused the 

excess formation of Br2.  Allylic bromination was attempted on the sodium salt of 

lactone 76 (Table 5, Entry 8).  Under these conditions the unsaturated anhydride 90 

was recovered in < 5% yield as part of a complex mixture.  Formation of bromo 

anhydride 95 and diacid 98 were not observed.  From these studies (Table 5), the 

conclusion was that radical bromination was not achieved and that this approach was 

not a practical synthetic route to obtain anhydride 90.   

Installation of the α,β-double bond via a β-hydrohalo elimination was then 

considered.  A literature example of this type of transformation is shown in the 

conversion of 99 to 100 (Scheme 29)138 and has recently found favour as a way to 

install this moiety.138-142  

. 
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For β-hydrohalo elimination to occur the hydrogen and bromine atoms must be syn-

periplanar 101 or anti-periplanar 102 (forming dihedral angles of 0o or 180o 
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respectively) (Figure 10).143  Syn-periplanar elimination is not possible with these 

compounds due to the conformational locking of the α and β positions, only anti-

periplanar elimination is possible. 
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Figure 10 – Conformations of α-bromoketone  

 

For a dihedral angle of 180o to be achieved, the bromine must be axially axially 

disposed at the α-carbon.  Evidence shows that 2-bromo cyclohexanone is in 

equilibrium between axial and equatorial bromine positions in an approximate ratio 

of 71:29 respectively.122  Therefore, in the case of α-bromo anhydride 95, the pseudo 

axial conformation (the cyclohexyl ring is conformationally restricted in 95) may be 

disfavoured due to pseudo 1,3-diaxial interactions with one of the methyl groups of 

the geminal dimethyl group (as in 102) thereby increasing the energy of this 

conformation (Figure 10).  Lower amounts of the pseudo 1,3-diaxial conformer, may 

slow the reaction rate but it will not prevent the reaction from occurring.  The 

pseudo axially disposed bromine conformer is removed from the conformational 

equilibrium via reaction with the base (i.e. undergoing elimination) which forces the 

equilibrium to readjust.  Therefore the constant pressure on the conformational 

equilibrium will drive the reaction to completion via Le Chatelier’s principle.  
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To investigate this reaction, an efficient and clean synthesis of α-bromo anhydride 

95 was desired.  α-Bromo anhydride 95 could be reliably obtained from treatment of 

lactone 76 with NBS, but low yields, complex mixtures and problematic purification 

limited this as a practical approach to obtaining 95.   

Firstly, α-bromination of anhydride 56 was attempted using NBS (Table 6, Entry 1, 

page 71) which afforded α-bromo anhydride 95 but in poor yield (19%).  Therefore 

alternative bromination procedures were examined.  Bromination was attempted via 

the use of copper(II) bromide as per a literature procedure.144  Addition of anhydride 

56 (in CHCl3) to a solution of copper(II) bromide in ethyl acetate at reflux gave a 

crude product which was assigned to bromo-ethyl ester 105 (52%) (Table 6, Entry 

2).  The formation of ethyl ester 105 was attributed to the nucleophilic opening of 

the anhydride ring of 56 with ethanol generated in situ from the interaction of ethyl 

acetate with copper(II) bromide at reflux (Scheme 30).  Bromination of intermediate 

ester 104, which was not isolated, gives bromo ester 105.   
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Bromo ethylester 105 was independently synthesised, via treatment of 56 with 

ethanol followed by treatment with Copper(II) bromide (61% - 2 steps).  Crystals 
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(yellow plates) suitable for X-crystallography were grown from slow evaporation of 

a ethanolic solution of 105.  The ORTEP plot of bromo ethylester 105 is shown in 

Figure 11.   

 

 

Figure 11 - ORTEP plot of 105 (30% ellipsoids are shown) 

 

The structure of bromo ester 105 was also solved unequivocally via g-COSY, g-

HSQC and g-HMBC NMR spectroscopy.  It is worth noting that in the X-ray 

structure of 105, the bromine is in an equatorial position.  If this is also the most 

stable structure in solution, it is presumably a result of the unfavourable pseudo 1,3-

diaxial interaction illustrated in Figure 10.  To avoid ring-opening of the anhydride 

group of 56, ethyl acetate was removed from the solvent mixture.  Therefore, α-

bromination of anhydride 56 was carried out in THF (Table 6, Entry 3), resulting in 
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the formation of α-bromoanhydride 95 (20%) and bromodiacid 98 (35%).  No trace 

of bromo ethyl ester 105 was seen in the crude 1H NMR spectrum.   
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Table 6 – α-Bromination of anhydride 56. 

Entry Conditions Product Yield (%) 

1 NBS, THF/CCl4,a reflux, 2 hrs  95 19 

2 CuBr2, EtOAc/CHCl3, reflux, 2 hrs 

then r.t for 16 hrs 

105 52 

3 CuBr2, THF, reflux 16 hrs 95b, 98b 20 (95), 35 (98) 

4 Br2, H2SO4 (cat.), THF, reflux, 3 

hrs 

107b 75  

5 Br2, 0 oC  r.t, 16 hrs 95 64 

a Mixture ratio of THF/CCl4 (3:1) 
b Identified as part of a complex mixture. 

Although α-bromination was taking place, α-bromoanhydride 95 was still unable to 

be obtained exclusively via a reliable method without the presence of other side 

products.  The use of elemental bromine was considered next as this reaction could 

be done under anhydrous conditions to avoid hydrolysis of the anhydride group of 
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56 to the phthalic acid 70.  Therefore anhydride 56 was heated at reflux with 

elemental bromine in the presence of an acid catalyst to encourage enolisation of the 

ketone (Table 6, Entry 4).  The majority of the crude product obtained from this 

reaction was assigned as α,α-dibromo anhydride 107 (75%).  Formation of 107 was 

attributed to enolisation of 95 to intermediate 106, halogenation of enol 106 

introduced a second bromine giving dibromo anhydride 107 (Scheme 31). 
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Scheme 31 

 

The formation of dibromo anhydride 107 occurred in a mixture of other unidentified 

products and was only partially assigned as it was not a target intermediate 

compound.  The identification of dibromo anhydride 107 was based on diagnostic 

peaks in the 1H NMR and mass spectra.  In the 1H NMR spectrum a singlet at δ 3.35 

ppm, integrating for two protons was assigned to H7.  In addition, the signals for the 

geminal dimethyl group at δ 1.57 ppm were not resolved indicating that the methyl 

groups were in a magnetically equivalent environment (methyl group resolution is 

seen in the mono bromo species).  Additionally, a diagnostic triplet isotope splitting 

pattern was observed in the ESMS (+ve) spectrum indicating the presence of two 
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bromine atoms.  Over-halogenation of ketones using elemental bromine has been 

cited previously in the literature.145  

In a final modification, over-halogenation was avoided by removal of the acid 

catalyst and lowering of the reaction temperature.  Treatment of 56 with elemental 

bromine at 0 oC and warming to room temperature overnight gave the desired α-

bromo anhydride 95 in good yield (64%) (Table 6, Entry 5).  A reliable preparation 

procedure had been found.  With the α-bromo anhydride 95 in hand, investigation 

into the β-halohydro elimination to install the α,β double bond was carried out.   

A variety of bases have been used to carry out β-hydrohalo elimination,139-141 many 

of which are unsuitable for the present compounds.  Aqueous bases, such as 

potassium hydroxide and unhindered alkoxy bases (NaOMe, NaOEt, etc) cannot be 

used as they will react with the anhydride moiety to give diacid 98 or the 

corresponding methyl/ethyl esters, respectively.  Thus, a hindered alkoxy base (t-

BuOK) (Table 7, Entry 1) was used initially.  Treatment of α-bromo anhydride 95 

with t-BuOK resulted in the formation of diacid 98 (29%), with no trace of β-

hydrohalo elimination taking place.  Failure to achieve elimination was attributed to 

the t-butoxy anion being too bulky to access the β-hydrogen atom which is sterically 

congested, as it is adjacent to the geminal dimethyl groups (Figure 12).   

The necessity of anhydrous conditions prompted the use of tertiary amine bases, 

additionally they could be removed from the crude product during an acidic work 

up.  Initially, stirring 2,6-lutidine with α-bromo anhydride 95 overnight gave a 

complex mixture of unidentified products (Table 7, Entry 2).  Again, failure to 

achieve β-deprotonation was attributed to the steric interaction between lutidine, 

being methyl substituted at both ortho positions relative to the nitrogen, the geminal 
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dimethyl groups of anhydride 95 (Figure 12), and possibly the low basicity of the 

pyridyl nitrogen.   
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Figure 12 - Steric impedance imposed by the geminal dimethyl group of 95 to 
approach by a base. 

 

Table 7 – Attempted β-halohydro elimination of 95 

Entry Reagent Product(s)a Conversion (%) Yield (%) 

1 t-BuOK 98 - 29 

2 2,6-Lutidine - - 0 

3 DABCO 108, 98 ~20 13 

4 DBU 108, 98 ~40 22 

a Identified as part of a complex mixture of products 

Therefore a stronger amine base which was not hindered about the basic nitrogen 

was desired.  Two bases were found which fulfilled these requirements, DABCO 

and DBU.  Treatment of 95 with DABCO for 16 hours at room temperature gave an 

approximately 20% conversion to diacid 108 in low yield (13%) (Table 7, Entry 3) 

amongst a complex mixture of products.  Similarly, treatment of α-bromo anhydride 

95 with DBU gave approximately 40% conversion to diacid 108 in low yield (22%), 
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(Table 7, Entry 4) (Scheme 32).  Although these reactions were not synthetically 

useful they did provide evidence that β-hydrohalo elimination was possible.  The 

limited effectiveness of these amines to introduce the α,β-double bond was attributed 

to the electrophilic C1 carbon of anhydride 95 acting as a competitive electrophilic 

site for attack by the base.  This factor, in addition to the hygroscopic nature of the 

amines, water miscibility of THF and the extended reaction times, led to the 

formation of the phthalic acid 108.   
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Scheme 32 

 

Although diacid 108 potentially could be used to synthesise key intermediate 90 the 

low yields and presence of complex mixtures made this an impractical approach to 

the synthesis of anhydride 90.  Therefore a more synthetically robust compound, 

such as diester 66, was required for the installation of the α,β-double bond.  

α-Bromination of diester 66 was undertaken using elemental bromine (as was carried 

out with anhydride 56) and α-bromo diester 109 was obtained in moderate yield 

(50%) (Scheme 33).  Although this reaction was successful, a more robust reaction 

which could be scaled up was desired.  α-Bromination via treatment with copper(II) 

bromide was revisited as the reaction could be carried out in methanol, thus avoiding 
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reaction (e.g hydrolysis or transesterification) at the C1 carbonyl.  Treatment of 

diester 66 with copper(II) bromide (1 equiv) led to a 50% conversion of diester 66 to 

α-bromo diester 109.  Increasing the reaction time to 16 hours and the amount of 

copper(II) bromide (2 equiv) gave 100% conversion to 109 in high yield (78%) and 

excellent crude purity (regularly > 90%).  Due to the ease of scale up and better 

yield, this was the preferred route to synthesise diester 109.   
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Scheme 33 

 

As indicated in Table 7 (β-deprotonation) the best amines to achieve β-hydrohalo 

elimination were either DABCO or DBU.  Treatment of bromo diester 109 with an 

excess (3 equiv) of DABCO, heated at reflux in methanol for 4 hours, resulted in a 

50% conversion of bromodiester 109 to unsaturated diester 110, with no trace of side 

reactions or unwanted impurities.  Extension of the reaction time (16 hours) and an 

increase in the excess of DABCO used (6 equiv) resulted in the complete conversion 

of α-bromo diester 109 to unsaturated diester 110 in excellent yield (81%) and > 

90% crude purity (Scheme 34).  It should be noted that the samples were often used 

crude as they were of sufficient purity.  Though purification could be carried out, 
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substantial loss of material often resulted.  This was attributed to the rapid hydrolysis 

of the C1 methyl ester during the purification process. 
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Scheme 34 

 

With unsaturated diester 110 in hand, saponification of the diester functionality was 

investigated.  In an analogous reaction to that of the hydrolysis of saturated diester 

66 to diacid 70, treatment of unsaturated diester 110 with aqueous sodium 

hydroxide, followed by acidification, gave the phthalic acid 108 in good yield (crude 

75%, purified 58%) (Scheme 35).  Again, this compound was used crude as 

purification by recrystallisation resulted in significant loss of compound. 
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Scheme 35 

 

In addition, the polarity of the compound prevented the use of column 

chromatography and the scale on which the reaction was commonly done (7 - 10 
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grams) meant the use of reverse phase HPLC or reverse phase column 

chromatography was not practical with the equipment available.   

With a robust synthesis of unsaturated the phthalic acid 108 in hand, an analogous 

reaction to the conversion of saturated diacid 70 to saturated anhydride 56 was 

carried out.  Dissolving unsaturated diacid 108 in acetic anhydride and heating at 50 

oC overnight gave a complex mixture of products.  This was unexpected since the 

only difference to the starting compound 108 and diacid 70 was the presence of the 

α,β-double bond.  Limited evidence in the literature suggests that 1,2-alkyl migration 

may occur under acidic conditions promoted by the presence of acetic anhydride in 

tetralone and similar systems.146-148  A literature example (Scheme 36) shows that 

migration occurs in 111 to form 112 at room temperature and very rapidly (i.e. 15 

minutes).146   
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Scheme 36 

 

It could be argued that although the acid catalyst is significantly less acidic, the 

extended reaction times and the vast excess of acetic anhydride/acetic acid with 

elevated temperatures may be the reason for the formation of complex mixtures in 

the reaction of diacid 108.  
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Therefore, another reaction was carried out whereby only a slight excess of acetic 

anhydride (1.1 equiv) was used and the temperature maintained at 50 oC for 16 hours 

(Scheme 37).  This resulted in complete formation of the phthalic anhydride 90 

(85%), which precipitated from the solvent (THF). 
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Scheme 37 

 

The solubility of unsaturated anhydride 90 in a range of solvents (THF, 1,4-dioxane, 

diethyl ether, CHCl3, CH2Cl2, DMSO) was very poor.  This was rationalised on the 

basis that the molecule is extremely rigid and planar and probably undergoes π-

stacking.  Unfortunately poor solubility of anhydride 90 coupled with the high 

reactivity of the C1 carbonyl, as displayed by the saturated analogue 56, made 

isolation and characterisation of anhydride 90 very difficult.  Minimal 

characterisation data confirmed the formation of anhydride 90.  The FTIR spectrum 

indicated the presence of three carbonyl groups and a distinct lack of broad OH 

bands characteristic of carboxylic acids.  In addition mass spectral peaks, such as 

MH+ in the positive ion electrospray mass spectrum, gave positive identification of 

anhydride 90.  A simple derivative, lactol 113, was also prepared to confirm the 

formation of the anhydride moiety.  Applying the same chemistry as for the 
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synthesis of (±)-Hyphodermin B, 48, treatment of anhydride 90 with LiAlH(t-BuO)3 

in THF gave lactol 113 in moderate yield (38%) (Table 8, Entry 1) (Scheme 38).   
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Scheme 38 

 

Lactol 113 was fully characterised and a solid state structure determined, confirming 

the previous formation of the anhydride moiety.              

 

 

Figure 13 - ORTEP plot of 113 (30% ellipsoids are shown) 
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Crystals suitable for X-ray crystallographic analysis were grown by slow 

evaporation of a solution of lactol 113 from chloroform.  The ORTEP plot of 113 is 

shown in Figure 13.  The solid state structure shows 113 to be extremely planar and 

displays the same hydrogen bonding, leading to the same dimerisation effect which 

occurs with (±)-Hyphodermin B, 48 (Chapter 2, Figure 9). 

The low yield of lactol 113 was attributed to the poor solubility of anhydride 90 in 

ethereal solvents.  Optimisation of the reaction conditions was then attempted.  

However, varying reaction, temperature, solvent and concentration all failed to 

increase the yield of lactol 113 from anhydride 90 (Table 8).     

 

Table 8 - Optimisation of reduction of anhydride 90 to lactol 113 

Entry Conditions Product Yield (%) 

1 THF, 0 oC, 4 hrs 113 38 

2 THF, 0 oC, 6 hrs 113 29 

3 THF, r.t., 16 hrs 113 13 

4 THF/1,4-dioxanea, 0 oC, 4.5 hrs 113 25 

5 THF/CH2Cl2, 0 oC, 2 hrs 113 13 

a Ratio of THF:1,4-Dioxane, 2:1. 

In a further attempt to increase the yield of lactol 113, an alternative route was 

considered (Scheme 39).  Reduction of the C1 methyl ester of unsaturated diester 
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110 could give the corresponding aldehyde 114, followed by possible hydrolysis of 

the C2 methyl ester to give the aldehyde carboxylic acid 115.  The adjacent 

carboxylic acid and aldehyde groups should be in equilibrium with the lactol, thus 

giving 113.  It was thought that due to the high reactivity of the C1 carbonyl, low 

reaction temperature and short reaction times were a necessity.  Treatment of diester 

110 with DIBAL-H at -78 oC for 2 hours gave unreacted 110 (100% recovery). 
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Scheme 39 – Proposed alternate synthesis of lactol 113 

 

Failure for any reaction to occur was attributed to the reaction conditions being too 

mild.  Next, treatment of diester 110 with LiAlH(t-BuO)3 at higher temperature (0 

oC  r.t) over 4 hours again gave unreacted 110 (72% recovery).  In the light of 

these failed reactions, but with a direct precursor to Hyphodermin A, 48, in hand, an 

attempt at epoxidation was undertaken (Scheme 40).  Treatment of 113 with 

dimethyl dioxirane in acetone solution did not selectively epoxidise the α,β-double 

bond, instead the lactol 113 was reoxidised to anhydride 90 (45%).  Although this 

result was not unexpected it does highlight the next synthetic challenge, the 

installation of the epoxide (Scheme 41).   
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Scheme 41- Possible approaches to Hyphodermin A, 48. 

 

Epoxidation could be carried out either prior to reduction of the anhydride moiety to 

the lactol (via 116) or alternatively if epoxidation is carried out after installation of 

the lactol then the use of protecting group chemistry must be employed.
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Chapter 4.0 
Synthesis of Hyphodermins A, C and D (47, 49 and 50) 
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Chapter 4 

Of the two synthetic options available to synthesise Hyphodermin A, 47, and in the 

context of (±)-Hyphodermin B, 48 (Chapter 2), the more attractive and shorter route 

was via the installation of the epoxide prior to reduction of C1 in epoxy anhydride 

116 (Scheme 41).  Previous experience with reduction of anhydrides 90 and 56 

indicated the regio-selective reduction of C1 in epoxy anhydride 116 was likely, 

although the epoxide group may serve as an activating group towards the ketone 

moiety.  A literature example shows that epoxy ketone 117 is reduced by LiAlH(t-

BuO)3 to alcohol 118 (Scheme 42).149 
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Scheme 42 

 

To check the validity of the proposed reduction of epoxy anhydride 116, molecular 

modelling was carried out at the HF/6-31G* level using Spartan '04.§,124  As seen 

previously with anhydrides 56 and 90, the C1 carbon of 116 was by far the most 

electron deficient carbonyl and thus most likely to undergo reduction (Figure 14).  

The modelling outcomes validated the proposed reduction, therefore, the installation 

                                                 
§ Modelling carried out by collaborator Dr. Marc Campitelli. 
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of the epoxide group was attempted via several procedures (Scheme 43).  Initially, 

treatment of 90 with an excess of dimethyl dioxirane (3 equiv.) gave a mixture of 

anhydride 90 and diacid 108 in a 2:1 ratio, with no trace of 116   

 

 

Figure 14 – LUMO (using Spartan ’04, V 1.0.1, HF/6-31G*) of 116 with electron 
deficient regions shown in blue/green.* 
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116
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O

 

Scheme 43 

 

                                                 
* Modelling carried out by collaborator Dr. Marc Campitelli. 
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Upon consideration of the reaction it was decided that dimethyl dioxirane was not a 

strong enough oxidant to achieve epoxidation of the electron deficient double bond 

in anhydride 90.  Therefore a stronger nucleophilic peroxide was employed (t-

BuO2H).   

Treatment of anhydride 90 with excess t-BuO2H and DBU, according to modified 

literature procedures,150,151 led to the formation of a complex mixture of unidentified 

products.  The use of DBU in this system was consistent with the production of 

complex mixtures of products (see page 74), thus the reaction was repeated with 

excess t-BuO2H and a catalytic amount of DBU.  Hydrolysis of anhydride 90 to 

diacid 108 occurred with no trace of the epoxidation product 116 being formed.   

Next, alternative reaction conditions were considered, in which the heterogeneous 

catalyst KF/Al2O3 could replace the solution phase base and potentially avoid any 

nucleophilic attack on the anhydride moiety of 90.  The use of KF/Al2O3 as a 

catalyst to effect epoxidation in highly conjugated double bonds has been reported in 

a literature.152  Treatment of anhydride 90 with t-BuO2H and KF/Al2O3, according to 

the literature procedure,152 gave a complex mixture of compounds.  The poor 

solubility of anhydride 90 and the high susceptibility towards 90 hydrolysis to diacid 

108, again led to the consideration of an alternative route to circumvent the inherent 

problems with the anhydride group.   

It was envisaged that diester 110 could be epoxidised to epoxy diester 119 which 

could then be converted to the corresponding epoxy diacid 120 and subsequently 

cyclised with acetic anhydride to give epoxy anhydride 116 (Scheme 44).  Treatment 

of diester 110 with hydrogen peroxide and a catalytic amount of lithium hydroxide 

resulted in the formation of a complex mixture (Table 9, Entry 1, page 89).   
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Scheme 44 – Proposed synthesis of 116 

 

In retrospect, this result was not surprising as a possible side reaction was the 

reaction of the C1 methyl ester of diester 110 with either lithium hydroxide, water or 

the peroxy anion thus interfering with the desired epoxidation.  Therefore, as with 

the epoxidation of anhydride 90, anhydrous reaction conditions were required.  The 

epoxidation conditions previously applied to anhydride 90 were now applied to the 

synthesis of 119.  Treatment of diester 110 with t-BuO2H and KF/Al2O3 gave the 

epoxy diester 119 with approximately 40% conversion of diester to epoxide 119.       

 

110 119

O CO2Me
CO2Me

O

O CO2Me
CO2Me (i) t-BuO2H, KF/Al2O3

(ii) t-BuO2H, DBU
or

(i) 34%
(ii) 68%  

 Scheme 45 

 

Retreatment of the product mixture under the same conditions gave 100% 

conversion of unsaturated diester 110 to epoxydiester 119 which was isolated in a 
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moderate yield (34%) (Table 9, Entry 2) (Scheme 45).  The moderate yield of 

epoxidation was attributed to the multiple treatments required for complete 

conversion of diester 110 to epoxy diester 119.  Additionally, the alumina present in 

the reaction is a 10% water hydrate.  With water present, C1 of methyl ester 110 

might hydrolyse to generate the corresponding mono acid which could stick to the 

alumina and so be removed in the reaction work-up.   

In an attempt to get complete conversion of diester 110 to epoxide 119 in one 

treatment, 110 was treated with an excess of t-BuO2H and KF/Al2O3 (~ 5 and ~ 4 

equivalents respectively) (Table 9, Entry 3).  This resulted in the formation of a 

complex mixture of unidentified compounds. 

   

Table 9 – Epoxidation of diester 110  

Entry Conditions Product  Yield (%) 

1  H2O2, LiOH, THF, r.t.  mixture -  

2  t-BuO2H, KF/Al2O3, CH2Cl2, r.t, 16 hrs (2 treatments) 119 34% 

3   t-BuO2H (5 eq), KF/Al2O3
 (4 eq), CH2Cl2, r.t, 16 hrs mixture - 

4 t-BuO2H, DBU, CH2Cl2, r.t, 16 hrs 119 68% 

 

It was reasoned that the geminal methyl groups might impede the approach of 110 to 

the reactive species on the alumina surface.  Thus, an anhydrous solution phase 

epoxidation was considered.   Treatment of unsaturated diester 110 with t-BuO2H 
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and DBU (Table 9, Entry 4) resulted in a 90% conversion of unsaturated diester 110 

to epoxy ester 119 in one treatment and in good isolated yield (68%).  With 

epoxydiester 119 in hand, several attempts were made to hydrolyse the two methyl 

ester functionalities so as to obtain diacid 120 (Scheme 46).  Since epoxides are 

reactive towards nucleophilic attack from hydroxide ions, the current ester 

hydrolysis conditions (aqueous sodium hydroxide, reflux, 3 hrs) were considered too 

harsh for an epoxide group to survive.   

Initially, mild reaction conditions were employed in an attempt to selectively 

hydrolyse the ester groups in the presence of the epoxide.  Treatment of epoxy 

diester 119 with lithium hydroxide under very mild conditions (30 minutes at 0 oC) 

resulted in the formation of a complex mixture.  It was not known if the complex 

mixture was arising from the basic environment of the reaction or as result of 

acidification upon work up.   

 

(i) LiOH, THF, 0oC, 30 min; (ii) 1. Ba(OH)2, 2 hrs, 2. CO2 (g)

120

O CO2H
CO2H

O

119

O CO2Me
CO2Me

O
(i) or (ii)

 

Scheme 46 

 

Therefore, to avoid an acidic work up, barium hydroxide was considered as an 

alternative reagent as it could be precipitated from the reaction mixture as barium 

carbonate by bubbling carbon dioxide through the reaction solution.153-155  Treatment 
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of epoxy diester 119 with barium hydroxide for 2 hrs at room temperature, followed 

by bubbling carbon dioxide through the solution, again gave a complex mixture of 

products. 

As hydrolysis of the diester groups was proving difficult, it was considered that 

installation of the epoxide group in diacid 108 could avoid the need for selective 

ester hydrolysis (Scheme 47).   

 

(i) NaOH, H2O2; (ii) t-BuO2H, NaOH; (iii) m-CPBA, THF, reflux
120

O CO2H
CO2H

O

108

O CO2H
CO2H (i) or (ii) or (iii)

 

Scheme 47 

 

Treatment of diacid 108 with basic hydrogen peroxide gave a complex mixture of 

unidentified products.  Similarly, treatment of diacid 108 with t-BuO2H and NaOH 

also gave a complex mixture of products.  Again, the formation of complex mixtures 

was attributed to the basic conditions.  Therefore, to avoid basic conditions, diacid 

108 was treated with m-CPBA in THF at reflux for 16 hours.  This returned 

unreacted diacid 108 (46%) and m-chlorobenzoic acid.  This result was attributed to 

m-CPBA being a relatively weak epoxidising reagent for electron deficient double 

bonds.  The synthesis of epoxy diacid 120 was not pursued further.   

At this point, installation of the epoxide group prior to reduction of the anhydride 

group did not appear viable (Scheme 41, page 83).  Thus the alternative synthetic 
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route to Hyphodermin A, 47, application of protecting group chemistry to lactol 113, 

was considered (Scheme 48). 
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Scheme 48 – Proposed synthesis of Hyphodermin A, 47. 

 

Initially, formation of the O-acetal derivative was attempted.  Acetylation of lactol 

113, using acetic anhydride and DMAP, proceeded quickly and smoothly to give 

acetyl lactol 121 in high yield (83%) and excellent crude purity (> 98%) (Scheme 

49).  Crystals of acetyl lactol 121 suitable for X-ray crystallographic structure 

determination were grown via slow evaporation of acetyl lactol 121 from ethyl 

acetate/hexane (1:1).  The ORTEP plot of 121 is shown in Figure 15, the X-ray 

structure of acetyl lactol 121 unambiguously confirmed the formation of the O-

acetyl derivative. 
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Scheme 49 

 

 

 

Figure 15 - ORTEP Plot of acetyl lactol 121 (30% ellipsoids are shown) 

 

Epoxidation of acetyl lactol 121 was attempted using KF/Al2O3 and t-BuO2H in an 

effort to select conditions that would minimise the amount of free t-butoxide anions 

generated in situ from the epoxidation process, as such anions are predicted to 

remove the acetate group.  Treatment of 121 with KF/Al2O3 and t-BuO2H gave a 

complex mixture of unidentified products (Scheme 50).  This may have been due to 
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rapid deacetylation of acetyl lactol 121, under the basic reaction conditions, 

followed by oxidation to anhydride 90.  It was previously observed that anhydride 

90, when subjected to KF/Al2O3 and t-BuO2H gave complex mixtures. 
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O
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Scheme 50 

 

The above result highlighted the need for a protecting group which was not base-

labile, but which could be removed under mild conditions without further affecting 

the epoxide functionality.  A commonly used class of alcohol protecting group 

which meets these requirements is the silyl ether group (e.g. TBDMS and TIPS).  

Both TBDMS and TIPS ethers are relatively stable to acid and base (both stable at 

pH 4 –12)156 and can be removed selectively in the presence of an epoxide by the 

treatment with TBAF.  A literature example of deprotection a TBDMS ether in the 

presence of an epoxide is given in the conversion of 123 to 124 (Scheme 51).157     
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Scheme 51 
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Attempted protection of lactol 113 by treatment with TBDMS-Cl in the presence of 

2,6-lutidine was carried out according to a standard procedure.158,159  The product 

generated was assigned as the aldehyde 126 (Scheme 52).  The identification of 

aldehyde 126 was supported by a diagnostic aldehyde peak present at δ 10.8 ppm in 

the 1H NMR spectrum.  Incorporation of the TBDMS moiety into the molecule was 

supported by peaks in the 1H NMR spectrum integrating to the correct ratios at δ 

0.36 ppm (6H, Si(CH3)2C(CH3)3) and δ 1.01 (9H, SiCH3C(CH3)3).  The ESMS 

spectrum gave a MH+ peak at 359 corresponding to 126.  Purification and full 

characterisation of aldehyde 126 was not possible as it readily reverted back to lactol 

113 upon standing.  The formation of aldehyde 126 could arise via the reagent amine 

deprotonating the lactol hydrogen of 113, which could rearrange to the conjugate 

base of the strongest acid, the carboxylate anion 125.   
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Scheme 52 

 

The carboxylate anion 125 could then be silylated with TBDMS-Cl to generate 

aldehyde 126.  Carboxy-silyl esters are slowly hydrolysed to the carboxylic acid at 

pH 6 - 8.5 and are rapidly hydrolysed at any other pH.160 
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The synthesis of the benzyl ether** derivative 128 was considered as the benzyl 

group can be cleaved under neutral conditions by hydrogenolysis.  However, 

treatment of lactol 113 with benzyl bromide followed by addition of triethylamine 

gave 1-formyl-2-benzyl ester 127 (43%) (Scheme 53), in a reaction analogous to that 

observed with TBDMS above.  Full characterisation and unequivocal regiochemical 

assignment of ester 127 was made using g-COSY, g-HMBC and g-HSQC NMR 

spectroscopy. 

 

 

O O

O

BnO

128

113

O O

O

HO

O CHO
CO2Bn

127

BnBr

Et3N

43%

 

Scheme 53 

 

Protection via a TIPS ether was also attempted via the more reactive reagent, TIPS-

OTf.  However, treatment of lactol 113 with TIPS-OTf followed by addition of 

triethylamine resulted in the formation of a complex mixture of products.  

Triethylamine was added after the initial addition of TIPS-OTf, to act as an acid 
                                                 
** 128 is more of an acetal than an ether, but the term ether (of the lactol) will be used for 
convenience. 
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scavenger and remove any acid generated in situ from the silylation reaction.  This 

was necessary as prolonged exposure of silyl ethers to triflic acid (i.e. low pH) can 

result in deprotection.156  The formation of aldehyde 126 and ester 127 indicated that 

installation of the protecting group needed to occur under acidic or neutral pH 

conditions.  Under basic conditions the carboxylate 125 (Scheme 52) is formed and 

it is this species that is preferentially alkylated or silylated.  It is worth noting that 

113 may be in equilibrium with the carboxylic acid 129 in situ (Scheme 54), which 

could react with triethyl amine to give carboxylate 125 which could then be silylated 

or alkylated to give 126 and 127 respectively. 
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Scheme 54 

 

In an interesting parallel, the C1 carbon of 113 can be considered as having similar 

reactivity to the anomeric carbon present in carbohydrates, as implied by structural 

analogies between lactol 113 and a simple carbohydrate such as D-glucose 10 

(Figure 16).  It was proposed that acid catalysed glycosidation chemistry161 may be 

applied to lactol 113.  Upon consideration of the possible alkyl groups that could be 

installed at C1, Hyphodermin C, 49, and Hyphodermin D, 50, (the methyl ether 

derivatives of Hyphodermin A, 47) were identified as easily accessible targets.   
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Figure 16 – Comparison of the structure of 113 to glucose 10 

 

They could also provide a potential intermediate route to Hyphodermin A, 47, via an 

acid-catalysed glycosidic cleavage reaction.   

 

O O

O

MeO

49

O

O O

O

HO

O

47

O O

O

MeO

O

50  

 

Initially, treatment of lactol 113 in anhydrous methanol with a catalytic amount of p-

TSA gave unreacted 113 (57%), with no trace of the methyl derivative 130 in the 1H 

NMR spectrum.  Better results were obtained using TFA.  Stirring 113 with TFA 

(2.6 equivalents) and methanol in the presence of molecular sieves at 50 oC for 16 

hours gave methyl ether 130 (36%) and unreacted lactol 113 (64%) (Scheme 55).  

The 36% conversion of lactol 113 to methyl ether 130 achieved by the use of TFA 

suggested that using an excess of a stronger acid, such as HCl, could lead to a higher 

conversion to 130.   
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Scheme 55 

 

Dry hydrochloric acid was generated in situ from the reaction between methanol and 

acetyl chloride (Scheme 56).  This was advantageous as all reagents used and 

generated in this reaction could be removed under reduced pressure.  Stirring lactol 

113 with an excess dry HCl (7 equiv.) in the presence of a 4 Å molecular sieve for 2 

hours gave methyl ether 130 in excellent yield (90%) and crude purity (> 97%).   
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It was expected that epoxidation of 130 would occur on both faces of the molecule 

to give the diasteromeric Hyphodermins C, 49, and D, 50.  Initially, methyl ether 

130 was treated with KF/Al2O3 and t-BuO2H (Table 10, Entry 1) but only 

Hyphodermin D, 50, was obtained in a low yield (16%).  The formation of a single 

diastereomer (Hyphodermin D, 50) was rationalised on steric grounds.  Using the 
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solid state structure of lactol 113 (Figure 17) as an approximation, methyl ether 130 

is likely to be a highly planar molecule.  It is proposed that as 130 approaches the 

alumina reaction surface (containing t-BuO2H) it will preferentially do so from the 

face opposite to that of the methyl ether moiety, thus leading to epoxidation of the 

exposed (underside) face of methyl ether 130. 

 

Table 10 - Synthesis of Hyphodermins C, 49, and D, 50. 

Entry Conditions Ratio (49:50) Yield (%) 

1  t-BuO2H, KF/Al2O3, CH2Cl2 16 hrs  0:100 16 

2 t-BuO2H, DBU, CH2Cl2 16 hrs (2 treatments) 18: 82 29 

3 H2O2, LiOH, THF/H2O 0:100 22 

    

 

 

Figure 17 – ORTEP plot displaying planarity of lactol 113  

(20% ellipsoids are shown) 
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The solid state structure of 113 suggests there would be no other structural factors 

present in 130 which could cause preferential epoxidation of one face of 130.  Next, 

a solution phase reaction was tried.  Treatment of methyl ether 130 with t-BuO2H 

and DBU (Table 10, Entry 2), gave an 18:82 mixture of Hyphodermins C, 49, and D, 

50, respectively in a moderate yield (29%) (Scheme 57).   
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Scheme 57 

 

Hyphodermins C, 49, and D, 50, were successfully synthesised and comparison of 

the 1H NMR for 50 and the 1H NMR and 13C NMR data for 50 was in excellent 

agreement with that reported in the literature (Table 11).80  Due to the scale of the 

reactions and the small component of the mixture, Hyphodermin C, 49, was 

identified from the crude mixture of 49 and 50 but was not isolated.  It was thought 

that use of a smaller peroxide might increase the proportion of Hyphodermin C, 49.  

When methyl ether 130 was treated with hydrogen peroxide and a catalytic amount 

of base (Table 10, Entry 3), only Hyphodermin D, 50, was obtained in moderate 

yield (22%).     
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Table 11 Comparison of NMR spectra for the Naturala (at 200 - 400 MHz) and 

Synthetic Samples (at 400 MHz) of 49 and 50 in CDCl3. 

Atom # Natural 49a  
1H NMR shifts 

(ppm) 

Synthetic 49a  
1H NMR shifts 

(ppm) 

Natural 50a 
1H/13C NMR 
shifts(ppm) 

Synthetic 50a 
1H/13C NMR 
shifts (ppm) 

1 6.42 6.43 6.72/104.2 6.74/104.0 

3 - - - 167.8 

3a - - - 125.6 

4 8.04 8.06 7.63/130.0 7.66/129.7 

5 7.63 7.71 7.98/129.6 8.02/129.8 

5a - - - 154.0 

6 - - - 37.4 

7 3.60 3.61 3.60/62.7 3.62/62.9 

8 3.73 3.74 3.75/55.9 3.77/55.8 

9 - - - 193.5 

9a - - - 127.1 

9b - - - 145.5 

OCH3 3.81 3.82 3.68/55.9 3.70/58.8 

CH3 1.74 1.76 1.33/30.0 1.35/30.0 

CH3 1.37 1.39 1.73/25.5 1.74/25.6 
a Spectral values are reported in reference 80, the NMR field strength was quoted as being 200, 300 or 
400 MHz but was not specified for individual compounds. 
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In the original report,80 the stereochemical assignments of Hyphodermins C, 49, and 

D, 50, were not conclusive.  In an attempt to conclusively assign the relative 

stereochemistry of 49 and 50, a pure sample of 50 was subjected to NOE (nuclear 

overhauser effect) NMR to explore any through-space correlations.  It was thought 

that irradiation of the H1 singlet at δ 6.74 ppm may give rise to a NOE correlation at 

the H8 epoxide doublet at δ 3.77 ppm (Figure 18).  The interatomic distances 

between H1 and H8 for 49 and 50 were approximated using a ChemDraw 3D Pro 

model (v 7.0).  For 50, the distance between H8 and H1 was ~ 4.9 Å (Figure 18), 

which is just within the generally accepted limitation of NOE correlation distance 

(5.0 Å).  In the case of Hyphodermin C, 49, this distance was ~ 5.3 Å, thus any 

correlation between H1 and H8 should be unique to Hyphodermin D, 50.   
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Figure 18 - Approximate interatomic distances obtained from ChemDraw 3D (v 7.0) 

 
Unfortunately, the NOE spectrum of 50 in CDCl3 at 400 MHz gave no observed 

correlations.  This does not necessarily mean that the stereochemical assignment of 

Hyphodermin D, 50, is incorrect since the interatomic distance between H1 and H8 

is on the threshold of NOE detection.  The ChemDraw 3D model also revealed that 

the direct line between H1 and H8 is blocked by the ketone moiety which makes 
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observing a NOE correlation in 50 highly unlikely.  Thus it was concluded that 

stereochemical assignment of 50 was not possible via traditional NMR techniques. 

A chemical approach to the unambiguous assignment of the stereochemistry of 

Hyphododermin D, 50, was considered.  Reduction of the ketone group in 50, to 

give alcohol 131 (Scheme 58), would introduce a stereo-centre at C9, therefore 

providing an additional hydrogen at C9.  The proximity of a hydrogen at C9 to H1 

would be well within NOE limitations, and could be used as a means to verify the 

relative stereochemistry.  Therefore, a sample of 50 was treated with ethanolic 

sodium borohydride under very mild conditions (0 oC, 10 min).  However, a 

complex mixture of products was formed. 
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Scheme 58 

 

Alternatively, a case for stereochemical assignment could be made on proton shifts 

in the 1H NMR spectra.  Comparison of the 1H NMR shifts of H1 between 49 and 

50, at δ 6.43 ppm and δ 6.74 ppm respectively, showed a substantial up-field shift of 

H1 for Hyphodermin C, 49, compared to H1 of Hyphodermin D, 50, confirming the 

relative stereochemical assignment of 49 and 50.  A simple model (ChemDraw 3D 

Pro v 7.0) of 50 shows the anti relative stereochemistry of the epoxide and methyl 
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ether groups causes the cyclohexane ring to adopt a conformation which places the 

ketone oxygen away from H1 and so results in a small shielding effect162 (Figure 

19).  This would cause H1 of 50 to shift to a lower-field in the 1H NMR spectrum, 

whereas in 49 the ketone is close to H1 and thus a greater shielding effect is 

observed in the 1H NMR spectrum (an up-field shift). 

 

 H1 shielded by C=O

H1 less shielded

49 504.9 Å
5.3 Å

H1 H8 H8H1

 

Figure 19 – ChemDraw 3D (v 7.0) models of Hyphodermins C, 49, and D, 50. 

 

Hyphodermin D, 50, possessed the anti-epoxide-ether relative stereochemistry 

observed in Hyphodermin A, 47, and therefore 50 is a possible intermediate for the 

synthesis of Hyphodermin A, 47, via acid catalysed cleavage of the methyl acetal 

moiety.   
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Scheme 59 

 

However, treatment of Hyphodermin D, 50, with HCl/silica in CHCl3 for 16 hours at 

room temperature gave the chlorohydrin 132 (100%) (Scheme 59).  It is interesting 

to note that the chloride anion attacked at the C8 position (α to the ketone) whereas, 

under acidic conditions, C7 would be predicted to be more susceptible to 

nucleophilic attack.  It is likely that attack of the chloride ion at C7 is hindered by 

the geminal dimethyl group, thus preventing the nucleophile from achieving the 

required trajectory to open the epoxide ring at the β-position (Figure 20).   

 

Cl-

O

CH3

CH3

O

H

Cl-

O

CH3

CH3

O

H
(a) (b)  

Figure 20 – Chloride anion attack at (a) C7 or (b) C8 of 50 
 

The formation of an α-halo species is unusual with only a few examples in the 

literature.163-166  Analysis of the 1H NMR 3J couplings between H7 and H8 in 132 (~ 

12 Hz) suggested that H7 and H8 were pseudo trans-diaxially orientated in 

chlorohydrin 132, thus implying that the chlorine and hydroxyl groups were in a 

pseudo trans-diequatorial orientation.  Hyphodermin D, 50, could be quantitatively 

regenerated from chlorohydrin 132 by treatment with DBU (Scheme 59).  This 
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would occur via a (less stable) conformation in which the chlorine and hydroxyl 

groups adopt a pseudo trans-diaxial arrangement.   

Clearly, the methyl ether protecting group was too stable to be cleaved under these 

conditions to give Hyphodermin A, 47.  A protecting group was required which 

could be removed under mildly acidic conditions which would not result in epoxide 

ring-opening.  A group which satisfies these requirements is the tetrahydropyran 

(THP) protecting group (stable at pH 6 – 12).156  The THP group is very useful but 

can have the drawback of making 1H NMR analysis more difficult due to the 

generation of diastereoisomers.  Additionally, the THP aliphatic ring can complicate 

interpretation of signals in the δ 3 to 4 ppm region in the 1H NMR spectrum.  This 

can be problematic if the THP group is being carried through a multi-step synthesis.  

In the proposed synthesis of Hyphodermin A, 47, the THP ether would be 

incorporated in the molecule for one synthetic step before removal (Scheme 48, p 

92), thus it was considered that the drawback of complex 1H NMR spectra was 

minimal.  Installation of the THP group was achieved via treatment of lactol 113 

with 3,4-dihydropyran (3,4-DHP) in the presence of ethereal hydrochloric acid 

(Scheme 60).  THP ether 133 was synthesised in an excellent yield (91%), as a 

mixture of isomers.  Purification of 133 was complicated by rapid decomposition, so 

the synthesis of Hyphodermin A, 47, was performed on the mixture of THP 

diastereoisomers, 133.  Incorporation of the THP group was confirmed via mass 

spectral analysis, which gave the correct sodium and lithium adducts in the positive 

ESMS spectra (m/z 351, [MNa+, 100%]) and (335, [MLi+, 50%]).   
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(i) 3,4-DHP, cat. HCl (91%); (ii) t-BuO2H, DBU; (iii) HCl/H2O/THF (24% - 2 steps)
 

Scheme 60 

 

Next, reaction of 133 with t-BuO2H and DBU as previously described gave THP 

epoxide 134.  The 1H NMR spectrum of epoxide 134 was more complex than that of 

THP ether 133 as the installation of the epoxide had generated an additional two 

stereocentres.  Analysis of the 1H NMR spectrum of the crude epoxide 134, showed 

new doublets at δ 3 to 4 ppm (the diagnostic epoxide region) and that the peaks at δ 

6.40 ppm and δ 6.98 ppm corresponding to the α,β-double bond of 133 were absent.  

This indicated that epoxidation had occurred.  This was confirmed by mass spectral 

analysis which showed the correct lithium adduct (345 [MLi+, 70%]). Purification of 

134 was complicated by instability and rapid decomposition of 134.  Thus, THP 

deprotection of 134 was performed directly on the crude sample without further 

purification.  Treatment of epoxide 134 with a solution of THF/dilute (5% w/w) 

aqueous hydrochloric acid (7:3) at room temperature for 5 hours gave (±)-

Hyphodermin A, 47, in a moderate yield (24% - over 2 steps from THP ether 133).   
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Table 12 - Comparison of naturala (at 200 - 400 MHz) and synthetic (at 600 MHz) 

47 1H and 13C NMR spectra in d4-MeOD. 

Atom # Natural 47a 

1H/13C NMR shifts (ppm) 

Synthetic 47a 
1H/13C NMR shifts (ppm) 

1 7.07/100.4 6.97/103.0 

3 170.5 170.5 

3a 127.0 126.1 

4 8.02/130.2 8.04/130.3 

5 7.84/131 7.86/129.3 

5a 156.5 155.5 

6 38.5 37.7 

7 3.75/57 3.74/55.7 

8 3.77/64 3.75/63.1 

9 195.5 194.9 

9a 147.0 147.4 

9b 126.5 126.7 

CH3 1.73/26.0 1.73/24.9 

CH3 1.31/30.0 1.35/28.7 
a Spectral values are reported in reference 80, the NMR field strength was quoted as being 200, 300 or 
400 MHz but was not specified for individual compounds. 
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The 1H and 13C NMR spectra of 47 was in excellent agreement with the literature 

values (Table 12).80  In addition, a  HRMS spectrum of 47 was obtained which 

matched the calculated values.80  In summary, Hyphodermins C, 49, and D, 50, were 

synthesised from diketone 58 in eleven steps (unoptimised) in 1.83%.  This 

chemistry was then used to synthesise (±) Hyphodermin A, 47, in twelve steps from 

diketone 58 and in an unoptimised overall yield of 1.55%.  With synthetic samples 

47, 49 and 50 in hand, an investigation into any in vitro biological activity was 

needed to validate these compounds as potential lead compounds for inhibitors of 

glycogen phosphorylase. 
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Chapter 5 

With Hyphodermins A, B and D, 47, 48 and 50, and a range of simple analogues 

(66, 70, 108, 109, 110, 113, 117 and 130) in hand, preliminary assessment of these 

compounds (hereafter referred to as Hyphodermin analogues – Figure 21) as 

potential inhibitors of GPa was undertaken.  The Hyphodermin analogues were 

tested for activity against RMGPa (rabbit muscle glycogen phosphorylase a) and the 

assay conducted in the direction of glycogen synthesis (reverse direction).  

Compound activity was calculated by measuring the release of inorganic phosphate 

from glucose-1-phosphate at 25 oC (Scheme 61),167 a commonly used technique for 

initial investigation into the activity of compounds towards GPa.35 
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Scheme 61 

 

Glycogen phosphorylase a (GPa) activity can be measured in the direction of 

glycogen breakdown from the photometrical determination of the rate of NADPH 

formation in an assay coupled to phosphoglucomutase and glucose-6-phosphate 

dehydrogenase.168  Alternatively, GPa activity can be measured in the direction of 

glycogen synthesis by measuring the formation of inorganic phosphate from 
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glucose-1-phosphate.167  Under standard conditions, the cleavage reaction is slightly 

disfavoured (ΔGo = + 3.1 kJ/mol) thus allowing the reverse direction (glycogen 

synthesis) to be measured.  This assay was chosen as it is a simpler assay to carry 

out than the coupled assay where lag times prior to the linear rate measurements can 

complicate the calculations.169  

To test the suitability of the Hyphodermin analogues as potential lead compounds, a 

range of physicochemical properties were calculated using the predictive software 

Qikprop (v 2.5).170  This information provides an indication of the solubility and 

permeability of the analogues.       
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Figure 21 – Hyphodermins A, B and D, 47, 48 and 50, and analogues tested for GPa 

inhibition. 
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In conjunction with the predicted properties, the molecules were checked against 

Lipinski’s rules, a screen for the identification of drug-like properties in a 

molecule.171,172  This rule takes into account simple molecular descriptors such as 

Log Po/w (octanol/water partition coefficient; ≤ 5), molecular weight (MW; ≤ 500), 

counts of hydrogen bond (H-bond) acceptors (≤ 10, expressed as the sum of nitrogen 

and oxygen atoms) and donors (≤ 5) in a molecule.  However, it should be noted that 

the fifth rule of the Lipinski ‘rule of five’ specifically excludes natural products and 

substrates for biological transporters.  A recent study has suggested the lower figure 

of 350 for molecular weight and 3.5 for Log Po/w are preferred for lead-like 

compounds.173   

The GPa inhibition study was carried out at Griffith University by the author.  The 

predicted Qikprop values discussed in this chapter were calculated by Dr Greg 

Pierens from Natural Product Discovery, Griffith University.  The analysis of the 

predicted Qikprop values was carried out by the author and used as a guide for the 

interpretation of the GP bioassay data.     

The Hyphodermin analogues were converted to their SMILES (simplified molecular 

input line entry specification) code for Qikprop prediction.  Atoms are represented 

by their chemical symbol in square brackets.  An exception to this rule is a subset of 

commonly seen organic atoms C, N, O, P, S, Br, Cl and I.  If the brackets are not 

used then complete saturation of that element with hydrogen is assumed.  Double 

bonds are expressed as C=C and triple bonds are expressed as C#C.  Branches from 

the main carbon chain are described in curved brackets, thus for acetone the 

SMILES code is CC(=O)C.  SMILES codes for all Hyphodermin analogues 

discussed in this chapter are provided in the experimental section. 
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Log Po/w, percent Polar Surface Area (%PSA) and Polar Surface Area (PSA) are 

presented in Table 13.  Log Po/w is a measure of lipophilicity for the neutral form of 

the molecule and is traditionally correlated with physiological properties such as 

solubility, permeability and strength of binding to a biological target.  Typically, 

higher lipophilicity correlates with good permeability through cell walls and with 

strong binding to a biological target but at the expense of aqueous solubility.174  All 

the Hyphodermin analogues were predicted to have a Log Po/w < 3 (Table 13) and 

thus satisfied Lipinski’s rules.   

 
Table 13 - Predicted Log Po/w, %PSA and PSA 

Entry Compound 
Number 

Log Po/w %PSA PSA (Å2) 

1 47 -0.442 35.54  102.41    

2 48 0.423 33.92   89.94 

3 50 -2.368 21.93   87.37 

4 66 1.936 20.22   88.87 

5 70 1.509 44.29 117.17 

6 108 1.471 46.06 118.08 

7 109 2.368 21.32   88.19 

8 110 1.819 22.54   88.66 

9 113 0.395 35.07   90.32 

10 117 0.605 25.58  102.50  

11 130 0.683 21.25   73.44 
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The PSA is described as the solvent accessible area of the compound which will 

interact with the solvent in a dipole or hydrogen bond (H-bond) interaction175 and 

generally correlates well with bioavailability.  It has been suggested176 that 

compounds which are to be passively absorbed should have a maximum PSA of 120 

Å2.  All Hyphodermin analogues were predicted to have a PSA under this limit.  

Additionally, %PSA (PSA divided by the entire surface area) is an additional guide 

for the suitability of a compound as a drug.  For the years 1993-2002 the median 

%PSA for known drugs was 21.2.177 About half of the compounds listed in Table 13 

(Entries 3, 4, 7, 8, 10 and 11) have a %PSA close to this value. 

The molecular weight, H-bond donors, H-bond acceptors (counted as the total 

number of oxygen and nitrogen atoms), acid and base properties of the 

Hyphodermin analogues is given in Table 14.  H-bond donors and H-bond acceptors 

are described as the number of H-bonds a molecule can donate to water and the 

number of H-bonds accepted from water in aqueous solution, respectively.  This 

property is related to the compound’s ability to diffuse through cell walls and to be 

absorbed in the intestines.  An excessive number of H-bond donors (>5) and/or a 

high number of oxygens and nitrogen atoms (≥10) can result in impaired diffusion 

across lipid layers (e.g. cell walls).  For each of the Hyphodermin analogues (Table 

14) the number of H-bond acceptors per compound is < 10 (4 - 6) and the number of 

H-bond donors is ≤ 2.  All compounds, except for 109 (Table 14, Entry 7), have an 

atomic weight less than 350 and thus satisfied Lipinski’s rules. 

The acid or base properties of compounds can greatly affect their bioavailability, as 

this relates to their charged or neutral state at physiological pH, Brønsted acids have 

better bioavailability than neutral species and Brønstead bases.178   
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Table 14 – Acid/base properties and Hydrogen Bond Capacities 

Entry 
Compound 

Number MW 
H-bond 
Donors 

H-bond 
Acceptorsa Acid Neutral 

1 47 260.2 1 5 No Yes 

2 48 246.3 1 4 No Yes 

3 50 274.3 0 5 No Yes 

4 66 290.3 0 5 No Yes 

5 70 262.3 2 5 Yes No 

6 108 260.2 2 5 Yes No 

7 109 369.2 0 5 No Yes 

8 110 288.3 0 5 No Yes 

9 113 244.2 1 4 No Yes 

10 117 304.3 0 6 No Yes 

11 130 258.3 0 4 No Yes 
a This value is the counted total number of oxygen and nitrogen atoms in each compound 

An important feature of biologically active molecules is the degree of molecular 

flexibility, which can be measured by the number of rotatable bonds (optimally 

below eight).176  All Hyphodermin analogues have a low number of rotatable bonds 

< 5 (Table 15) as they all possess a high to moderate degree of structural rigidity.   

The alert value (Table 15) is a measure of how ‘drug-like’ a compound is in 

reference to known drugs, this shows the number of descriptors which are outside 

the 95% range of similar values for known drugs.  The Hyphodermin analogues all 

had a very low number of alerts (0 or 1) and none violate the ‘rule of five’ (i.e. 
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Lipinski score = 0, Table 15).  Therefore, none of the Hyphodermin analogues were 

eliminated from the study at this stage and all were progressed to the GPa assay. 

 

Table 15 – Number of rotatable bonds, Alerts and Lipinski violations 

Entry 
Compound 

number 
 Number of  

rotatable bonds Alerts Lipinski score 

1 47 0 1 0 

2 48 0 0 0 

3 50 1 1 0 

4 66 4 0 0 

5 70 2 0 0 

6 108 2 1 0 

7 109 4 0 0 

8 110 4 1 0 

9 13 0 0 0 

10 117 4 1 0 

11 130 1 0 0 

 

Next, the solubilities of the Hyphodermin analogues were predicted using Qikprop 

(v 2.5)170 (Table 16) as the experimental solubilities of these compounds were not 

known.  Poor solublity of a compound may result in false (low) potency data in 

preliminary assays.  
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Table 16 – Predicted solubilities of Hyphodermin analogues 

Entry Compound Solubility (mM) Solubility (g/L) 

1 47   83.37 21.70 

2 48   11.24   2.76 

3 50 897.40   246.10  

4 66     0.64    0.186 

5 70 106.10    0.606 

6 108     3.05    0.795 

7 109       0.170    0.062 

8 110      1.12    0.325 

9 113    13.21  3.23 

10 117     23.12  7.04 

11 130     88.92   22.90 

 

The predicted solubility values obtained for the Hyphodermin analogues were used 

to determine the maximal concentration used in the GPa assay.  For example, the 

predicted solubility for compound 109 (Table 16, Entry 7) was 0.062 g/L which is 

equivalent to a 170 μM solution of 109.  Thus in the assay, the maximal 

concentration tested for 109 was approximately at the predicted solubility value but 

rounded to appropriate whole number to allow for ease of dilution calculations. 
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Assay 

Prior to testing the Hyphodermin analogues, GPa (Sigma) activity was standardised 

against caffeine, a known inhibitor of GPa.    The concentration of GPa in the assay 

solution was increased until an IC50 of ~ 100 μM could be obtained routinely, this 

concentration was established to be between 12.5 μg and 10 μg of GPa enzyme per 1 

mL of buffer solution.  A caffeine IC50 of 100 μM was chosen for this study to 

provide an appropriate standard value in line with literature values.58  Each 

Hyphodermin analogue (compounds 47-50, 66, 70, 108, 109, 110, 113, 117 and 130) 

was screened against GPa in parallel with caffeine.   

Caffeine is considered a weak inhibitor (mM range) when compared to known 

inhibitors of GPa.  Therefore, in this study the IC50 value was not determined for any 

compound which did not possess an IC50 < 100 μM.  Carrying out the assay and 

analysis of the corresponding data, showed that none of the Hyphodermin analogues 

inhibited GPa at concentrations < 100 μM. 

The assay in this study only measures direct inhibition of GPa.  Two possible 

reasons for these results are; (1) the Hyphodermin analogues in this study are 

binding to GPa but do not inhibit it or (2) it is possible that, in the coupled assay 

employed,80 the Hyphodermins are binding to PP-1 and thus prevent interaction with 

GPa in the R state (the Hyphodermins were reported to be active in the GP-PP-1 

system,80 though it was unknown with which enzyme (GP or PP-1) the 

Hyphodermins were interacting).   

It was surprising that diacids 70 and 108 did not show activity against GPa, as both 

contain a 1,2-diacid moiety, which is a common pharmacophore among potent GP 
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inhibitors which bind at the AMP inhibitor site (e.g. Bayer diacid 1807, 9).  

Considering the structures of 9 and the diacids 70/108, a notable difference is the 

presence of chlorophenyl ring and nitrogen atom of 9.   
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In the solid state structure of 9,1 the phenyl ring is at a 40o incline relative to the 

dihydropyridine ring.  The chlorophenyl ring is sandwiched between two 

hydrophobic residues of GPa thus anchoring it to the enzyme.1  By comparison, the 

cyclohexanone moiety in diacids 70/108 causes rigidity of these compounds, which 

may prevent them from binding to GPa at the AMP inhibitor site.   

 

Future Work 

An investigation into the activity of the Hyphodermin analogues, via the use of a 

coupled assay with GPa and PP-1, could be carried out to replicate the data 

previously reported.80  This could then be followed by testing the inhibitory activity 

of the Hyphodermin analogues 47, 48, 50, 66, 70, 108, 109, 110, 113, 117 and 130 

against PP-1. 
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Chapter 6.0 
Synthesis of an Amino Acid Mimetic 
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Chapter 6 

As the total synthesis of Hyphodermins A–D, (47–50), analogues thereof and 

preliminary assessment of biological activity against GPa had been achieved, a 

different approach was taken towards the synthesis of potential GP inhibitors.  The 

interaction between GPa and PP-1, through the GL subunit, is one which holds 

significant potential therapeutic value, as this interaction is GP isoform-specific and 

extremely potent (nM range) (see introduction pp 15 – 16).25  The GL catalytic 

subunit of PP-1 is a 33 kDa protein which directs PP-1 to the liver and is responsible 

for the isoform-specific interaction with GP.  The C-terminus of the GL subunit of 

PP-1 contains a sixteen amino acid sequence which is thought to be responsible for 

the isoform-specific binding to GP.  The C-terminal 16 amino acid sequence has 

been reported as: Pro-Glu-Trp-Pro-Ser-Tyr-Leu-Gly-Tyr-Glu-Lys-Leu-Gly-Pro-Tyr-

Tyr or PEWPSYLGYEKLGPYY.28,29  The C-terminal tail of GL is substantially 

different to that of the other PP-1 subunits,28 such as GM (the muscle glycogen 

targeting subunit), but is homologous among rat, human and rabbit GL.27  GL and GM 

have distinct and different biological functions, therefore any amino acid sequence 

homology between GL or GM must not determine the function or specificity of PP-1. 

 

PEWPSYLGYEKLGPYY284Rat GL

Rabbit GM EE - - NNFENSKIIADTY285 ....continued to residue 1109

Human GM EE - - NNFENSKINTDTY283 .....continued to residue 1122  

Figure 22 – Comparison of residues 269-284 from the C terminal region of rat liver GL with the N 

terminal regions of GM from rabbit and human skeletal muscle.  Homologous residues shown in bold. 
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Comparison of GL and GM sequences shows amino acid homology occurs at Glu270, 

Lys279 and Tyr284 of the rat GL subunit (Figure 22).  Therefore, it is within the 

sections of sequence differences (residues 271-278 and 280-283) that the residue(s) 

which allows GL to bind selectively to liver GPa must lie.  This provides a starting 

point for the synthesis of non-peptide mimetics, compounds which bear a strong 

resemblance to the original sequence in terms of bond angles and interatomic 

distances may bind specifically to liver GPa.   

The sequence of the GL C-terminal 16 amino acid sequence has been confirmed as 

PP-1 via BLAST† (http://www.ncbi.nlm.nih.gov) (i.e this sequence does not occur in 

any other protein(s)).  To date, no solid state structure for the GL subunit has been 

deposited in the Protein Data Bank (PDB), thus direct and accurate measurements of 

the GL subunit geometry cannot be obtained.  No structural data was returned when 

the 25 amino acids from the C-terminal were entered into Swiss Model† 

(http://swissmodel.expasy.org//SWISS-MODEL.html).  Lastly a secondary structure 

prediction, when carried out via (http://cubic.bioc.columbia.edu/pp/), returned no 

defined structure for the 25 amino acids from the C-terminal.  A tentative model of 

the C-terminal 16-residue sequence of GL was obtained using Macromodel† in vacuo 

(Figure 23).  Using the bond angle information from the Macromodel structure, a 

non-peptide mimetic of the Pro272-Ser273 residues (Figure 24) of the GL subunit was 

designed.  The chosen mimetic was a spiro-proline scaffold 136.  The Pro-Ser 

section was chosen due to its inherent lower conformational flexibility and its 

position within the GL C-terminal 16 amino acid sequence.   

                                                 
† BLAST search, Swiss Model and Macromodel results provided by Dr. C. L. Brown. 
 
 

http://www.ncbi.nlm.nih.gov/�
http://swissmodel.expasy.org//SWISS-MODEL.html�
http://cubic.bioc.columbia.edu/pp/�
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Figure 23 - Macromodel of GL C-terminal 16 amino acid sequence  

determined in vacuo.† 
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139 R = Trp, R' = Tyr-Leu 

Figure 24 – Representation of the design of scaffold 136 from the peptide 135 

 

Scaffold 136 provided a N and C terminus for the coupling of respective amino acid 

residues which are found in the naturally occurring amino acid sequence 

(compounds 137 – 139).  In this way, an array of amino acid mimetics could be 

synthesised, to provide a range of analogues for enzymatic and biological testing.  

                                                 
† BLAST search, Swiss Model and Macromodel results provided by Dr. C. L. Brown. 
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When considering 136 as a mimetic, the geometrical constraints of both the S,S and 

R,S diastereomers were examined prior to synthetic efforts.  

A simple ChemDraw 3D Pro (v 7.0) energy minimised (MM2) model was generated 

to approximate the angles of the diastereomers of scaffold 136.  A comparison of all 

angles for C2,5’ in the ChemDraw model with the Macromodel structure of the GL C-

terminal 16 amino acid sequence found that the approximated angles (about C2,5’) 

were all within 5o those in the 16 amino acid structure (Table 17).  The interatomic 

distances between the lactam carbonyl oxygen and the methyl ester oxygen atoms of 

(S,S)-136 and (R,S)-136 were comparable to the corresponding interatomic 

distances in the Pro272-Ser273 section of the Macromodel structure (3.93 Å) (Figure 

25). 
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Figure 25 – Interatomic distance measurement for 136 (ChemDraw, v 7.0). 

 
Initially, a synthesis of racemic 136 was proposed whereby the known benzyl ester 

140 and carbamate 141 could be coupled via alkylation of the enolate of 140 by the 

alkyl bromide (Scheme 62, p 128).  
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Table 17 – Comparison of bond anglesa of proposed mimetic 136 and Pro272-Ser273 

residues from the C-terminal 16 residue sequence of GL. 

Angle 16mer S,S Difference 

between (S,S)-

136 and 16mer 

R,S Difference 

between (R,S)-

136 and 16mer 

N1-C2,5’-C3 98.89o 100.0o +1.11o 102.3o +3.41o 

N1-C2,5’-C4’ 108.14o 107.3o -0.84o 112.7o +4.56o 

N1-C2,5’-C6’ 113.89o 118.8o +4.91o 111.1o -2.79o 

C6’-C2,5’-C3 110.72o 108.9o -1.82o 110.9o +0.18o 

C6’-C2,5’-C4’ 113.8o 109.5o -4.3o 109.7o -4.1o 

C3-C2,5’C4’ 110.96o 111.8o +0.84o 109.9o -1.06o 

 aBond angles determined from Macromodel structure of C-terminal residue sequence of GL 
(16 amino acids) and ChemDraw 3D Pro (v 7.0) using energy minimised structure of (S,S)-
136 and (R,S)-136. 
  

Although enantio-pure proline (144) could be used in the synthesis, the formation of 

the enolate in the first step was expected to cause racemisation at the α-carbon.  The 

benzyl ester and the Cbz protected amine moieties of 142 could be removed 

simultaneously, via catalytic hydrogenation, to give 143.   Standard amide coupling 

techniques (DCC, HOBt, DIPEA) followed by TFA would then convert 143 to 136. 

The synthesis of proline benzyl ester 140 was carried out using a literature 

procedure.179  Treatment of N-Boc-proline 144 with cesium carbonate followed by 

addition of benzyl bromide gave benzyl ester 140 in excellent yield (89%) (Scheme 

63). 
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Scheme 62 – Proposed synthesis of mimetic 136 

 

Ester 140 could also be synthesised, in a similar yield (86%), via treatment of N-

Boc-proline, 144, with DBU followed by benzyl bromide (Scheme 63).   

 

CO2BnN
Boc
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CO2HN
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(i) or (ii)

(i) 1. Cs2(CO3), MeOH; 2. BnBr, DMF (89%)
(ii) 1. DBU, CH2Cl2; 2. BnBr (86%)  

Scheme 63 

 

Synthesis of 141 proceeded via three efficient steps, as per a literature procedure.180  

The ring-opening of lactone 145 with HBr in acetic acid at reflux for 6 hours gave 

146 in excellent yield (88%).  Esterification of the carboxylic acid moiety of 146 
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was carried out via treatment of 146 with SOCl2 in methanol to give methyl ester 

147 (94%) (Scheme 64).  Protection of the amino group of 147 was achieved using 

sodium bicarbonate and benzyl chloroformate in a biphasic system.  This proceeded 

smoothly and gave carbamate 141 in high yield (84%).  Alternatively stirring 147 in 

the presence of triethylamine and benzyl chloroformate in CH2Cl2 gave 141 in a 

comparable yield (85%). 
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RO
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Scheme 64 

 

With benzyl ester 140 and carbamate 141 in hand, an attempt was made to couple 

them together to form alkyl proline 142 (Scheme 65).  Treatment of benzyl ester 140 

with LDA to generate the enolate anion, followed by slow addition of 141 returned a 

mixture of unreacted 140 and 141.  The reaction was repeated using 2.5 equivalents 

of benzyl ester 140.  Again, unreacted benzyl ester 140 and carbamate 141 were 

recovered.  Other methods tried included the use of LiN(SiMe3)2 or HMPA as a 

means to generate a ‘naked’ enolate anion which should be more nucleophilic, 

thereby encouraging alkylation.181  Under these conditions no reaction occurred.  

Additionally, the presence of benzyl alcohol in the crude reaction mixtures 

suggested that the benzyl ester was not stable under these reaction conditions. 
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N
Boc
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Scheme 65 

 

The lack of reaction between benzyl ester 140 carbamate 141 could be due to a 

number of possible factors: (i) the formation of the enolate of 140 was not occurring, 

(ii) the alkyl bromide was not reactive enough to facilitate alkylation, (iii) the 

enolate of 140 was deprotonating 141 (either the α-hydrogen of the ester or the 

carbamate NH) or (iv) steric interactions between the enolate of 140 and alkyl 

bromide 141.  A control reaction was carried out to establish if the proline enolate 

was forming.   

 

CO2BnN
Boc

140

1. LiN(SiMe3)2, 0oC, THF
CO2BnN

Boc

148 47%
2. Allyl bromide,0oC r.t.

16 hrs  

Scheme 66 

 

Treatment of ester 140 with LiN(SiMe3)2 followed by addition of allyl bromide gave 

allyl benzyl ester 148 in moderate yield (47%) (Scheme 66), confirming that enolate 

formation was indeed occurring.   
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To avoid any potential problems caused by the presence of the (acidic) carbamate 

NH, 141 was replaced by 149.  As with the Cbz protecting group, N-benzyl groups 

can be readily removed via hydrogenolysis.182,183  The dibenzyl compound 149 was 

prepared by reductive amination of the free base of 147 with benzaldehyde and 

triacetoxyborohydride (Scheme 67).184 

 

147

2. PhCHO, 2.5 eq

149 52%

3. NaBH(OAc)3 2.5 eq
MeO

Br

NH3Br

O

MeO
Br

NBn2
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Scheme 67 

 

However, the enolate of benzyl ester 140 failed to react with the alkyl bromide 149 

(Scheme 68).  Both 140 and 149 were recovered unchanged after the reaction.   

 

MeO2C

NBn2
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Boc
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1. LiN(SiMe3)2, 0oC, THF

2. 150

16 hrs,

CO2Me
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N
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Scheme 68 

 

The failure of the 140 enolate to react with carbamate 141 or dibenzyl amine 149 

was in contrast to the successful alkylation with allyl bromide.  This may be due to 

the fact that allyl bromide can undergo SN2’ attack, i.e. allylic rearrangement.  For 



 132 

example, the reaction of phenyl lithium with allyl chloride occurs via allylic 

rearrangement where a mixture of bond formation at C3 and C1 of the allyl chloride 

occurs.  The ratio of C3 and C1 attack is dependent on the degree of substitution at 

C1 and C3.  These observations have been accounted for by a cyclic transition state 

for C3 attack 151 or an aryl lithium dimer 152 (Figure 26).185,186 

 

Cl

Li
Li

Li
Cl

152151  

Figure 26 – Transition states of reaction with allyl chloride and phenyl lithium 

 

Steric factors may also be important as the lithium enolate of 140 would be more 

sterically hindered than phenyl lithium and 141 and 149 are both more hindered than 

allyl bromide towards SN2 displacement.   

.   
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Scheme 69 
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The mechanism of alkylation of 140 by allyl bromide could be SN2’ or SN2 (Scheme 

69).  The feasibility of alkylation of 153 via conjugate addition, using methyl 

acrylate, 148, was carried out in a short model study.  Ester 153 was generated by 

treatment of the cesium salt of N-Boc proline, 144, with methyl iodide giving methyl 

ester 153 in excellent yield (95%).  Formation of the 153 enolate, using 

LiN(SiMe3)2, then  treatment with methyl acrylate, 154, led to the recovery of 

unreacted ester 153 (Scheme 70).  The absence of methyl acrylate in the crude 

reaction mixture after work-up was attributed to its volatility (b.p 80 oC).   

 

0oC r.t.
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153 R = Me

O

OMe

CO2Me
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Boc

155
CO2Me
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(i)

(i) Cs2CO3, MeI (95%)
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(iii)

154

CO2RN
Boc

 

Scheme 70 

 

As organocuprates are well known to undergo conjugate addition,187 another 

reaction was carried out whereby the enolate of 153 was treated with copper (I) 

iodide prior to addition of methyl acrylate 154 (Scheme 71).  However, once again, 

only starting material (153) was recovered after work up.   

As alkylation of ester 153 did not seem feasible via conjugate addition.  The 

synthesis of a more reactive alkyl halide analogue of 141 was considered.  

Therefore, a Finkelstein halide exchange reaction was applied to alkyl bromide 141 

to generate the alkyl iodine analogue 157 (Scheme 72). 
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Scheme 71 

 

The Finkelstein reaction relies on two factors, (i) the solubility of sodium iodide in 

acetone, while the other sodium halides (Cl, Br) precipitate out of solution and (ii) 

iodine being a very good nucleophile.   

 

Br

NHCbz

MeO2C

NaI+
I

NHCbz

MeO2C
+ NaBr

141 157

Acetone

 

Scheme 72 

 

Treatment of carbamate 141 with sodium iodide in acetone gave complete 

conversion to the corresponding iodide 157.   Since the 1H NMR spectra of alkyl 

iodide 157 was very similar to the alkyl bromine analogue 141, the alkyl iodide 157 

was checked via mass spectrometry.  The ESMS spectra indicated complete 

exchange of the bromine with an iodine atom as only the MNa+ adduct for 

C13H13NO4I (157), and none of the C13H13NO4Br (141) species was observed.  Alkyl 

iodide 157 rapidly decomposed and so was not purified but used directly in the next 

step of the alkylation reaction.     
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With alkyl iodide 157 in hand, an alkylation with methyl ester 153 was carried out 

(Scheme 73).  Addition of 157 to the enolate of 153 as per previous reaction 

conditions gave recovery of starting ester 153 (45%) and alkyl iodide 157 (22%).  

The poor amount of recovery and lack of alkylation indicated that alkyl iodide 157 

was unstable under the reaction conditions.   
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Scheme 73 

 

Next, investigations were made into the possibility of the enolate of 153 being 

quenched by the methyl ester α-proton or carbamate amide hydrogen of 141.  

Therefore, upon consideration of the previous results, an experiment was designed 

whereby carbamate 141 would be treated with LiN(SiMe3)2 in the presence of 

benzyl bromide.   
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Deprotonation and alkylation should occur at the most acidic α-hydrogen, to give 

benzylated products 159 or 160.  Upon treatment of carbamate 141 with 

LiN(SiMe3)2 in the presence of benzyl bromide, cyclopropane 161 was isolated 

(Scheme 74).  Crystals of cyclopropane 161188 suitable for X-ray crystallographic 

analysis were grown via slow evaporation from toluene solution.  The ORTEP 

diagram of 161 is given (Figure 27), which confirms the formation of the 

cyclopropane ring. 
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Scheme 74 

 

 
Figure 27 -ORTEP diagram of cyclopropane 161 (30% ellipsoids are shown). 

 

Although the formation of cyclopropane 161 was unexpected it did resolve several 

issues.  Firstly, depronation of the α-proton was occurring to generate enolate 162 
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(Scheme 75), which then undergoes intramolecular nucleophilic (SN2) attack on the 

ethylene bromide moiety to generate the cyclopropane ring.  Secondly, the 

cyclopropane 161 (or analogous compounds) was never observed in the crude 1H 

NMR spectrum of reactions of esters 140 and 153 with carbamate 141, dibenzyl 

ester 149 or alkyl iodide 157.  This proves that the enolate of esters 140 and 153 

were not acting as a base (cf. Scheme 75, where base = enolate of 140 or 153) to 

deprotonate the α-hydrogen of 141, 149 or 157 in situ.    
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NHCbz

MeO2C
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141 161
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Scheme 75 

 

These results suggest that steric impedance between enolates 140/153 and the alkyl 

halides 141, 149 and 157 is preventing successful coupling.  Consideration of the 

results and the formation of 161 led to the conclusion that an enolate based approach 

to the synthesis of spiro-proline 136 was not synthetically feasible.   

 

Future Work 

An alternative route to the target scaffold 136 is discussed in the concluding 

comments section.  
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Concluding Comments 

In the search for new potential lead compounds for the development of glycogen 

phosphorylase inhibitors, the natural products, the Hyphodermins, were chosen as 

synthetic targets.  Synthetic routes were explored and established, leading to the first 

total synthesis of Hyphodermins A-D, 47-50.  In Chapter 1 the synthesis of (±)-

Hyphodermin B, 48, was achieved in a succinct six step synthesis in an overall yield 

of 38% (Scheme 76). 
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(e)(f)
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(a) TiCl4, NEt3, MeOH (91%); (b) CeCl3, CH2CHMgBr (93%); (c) (i)  toluene, 
(ii) Pd/C, AcOH (57%); (d) NaOH then H+/H2O (91%); (e) Ac2O (88%); (f) LiAlH(t-BuO)3 (99%).

MeO2C CO2Me
 

Scheme 76 

 

Highlights of this synthesis include the ‘one-pot’ synthesis of aromatic diester 66 

from diene 54 via a Diels-Alder reaction followed by treatment with Pd/C to induce 

aromaticity and the unexpected regioselective reactivity of anhydride 56 towards 

LiAlH(t-BuO)3 at C1.  Molecular modelling showed that electronic factors were the 
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major influence on the observed regioselectivity.  This is significant as a 

regioselective reduction of this type has not been not reported in the literature.   

Investigation into the installation of a double bond α,β to the ketone moiety of 56 

was attempted using a variety of methods (Chapter 3).  A dehydrohalogenation 

elimination led to the synthesis of unsaturated diester 110 from diester 66 and 

application of the chemistry established in Chapter 2 led to the synthesis of 

unsaturated lactol 113 (Scheme 77).  Attempted selective epoxidation of the α,β-

double bond of 113 was unsuccessful, therefore attempts at epoxidising the α,β-

double bond at several stages of the synthesis were made (Chapter 4).  From this 

investigation, the use of protecting group chemistry prior to epoxidation was 

explored.  Successful synthesis of methyl ether 130 from unsaturated lactol 113 was 

achieved via a reaction analogous to methyl glycosidation.  Application of 

epoxidation protocols, previously explored in Chapter 4, to methyl ether 130 led to 

the successful synthesis of Hyphodermin C, 49, and Hyphodermin D, 50, in 11 steps 

and in unoptimised overall yields of 0.33% and 1.50% respectively from dione 58.  

Protection of the lactol alcohol of 113 was achieved via the introduction of a THP 

group in high yield (91%) to give 133.  The application of previously explored 

epoxidation conditions to ether 133 gave epoxide 134.  Successful THP deprotection 

of 134 was achieved in the presence of the epoxide moiety via the use of mild acidic 

conditions.  The conversion of diketone 58 to (±)-Hyphodermin A, 47, in 12 steps 

constitutes the first reported formal synthesis in an unoptimised overall yield of 

1.55%.   
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Scheme 77 

 

Compounds 47, 48, 50, 66, 70, 108, 109, 110, 113, 117 and 130 were then tested for 

inhibitory activity against GPa (Chapter 5).  Unfortunately, none of these 

compounds was active at concentrations up to 100 μM.  Further biological testing is 

required to replicate the reported activities for the Hyphodermins.    

An alternative approach to the development of novel GP inhibitors was undertaken 

in Chapter 6.  This appraoch was based on rational structure-based design of a 

section of the binding sequence of GL to GPa.  Due to the synthetic problems 
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encountered and time constraints, synthesis of the target scaffold 136 was not 

achieved.  Taking into consideration the synthetic results described in Chapter 6, an 

alternative synthesis to the spiro-proline scaffold 136 is proposed (Scheme 78).   
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Scheme 78 – Proposed alternate synthesis of 136 

 

It has been described in the literature179 and shown in Chapter 6 that successful 

alkylation at the C2 position of 140 can occur using the allyl group which provides 

potential for further functional group elaboration.  For example, hydroboration of a 

derivative, such as allyl proline 148 and subsequent oxidation could install a 

terminal aldehyde moiety, such as in 163, by analogy with previous work.179,189  The 

aldehyde could then be converted to the corresponding hydantoin 164 via a 

Bucherer-Burgs reaction (Scheme 78).190,191 
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Selective hydrolysis of hydantoins192,193 was recently reported and should give the 

free amino-acid.  Internal amidation to give the lactam moiety could be achieved via 

heating at high dilution (or by treatment with DCC) thus giving Boc-protected 

lactam 165.  Standard deprotection of the Boc group via treatment with CH2Cl2/TFA 

should give target scaffold 136.  One problem with the suggested synthesis is the 

potential for racemisation of both stereocentres.  However, obtaining both sets of 

diasteromers is not necessarily a draw back of this synthesis as the SAR studies of 

diastereomeric compounds would establish the importance of relative 

stereochemistry in scaffold 136 and analogues thereof. 

In conclusion, this dissertation has presented the first total synthesis of 

Hyphodermins A, B, C and D (47, 48, 49 and 50).  The formal synthetic routes 

presented illustrate the complexity of selective functional group installation and the 

importance of order of installation when synthesising complex small molecules such 

as the Hyphodermins.  The syntheses provided synthetic samples of Hyphodermins 

A-D, 47-50, to allow for preliminary testing of inhibitory activity against GPa.  The 

negligible inhibitory activity observed for Hyphodermins A-D, 47-50, and analogues 

thereof against GPa indicates the search for alternative inhibitors must continue.  

The structure-based design approach which uses biologically validated interactions 

between the binding sequence of GL and GPa offers a new direction to be pursued in 

future work. 
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Experimental Section 

General Procedures 

1H NMR and 13C NMR spectra were obtained using 200 MHz Varian Gemini, 400 

MHz Varian Oxford or VNMRS 600 MHz (equipped with cryoprobe) spectrometer 

in solutions of CDCl3, d6-acetone, d4-methanol, deuterium dioxide or d6-DMSO as 

indicated.  The solvent peaks were used as an internal reference (reference peaks: 

CDCl3, 1H, δ 7.27 ppm, 13C, δ 77.23 ppm; d6-DMSO, 1H, δ 2.50 ppm, 13C δ 40.0 

ppm; d6-acetone 1H, δ 2.04 ppm, 13C δ 29.92 ppm; d4-methanol, 1H, δ 3.30 ppm, 13C 

δ 49.15 ppm; D2O 1H,  δ 4.80 ppm.  Signals are recorded in chemical shifts (δ in 

ppm), integral ratio, multiplicity, coupling constants and numbering assignment.  

The following are abbreviations used in the assignment of signal multiplicity: s = 

singlet, d = doublet, t = triplet, m = multiplet, dd = doublet of doublets, br = broad. 

Fourier transform infrared (FTIR) spectra were recorded on a Thermo Nickolet-

Nexus FTIR spectrometer as KBr disks, a Nujol mull or a neat sample.  The 

following abbreviations apply to peak intensity: w = weak, m = medium, s = strong, 

br = broad. 

Mass spectra were aquired either in positive or negative mode as on a fissions VG 

Platform II spectrometer, using electrospray ionisation.  ESMS data was processed 

using Lynx Version I (IBM) software.  Lithium doping was done by LiBr addition. 

Melting points were measured using a GallenKamp variable temperature apparatus 

and are uncorrected.  Microanalyses were carried out at the University of 

Queensland microanalytical service in the Department of Chemistry.  High 

Resolution Mass Spectrometry (HRMS) was done by the Organic Mass 
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Spectrometry Institute at the University of Tasmania or at Griffith University FTMS 

High Resolution Mass Spectrometry service.  Compounds with HRMS values have 

1H NMR spectra with < 5% impurities on file at Griffith University. 

THF and diethyl ether were distilled freshly distilled under a nitrogen atmosphere 

over sodium wire with benzophenone used as an indicator.  CH2Cl2 was pre-dried 

over calcium hydride and distilled before use under a nitrogen atmosphere. Other 

solvents were either HPLC grade or were distilled before use and stored under a 

nitrogen atmosphere on molecular sieves.  Column chromatography was performed 

using Merck silica gel 60 Å (0.040 - 0.063mm).  Analytical thin layer 

chromatography (TLC) was performed using precoated Merck aluminium plates 

coated with silica gel 69 F254 (0.2 mm).  TLC plates were visualized by means of 

ultra-violet light or by the use of cerium (IV) ammonium nitrate stain.  Chemicals 

were received from Sigma-Aldrich and used as received.   

Nomenclature and Numbering 
The nomenclature and numbering used in the following experimental section 

conforms with the IUPAC nomenclature of organic compounds (Figure 28).  

Selected examples of compounds referred to in this section are displayed below with 

their corresponding numbering. 
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Figure 28 - Examples of IUPAC numbering. 
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Chapter 2 Experimental 

2.1 Synthesis of 3-ethoxy-6,6-dimethylcylohexen-2-one (59)  

4,4-Dimethyl-1,3-cyclohexandione 58 (1.0 g, 7.13 mmol) was added to a solution of 

hydrochloric acid (conc, 0.75 mL)/ absolute ethanol (7.5 mL) and the solution 

heated at reflux overnight.  Ethanol was removed in vacuo and the residue dissolved 

in CH2Cl2 (20 mL).  The organic phase was washed with water (20 mL), brine (3 x 

10 mL), dried (MgSO4, anhydrous) and the solvent removed in vacuo to give a 

yellow oil (0.573 g, 47%).   Analysis of the crude oil by 1H NMR spectroscopy 

showed a mixture of 3-ethoxy-6,6-dimethylcylohexen-2-one 59194 and 3-ethoxy-4,4-

dimethylcylohexen-2-one 57 in a 2:1 ratio respectively, as calculated by 1H NMR 

integration. 

 

2.2 Synthesis of 3-methoxy-6,6-dimethylcyclohexen-2-one (61) 

Hydrochloric acid (conc, 0.26 mL), 4,4-dimethyl-1,3-cyclohexanedione 58 (500 mg, 

3.57 mmol) and methanol (2.6 mL) were reacted and worked up according to 

procedure 2.1.  The crude mixture was obtained as a pale yellow oil (212 mg, 39%).  

Analysis by 1H NMR spectroscopy of the crude oil obtained showed a mixture of 3-

methoxy-6,6-dimethylcyclohexen-2-one 61108 and 3-methoxy-4,4-dimethylcyclo 

hexen-2-one 60108 in a 2:1 ratio respectively, as calculated by 1H NMR integration. 

 

2.3 Synthesis of 3-methoxy-6,6-dimethylcyclohexen-2-one (61) 

4,4-Dimethyl-1,3-cyclohexanedione 58 (1.0 g, 7.13 mmol) and p-toluenesulfonic 

acid monohydrate (76 mg, 0.44 mmol) in methanol (13.4 mL) were heated at reflux 
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for 90 min.  The reaction mixture was heated to remove excess methanol and the 

resulting yellow resin was distilled (80 oC) via Khugelrohr to give a clear oil (0.54 g, 

49%).  Analysis by 1H NMR spectroscopy of the crude oil obtained showed the 

presence of 3-methoxy-6,6-dimethylcyclohexen-2-one 61108 and 3-methoxy-4,4-

dimethylcyclohexen-2-one 60,108 in a 2.5:1 ratio respectively, as calculated by 

integration by 1H NMR spectroscopy.  

 

2.4 Attempted Synthesis of 6,6-dimethyl-3-vinyl-cyclohex-2-enone (54)  

Vinylmagnesium bromide (0.5 mL, 0.5 mmol) was added to dry THF (3 mL) and 

cooled to 0 oC.  3-Methoxy-4,4-dimethylcyclohex-2-enone 60 (74 mg, 0.48 mmol) 

in THF (3 mL) was added dropwise over 5 min.  The resulting solution was heated 

at reflux overnight then cooled to 0 oC.  THF (7 mL) and ammonium chloride 

(saturated, 6 mL) were added.  The resulting suspension was filtered and the salts 

washed thoroughly with THF (10 mL).  Sulfuric acid (1 M, 10 mL) was added to the 

filtrate and the solution was stirred for 10 min.  The mixture was concentrated under 

reduced pressure and the residue extracted with CH2Cl2 (3 x 10 mL).  The combined 

organic layers were washed with sodium bicarbonate (saturated, 2 x 10 mL), brine (3 

x 10 mL) and dried (MgSO4, anhydrous).  The solvent was removed in vacuo to give 

3-methoxy-4,4-dimethyl-cyclohexan-2-one 60 (31 mg, 44% recovery) as a yellow 

oil. 

 

2.5 Synthesis of 3-methoxy-6, 6-dimethylcyclohexen-2-one (61) 

Titanium(IV) chloride (0.85 mL, 0.85 mmol) was added to a solution of 4,4-

dimethyl-1,3-cyclohexanedione 58 (4 g, 29.1 mmol) in methanol (5.5 mL) and the 
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solution stirred for 15 min at room temperature.  Triethylamine (0.6 mL, 4.3 mmol) 

was added and the solution stirred for 1 hr.  Water (2 mL) was added and the 

aqueous phase extracted with diethyl ether (3 x 5 mL).  The combined organic 

phases were washed with sodium bicarbonate (saturated, 2 x 5 mL), brine (2 x 5 

mL), dried (MgSO4, anhydrous) and the solvent was removed in vacuo to give a pale 

yellow oil (4.06 g, 91%).  Analysis by 1H NMR spectroscopy of the crude oil 

obtained showed a mixture of 3-methoxy-6,6-dimethylcyclohexen-2-one 61108 and 

3-methoxy-4,4-dimethylcyclohex-2-enone 60108 in a 7:1 ratio respectively, as 

calculated by integration by 1H NMR spectroscopy.  The 1H NMR spectra of 61 and 

60 were consistent with reported values.108  61 δH (CDCl3, 200 MHz) 1.11 (6H, s, 2 

x CH3), 1.81 (2H, t, J = 6.2 Hz, H5), 2.43 (2H, t, J = 6.8 Hz, H4), 3.68 (3H, s, 

OCH3), 5.27 (1H, s, H2).  60 δH (CDCl3, 200 MHz) 1.20 (6H, s, 2 x CH3), 1.82 (2H, 

t, J = 7 Hz, H6), 2.41 (2H, t, J = 6.8 Hz, H5), 3.68 (3H, s, OCH3), 5.27 (1H, s, H2). 

 

2.6 Synthesis of 3-ethoxy-6,6-dimethylcyclohexen-2-one (59) 

Titanium(IV) chloride (100 µmol, 100 µL), 4,4-dimethyl-1,3-cyclohexanedione 58 

(526 mg, 3.75 mmol) in ethanol (2.5 mL) and triethylamine was added (0.07 mL, 

0.07 mmol) were reacted and worked up according to procedure 2.5.  Analysis by 1H 

NMR spectroscopy of the yellow oil (447 mg) obtained indicated a mixture of the 

cyclohexan-2-ones 57 and 59 were present in a ratio of 1:2 as calculated by 1H NMR 

integration.  Purification by silica gel chromatography (ether: hexane: NEt3; 49: 49: 

2) gave two fractions.  Fraction 1 gave pure 3-ethoxy-6,6-dimethylcyclohex-2-enone 

59107 as an oil, (234 mg, 37%).  δH (200 MHz, CDCl3) 1.11 (6H, s, 2 x CH3), 1.36 

(3H, t, J = 7.4 Hz, OCH2CH3), 1.79 (2H, t, J = 6.4 Hz, H5), 2.43 (2H, t, J = 6.6 Hz, 
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H4), 3.89 (2H, q, J = 7 Hz, OCH2CH3), 5.25 (1H, s, H2).  δC (100 MHz, CDCl3) 

204.5 (C1), 175.7 (C3), 101.1 (C2), 64.2 (OCH2CH3), 40.3 (C6), 35.2 (C4), 26.5 

(C5), 24.7 (2 x CH3), 14.3 (OCH2CH3); ESMS (+ve) 169 (MH+, 100%). Fraction 2 

gave 3-ethoxy-4,4-dimethylcyclohex-2-enone 57, as a pale yellow oil, (75 mg, 6%). 

λmax (neat)/cm-1 2965 (m, br), 1661 (s), 1592 (s), 1211 (s), 1198 (s); δH (200 MHz, 

CDCl3) 1.17 (6H, s, 2 x CH3), 1.33 (3H, t, J = 6.2 Hz, OCH2CH3), 1.78 (2H, t, J = 

6.2 Hz, H5), 2.37 (2H, t, J = 7 Hz, H6), 3.83 (2H, q, J = 7 Hz, OCH2CH3), 5.20 (1H, 

s, H2); δC (50 MHz, CDCl3) 199.7 (C1), 183.2 (C3), 101.3 (C2), 64.4 (OCH2CH3), 

36.4 (C6), 35.8 (C4), 25.9 (C5), 14.2 (2 x CH3); ESMS (+ve) 169 (MH+, 100%), 175 

(MLi+, 30%); HRMS Calcd for C10H10O2 168.1150 m/z, found 168.1149. 

 

2.7 Attempted synthesis of 4,4-dimethyl-3-vinylcyclohex-2-enone (54) 

Cerium (III) chloride heptahydrate (200 mg, 0.81 mmol) was cooled to 0 oC and 

THF (3 mL) was added.  The suspension was stirred under a nitrogen atmosphere at 

room temperature for 1 hr then cooled to -78 oC.  Vinylmagnesium bromide (0.8 

mL, 0.8 mmol) was added and the solution stirred at -78 oC for 2 hrs.  3-Methoxy-

6,6-dimethylcyclohexen-2-one 61 (124 mg, 0.8 mmol) in THF (1.5 mL) was added 

dropwise over 5 min.  The resulting solution was stirred at -78 oC for 20 min and 

then slowly warmed to room temperature over 1 hr.  Ammonium chloride (saturated, 

10 mL) was added and the aqueous phase extracted with CH2Cl2 (3 x 10 mL).  The 

combined organic layers were washed with sulfuric acid (1 M, 2 x 10 mL), sodium 

bicarbonate (saturated, 2 x 10 mL), brine (2 x 10 mL), dried (MgSO4, anhydrous).  

The solvent was removed in vacuo to give unreacted 3-methoxy-6,6-

methylcyclohexan-2-one 61 (71 mg, 57% recovery) as a yellow oil. 
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2.8 Synthesis of 4,4-dimethyl-3-vinylcyclohex-2-enone (54)  

Cerium (III) chloride (1.1 g, 4.5 mmol) was heated at 100 oC under vacuum 

overnight to remove any water present as the cerium hydrate. The pre-dried 

Cerium(III) chloride was added to a solution of 3-methoxy-6,6-dimethylcyclohexen-

2-one 61 (6.28 g, 41 mmol) in THF (20 mL) and the suspension stirred at room 

temperature for 1 hr under nitrogen atmosphere.  Vinylmagnesium bromide (52 mL, 

52 mmol, 1.3 equiv) was added and the solution stirred at room temperature over 

night.  Ammonium chloride (saturated, 15 mL) then hydrochloric acid (2 M, 30 mL) 

was added and the combined aqueous phase extracted with ether (3 x 40 mL).  The 

combined organic phases were washed with hydrochloric acid (40 mL), sodium 

bicarbonate (3 x 25 mL), brine (3 x 30 mL), dried (MgSO4, anhydrous) and the 

solvent removed in vacuo to give a yellow oil (5.7 g, 93%).  Analysis by 1H NMR 

spectroscopy showed the crude oil to be 4,4-dimethyl-3-vinylcyclohex-2-enone 54 in 

> 95% purity, as determined by integration by 1H NMR spectroscopy.195  λmax 

(nujol)/cm-1 1675 (s), 1593 (s);  δH (400 MHz, CDCl3) 1.16 (6H, s, 2 x CH3), 1.84 

(2H, t, J = 6.8 Hz, H5),  2.46 (2H, t, J = 6.4 Hz, H6), 5.34 (1H, dd, J = 1.2, 11 Hz, 

CH=CH2), 5.67 (1H, dd, J = 1.2, 17.2 Hz, CH=CH2), 6.04 (1H, s, H2), 6.46 (1H, 

ddd, J = 0.8, 11.2, 17.7 Hz, CH=CH2); δC (100 MHz, CDCl3) 199.8 (C1), 166.6 

(C3), 134.2 (CH=CH2), 122.7 (C2), 120.1 (CH=CH2), 37.6 (C6), 34.6 (C4), 34.4 

(C5), 26.8 (2 x CH3); ESMS (+ve) 151 (MH+, 100%); HRMS C10H14O calcd 

150.1045, C10H14O found 150.1048. 
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2.9 Synthesis of 4,4-dimethyl-3-vinylcyclohex-2-enone (54) 

3-Ethoxy-6,6-dimethylcyclohexen-2-one 59 (978 mg, 5.8 mmol) was added to pre-

dried (as above) cerium (III) chloride (150 mg, 0.61 mmol)  in anhydrous diethyl 

ether (7 mL).  The suspension was stirred at room temperature for 2 hrs.  Vinyl 

magnesium bromide was added (5.8 mmol, 5.8 mL, 1 equiv at T = 0 hr; 2.8 mmol, 

2.8 mL 0.5 equiv at T = 1 hr and at T = 2 hr; final amount 11.6 mmol, 11.6 mL, 2 

equiv).  The resulting solution was stirred for 30 min at room temperature.  Crude 

4,4-dimethyl-3-vinylcyclohex-2-enone 54 (626 mg, 72%) was obtained as a 

yellow/green oil.  Ketone 54 was purified by chromatography over silica gel 

(hexane: diethyl ether: triethylamine, 49: 49: 2) to give 4,4-dimethyl-3-

vinylcyclohex-2-enone 53 as yellow oil (504 mg, 58%).   

 

2.10 Synthesis of 5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-

dicarboxylic acid dimethyl ester (66) and 5,5-dimethyl-8-oxo-3,4,5,6,7,8-

hexahydronaphthalene-1,2-dicarboxylic acid dimethyl ester (65). 

Dimethyl acetylenedicarboxylate (140 mg, 0.99 mmol) was added to a solution of 

4,4-dimethyl-3-vinylcyclohex-2-enone 54 (140 mg, 0.93 mmol) and hydroquinone 

(5 mg) in toluene (5 mL) and was heated at reflux for 60 hrs under a nitrogen 

atmosphere.  The solvent removed in vacuo and the crude mixture was obtained as 

an oil (363 mg) with toluene present and was purified by silica gel chromatography 

(ethyl acetate: hexane 1:1).  Fraction 1 gave 5,5-dimethyl-8-oxo-5,6,7,8-

tetrahydronaphthalene-1,2-dicarboxylic acid dimethyl ester 66 (85 mg, 32%).  λmax 

(CCl4)/cm-1 2952 (w, br), 1734 (s, br), 1589 (s) 1439 (s); δH (200 MHz, CDCl3) 1.41 
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(6H, s, 2 x CH3), 2.03 (2H, t, J = 7 Hz, H6), 2.76 (2H, t, J = 6 Hz, H7), 3.90 (3H, s, 

OCH3), 4.02 (3H, s, OCH3), 7.57 (1H, d, J = 8.4 Hz, H4), 8.17 (1H, d, J = 8.4 Hz, 

H3); δC (50 MHz, CDCl3) 196.6 (C8), 168.8 (C=O), 165.1 (C=O), 157.5 (C4a), 

136.1 (C8a), 134.9 (C3), 129.2 (C1), 127.4 (C2), 126.6 (C4), 52.9 (OCH3), 52.8 

(OCH3), 36.2 (C6), 35.4 (C7), 35.0 (C5), 29.9 (2 x CH3); ESMS (+ve) 313 (MNa+, 

100%), 291 (MH+, 20%); Microanalysis calcd C16H20O6.H2O C 62.33%, H 6.54%; 

found C 62.55%, H 6.52%.  Fraction 2 gave 5,5-dimethyl-8-oxo-3,4,5,6,7,8-

hexahydronaphthalene-1,2-dicarboxylic acid dimethyl ester 65 (59 mg, 22%) as an 

unstable yellow powder after drying.  m.p. 120 – 122 oC; λmax (KBr)/cm-1 3463 (m), 

2951 (m), 1745 (s), 1711 (s), 1670 (s), 1571 (m), 1299 (s), 1262;  δH (400 MHz, 

CDCl3) 1.23 (6H, s, 2 x CH3), 1.90 (2H, t, J = 6.4 Hz, H6), 2.40 - 2.50 (4H, m, H3 

and H4), 2.52 (2H, t, J = 6.8 Hz, H7), 3.76 (3H, s, OCH3), 3.86 (3H, s, OCH3); δc 

(100MHz, CDCl3) 194.2 (C8), 170.7 (C=O), 169.2 (C=O), 166.6 (C4a), 135.2 (C1), 

128.1 (C2), 126.6 (C8a), 52.4 (OCH3), 52.2 (OCH3), 36.3 (C7), 36.2 (C6), 34.1 

(C5), 26.3 (C3), 24.8 (C4), 22.8 (2 x CH3); ESMS (+ve) 293 (MLi+, 100%); HRMS 

calcd C16H20O5 292.1310, found 292.1314. 

 

2.11 Synthesis of 5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-

dicarboxylic acid dimethyl ester (65) and 5,5-dimethyl-8-oxo-3,4,5,6,7,8-

hexahydronaphthalene-1,2-dicarboxylic acid dimethyl ester (65)  

Dimethyl acetylenedicarboxylate (116 mg, 0.813 mmol, 0.14 mL), 4,4-dimethyl-3-

vinylcyclohex-2-enone 54 (111 mg, 0.739 mmol) in toluene (5 mL) were reacted in 

air and worked up according to procedure 2.10.  The crude mixture was obtained as 
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an oil (254 mg) and was purified by silica gel chromatography (ethyl acetate: hexane 

1:1).  Fraction 1 gave 5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-

dicarboxylic acid dimethyl ester 66 (37 mg, 17%) as identified by 1H NMR 

spectroscopy.  Fraction 2 gave 5,5-dimethyl-8-oxo-3,4,5,6,7,8-hexahydronaphthal 

ene-1,2-dicarboxylic acid dimethyl ester 65 (9 mg, 6%) as an unstable yellow 

powder after drying. 

 

2.12 Attempted synthesis of 6,6-dimethyl-6H-naphtho[1,2-c]furan-1,3,9-trione 

(66)  

DDQ (29 mg, 0.13 mmol) was added to 6,6-dimethyl-7,8-dihydro-6H-naptho[1,2-

c]furan-1,3,9-trione 65 (31 mg, 0.13 mmol) in benzene (5 mL) and the solution 

heated at reflux overnight.  The reaction was filtered and the filtrate concentrated in 

vacuo to give a red resin (49 mg).  Analysis of the crude product by 1H NMR 

spectroscopy showed a complex mixture of products along with water, solvent and 

presumably residual DDQ which is 1H NMR silent, thus accounting for the > 100% 

recovery. 

 

2.13 Synthesis of 5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-

dicarboxylic acid dimethyl ester (66) 

Pd/C (5 mg) was added to a solution of tetrahydronaphthalene dimethyl ester 65 (48 

mg, 0.16 mmol) in toluene (6 mL) and the suspension heated at reflux for 60 hrs. 

The suspension filtered through celite and the filtrate heated to dryness under 

reduced pressure to give a brown oil (33 mg, 68%).  Analysis of the crude oil 1H 
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NMR spectroscopy showed tetraydronaphthalene dimethyl ester 66 as the major 

product amongst small amounts of unknown by-products. 

 

 

2.14 Synthesis of 5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-

dicarboxylic acid dimethyl ester (66) 

Dimethyl acetylenedicarboxylate (3.1 g, 21.8 mmol, 2.7 mL), hydroquinone (1%) 

and 4,4-dimethyl-3-vinylcyclohex-2-enone 54 (2.86 g, 19.1 mmol) in anhydrous 

toluene (30 mL) were reacted in air for 24 hrs and worked up according to procedure 

2.10.  The solvent was removed in vacuo to give a yellow resin.  The crude product 

was dissolved in acetic acid (30 mL) and heated at reflux in the presence of Pd/C 

(10%, 600 mg) for 24 hrs in air.  The suspension was filtered through celite and the 

filtrate evaporated to dryness under reduced pressure to give a brown oil.  Analysis 

of the crude oil obtained by 1H NMR spectroscopy showed it to be 5,5-dimethyl-8-

oxo-5,6,7,8-tetrahydronaphthalene-1,2-dicarboxylic acid dimethyl ester 66 (6.51 g, 

118%) in the presence of acetic acid and water.  The crude mixture was purified by 

silica gel chromatography (ethyl acetate: hexane 50:50).  Fraction 1 gave 5,5-

dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-dicarboxylic acid dimethyl ester 

66 as an orange viscous oil (3.14 g, 57%).   

 

2.15 Synthesis of 5,5-dimethyl-8-oxo-3,4,5,6,7,8-hexahydronaphthalene-1,2-

dicarboxylic acid (70)  

5,5-Dimethyl-8-oxo-3,4,5,6,7,8-hexahydronaphthalene-1,2-dicarboxylic acid 

dimethyl ester 65 (244 mg, 0.83 mmol) was added to a solution of sodium hydroxide 
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(10% w/w, 20 mL) and the solution heated at reflux for 3 hrs.  Hydrochloric acid (2 

M) was added until a pH of 1 was obtained.  The resulting precipitate was extracted 

with ethyl acetate (3 x 5 mL).  The combined organic layers were washed with brine 

(3 x 5 mL), dried (MgSO4, anhydrous) and the solvent removed in vacuo to give the 

crude product as a red/brown foam.  The 1H NMR spectrum of the crude product 

obtained was consistent with 5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-

dicarboxylic acid 70 (194 mg, 89%). 

 

2.16 Synthesis of 5,5-Dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-

dicarboxylic acid (70) 

5,5-Dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-dicarboxylic acid dimethyl 

ester 66 (527 mg, 1.82 mmol) in sodium hydroxide (10% w/w, 10 mL) were reacted 

and worked up according to procedure 2.15.  The solvent was removed in vacuo, 

5,5-Dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-dicarboxylic acid 70 was 

obtained as an orange foam (435 mg, 91%) in > 95% purity after drying, as 

determined by analysis by 1H NMR spectroscopy.  m.p. 266 – 267 oC; λmax 

(KBr)/cm-1 3454 (br, m), 2966 (br, m), 1798 (s), 1589 (m); δH (200 MHz, d6-DMSO) 

1.36 (6H, s, 2 x CH3), 1.96 (2H, t, J = 7 Hz, H6), 2.70 (2H, t, J = 7.2 Hz, H7), 3.34 

(2 x COOH, Wh/2 = 57 Hz), 7.69 (1H, d, J = 8.4 Hz, H4), 8.03 (1H, d, J = 8 Hz, 

H3);  δC (100 MHz, d6-DMSO) 196.4 (C8), 169.2 (C=O), 166.4 (C=O), 156.3 (C4a), 

136.2 (C8a), 134.1 (C3), 128.4 (C1), 127.6 (C4), 126.9 (C2), 35.5 (C6), 35.0 (C7), 

34.5 (C5), 29.2 (2 x CH3).  ESMS (+ve) 285 (MNa+, 100%); HRMS calcd C14H14O5 

262.0841, found 262.0843. 
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2.17 Synthesis of the 6,6-dimethyl-7,8-dihydro-6H-naptho[1,2-c]furan-1,3,9-

trione (56) and 1-acetyl-5,6-dihydronaphtho[1,2-c]furan-3,9-trione (71) 

5,5-Dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-dicarboxylic acid 70 (11 mg, 

0.04 mmol) was dissolved in acetic anhydride (1 mL, 1.08 g, 11 mmol) and the 

solution was heated at reflux for 45 min. The acetic anhydride was removed in 

vacuo to give 6,6-dimethyl-7,8-dihydro-6H-naptho[1,2-c]furan-1,3,9-trione 56 and 

enol acetate 71 (8 mg, 82%, 90:10 of 56:71) as a brown solid after drying. 

 

2.18 Synthesis of 8-acetyl-5,6-dihydronaphtho[1,2-c]furan-3,9-trione (71)  

Sulfuric acid (1 drop, 18 M) was added to anhydride 56 (540 mg, 2.2 mmol) in 

acetic anhydride (20 mL) and the solution heated at reflux for 3 hrs.  The solvent 

was removed in vacuo to give a brown solid.  The crude solid was redissolved in 

THF/heptane (1:1), (product soluble in THF/heptane solution) the suspension was 

filtered and the filtrate heated to dryness under reduced pressure to give a yellow oil 

(368 mg).  Analysis by 1H NMR spectroscopy indicated the presence of 8-acetyl-

5,6-dihydronaphtho[1,2-c]furan-3,9-trione 71 amongst a mixture of compounds.  

Purification by silica gel chromatography (ethyl acetate:CH2Cl2; 4:96) gave pure 8-

acetyl-5,6-dihydronaphtho[1,2-c]furan-3,9-trione 71 (57 mg, 9%) as a yellow oil.  

λmax (neat)/cm-1 2969 (m, br), 1844 (m), 1776 (s), 1651 (s); δH (200 MHz, CDCl3) 

1.41 (6H, s, 2 x CH3), 2.33 (3H, s, CH3C=O), 2.45 (2H, d, J  = 5.2 Hz, H7), 6.02 

(1H, t, J = 5.2 Hz, H8), 7.81 (1H, d, J = 8.2 Hz, H5), 7.90 (1H, d, J = 7.8 Hz, H4); 

δC (50 MHz, CDCl3) 170.3 (C=OCH3), 162.9 (C1 or C3), 161.2 (C1 or C3), 155.1 

(5a), 143.1 (C9), 132.3 (C4), 131.1 (C3a or C9a), 130.7 (C3a or C9a), 125.3 (C5), 



 158 

124.1 (C9b), 122.2 (C8), 36.6 (C6), 35.6 (C7), 28.1 (2 x CH3), 21.3 (C=OCH3); 

ESMS (+ve) 287 (MH+, 40%), 309 (MNa+, 100%), 293 (MLi+, 100%); HRMS calcd 

C16H14O5 286.0840, found 286.0830. 

 

2.19 Synthesis of 6,6-dimethyl-7,8-dihydro-6H-naptho[1,2-c]furan-1,3,9-trione 

(56) 

A solution of carboxylic acid 70 (1.68 g, 6.41 mmol) in acetic anhydride (12 mL) 

was heated at 50 oC and stirred overnight.  The solvent was removed in vacuo to 

give a brown resin.  The resin was azeotroped with toluene to give 6,6-dimethyl-7,8-

dihydro-6H-naptho[1,2-c]furan-1,3,9-trione 56 as a grey powder.   Analysis of the 

grey powder by 1H NMR spectroscopy identified it as 6,6-dimethyl-7,8-dihydro-6H-

naptho[1,2-c]furan-1,3,9-trione 56 (1.37 g, 88%).  m.p. 229 – 231 oC; λmax 

(KBr)/cm-1 3438 (br, s), 2929 (br, w), 1853 (w), 1780 (s), 1693 (m), 1601 (m), 1384 

(s); δH (200 MHz, CDCl3) 1.46 (6H, s, 2 x CH3), 2.12 (2H, t, J = 6.8 Hz, H7), 2.90 

(2H, t, J = 7.4 Hz, H8), 7.96 (1H, d, J = 8 Hz, H5), 8.10 (1H, d, J = 8.4 Hz, H4); δc 

(100 MHz, CDCl3) 194.8 (C9), 162.4 (C1 or C3), 161.3 (C1 or C3), 159.3 (C5a), 

136.9 (C9a), 134.1 (C4), 132.6 (C9b), 131.8 (C5), 128.4 (C3a), 36.5 (C7), 35.8 (C6), 

35.7 (C8), 29.7 (2 x CH3); ESMS (+ve) 251 (MLi+, 100%), 267 (MNa+, 100%); 

HRMS calcd C14H12O4 244.0736, found 244.0735. 

 

2.20 Synthesis of 6,6-dimethyl-2-oxo-6,7-dihydro-2H-naphtho[1,8-bc]furan-3-

carboxylic acid (76) 

t-Butanol was added to a solution of anhydride 56 (200 mg, 0.82 mmol), DMAP (10 

mg, 0.082 mmol), triethylamine (25 mg, 0.25 mmol) and N-hydroxysuccinimide (28 
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mg, 0.24 mmol) in toluene (10 mL) and the solution heated at reflux under nitrogen 

atmosphere for 4 days.  Citric acid (10% w/w, 10 mL) was added and the aqueous 

phase extracted with CH2Cl2 (3 x 10 mL).  The combined organic phases were 

washed with citric acid (3 x 10 mL), brine (3 x 10 mL), dried (MgSO4, anhydrous) 

and the solvent removed to give a yellow solid.  Analysis of the crude solid by 1H 

NMR spectroscopy showed mixture of unreacted anhydride 56 and 6,6-dimethyl-2-

oxo-6,7-dihydro-2H-naphtho[1,8-bc]furan-3-carboxylic acid 76 (96 mg, 48%) in a 

45:55 ratio as calculated by integration of the 1H NMR spectrum.   

 

2.21 Synthesis of 6,6-dimethyl-2-oxo-6,7-dihydro-2H-naphtho[1,8-bc]furan-3-

carboxylic acid (76) 

Anhydride 56 (410 mg, 1.64 mmol)  was added to a solution of DMAP (40 mg, 0.33 

mmol), triethylamine (0.5 mL, 6.5 mmol) in 1,4-dioxane (20 mL) and the solution 

heated at reflux for 6 hrs.  Citric acid solution (10% w/w, 20 mL) was added and the 

aqueous phase extracted with ethyl acetate (3 x 25 mL).  The combined organic 

phases were washed with brine (30 mL), dried (MgSO4, anhydrous) and solvent 

removed to give a brown resin.  The crude product was recrystallized (THF/heptane) 

to give a pale brown powder (185 mg, 46%).  Analysis of the crude powder by 1H  

NMR spectroscopy showed the presence of 6,6-dimethyl-2-oxo-6,7-dihydro-2H-

naphtho[1,8-bc]furan-3-carboxylic acid 76 which decomposed rapidly upon 

standing.  λmax (KBr)/cm-1 3294 (s), 1741 (s), 1724 (s), 1217 (s); δH (200 MHz, 

CDCl3) 1.43 (6H, s, 2 x CH3), 2.72 (2H, d, J = 4.4 Hz, H7), 5.85 (1H, t,  J = 4.4 Hz, 

H8), 7.71 (1H, d, J = 7.4 Hz, H5), 8.38 (1H, d, J = 8 Hz, H4), COOH not observed; 

ESMS (+ve) 245 (MH+, 10%), 267 (MNa+, 100%), 251 (MLi+, 100%). 
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2.22 Synthesis of 6,6-dimethyl-6,7,8,8a-tetrahydro-2H-naphtho[1,8-bc]furan-3-

carboxylic acid (79) and 5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-

dicarboxylic acid 1-methyl ester (80) 

Sodium borohydride (165 mg, 2.49 mmol) was added to a solution of 6,6-dimethyl-

2-oxo-6,7-dihydro-2H-naphtho[1,8-bc]furan-3-carboxylic acid 76 (426 mg, 1.75 

mmol) in THF and methanol (1:1) (20 mL).  The solution was stirred at room 

temperature overnight under nitrogen atmosphere.  Water (3 mL) was added and the 

mixture concentrated in vacuo.  The residue was dissolved in ethyl acetate (30 mL) 

and washed with citric acid (10% w/w, 30 mL). The organic phase was washed with 

brine (20 mL), dried (MgSO4, anhydrous) and the solvent removed in vacuo to give 

a brown solid as a mixture of products. Purification of the mixture by silica gel 

chromatography (CH2Cl2:ethyl acetate, 96:4), gave a mixture of two products free of 

other by-products (80 mg).  This mixture was further purified by silica gel 

chromatography (ethyl acetate:hexane, 2:1).  Fraction 1 gave 6,6-dimethyl-6,7,8,8a-

tetrahydro-2H-naphtho[1,8-bc]furan-3-carboxylic acid 79 (18 mg, 3.1%) as a 

yellow powder.  m.p.140 – 141 oC; λmax (KBr)/cm-1 3418 (br, s), 2961 (s), 1738 (m), 

1645 (s); δH (200 MHz, CDCl3) 1.29 (3H, s, CH3), 1.35 (3H, s, CH3), 1.6 - 1.7 (1H, 

m, H7),  1.8 – 2.0 (2H, m, 1 x H8, 1 x H7), 2.14 – 2.17 (1H, m, H8), 4.81 (1H, dd, J 

= 1.2, 5.4 Hz, H8a), 5.26 (1H, d, J = 16 Hz, H2), 5.54 (1H, d, J = 16 Hz, H2), 7.46 

(1H, d, J = 8 Hz, H5), 7.69 (1H, d, J = 8 Hz, H4);  δC (100 MHz, CDCl3): 171.7 

(CO2H), 152.6 (C5a), 147.1 (C8b), 132.5 (C4), 128.1 (C2a), 124.6 (C5), 123.8 (C3), 

70.6 (C2), 67.6 (C8a), 34.9 (C6), 34.8 (C8), 31.5 (CH3), 31.3 (CH3), 29.5 (C7); 

ESMS (+ve) 233 (MH+, 100%), 239 (MLi+, 100%); HRMS calcd C14H16O3 
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232.1099, found 232.1099.  Fraction 2 gave 5,5-dimethyl-8-oxo-5,6,7,8-tetrahydro 

naphthalene-1,2-dicarboxylic acid 1-methyl ester 80 (17 mg, 3.5%) as a yellow 

solid. m.p. 158 – 160 oC; λmax (KBr)/cm-1 2948 (m, br), 1735 (s), 1679 (s), 1234 (s); 

δH (400 MHz, CDCl3) 1.39 (6H, s, 2 x CH3), 2.00 (2H, t, J = 6.8 Hz, H6), 2.73 (2H, 

t, J = 7.2 Hz, H7), 3.96 (3H, s, OCH3), 7.57 (1H, d, J = 8.8 Hz, H4), 8.21 (1H, d, J 

= 8.4 Hz, H3); δC (100 MHz, CDCl3) 196.7 (C=O), 169.7 (CO2Me), 168.6 (CO2H), 

158.5 (C4a), 136.7 (C8a), 135.5 (C3), 129.4 (C1), 127.6 (C4), 125.6 (C2), 36.1 (C7), 

35.5 (C6), 35.1 (C5), 29.6 (2 x CH3); ESMS (-ve) 275 (M-, 100%), (+ve) 299 

(MNa+, 100%), 283 (MLi+, 100); HRMS calcd C15H16O5 276.0997, found 276.0995. 

 

2.23 Synthesis of 6,6-dimethyl-6,7,8,8a-tetrahydro-2H-naphtho[1,8-bc]furan-3-

carboxylic acid (79) and 6,6-dimethyl-2-oxo-1,2,6,7,8,8a-

hexahydroacenaphthylene-3-carboxylic acid (81) 

Sodium borohydride (90 mg, 2.43 mmol) was added to a solution of lactone 76 (190 

mg, 0.78 mmol) in THF (5 mL) and the solution stirred under a nitrogen atmosphere 

for 4 hrs.  The reaction was worked up according to procedure 2.22, the crude 

product was obtained as a yellow resin (64 mg).  Analysis of the crude resin via 1H 

and 13C NMR spectroscopy and mass spectroscopy found peaks attributable to a 

60:40 mixture of 81:79 respectively.  The spectral data from the mixture of 79 and 

81 6,6-dimethyl-2-oxo-1,2,6,7,8,8a-hexahydroacenaphthylene-3-carboxylic acid is 

given below.  Retreatment of the crude mixture as above gave ether 79 (62 mg, 

25%) as a white powder.  δH (200 MHz, CDCl3) 79: 1.29 (3H, s, CH3), 1.35 (3H, s, 

CH3), 1.6 - 1.7 (1H, m, H7),  1.8 – 2.0 (2H, m, 1 x H8, 1 x H7), 2.14 – 2.17 (1H, m, 

H8), 4.81 (1H, dd, J = 1.2, 5.4 Hz, H8a), 5.26 (1H, d, J = 16 Hz, H2), 5.54 (1H, d, J 
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= 16 Hz, H2), 7.46 (1H, d, J = 8 Hz, H5), 7.69 (1H, d, J = 8 Hz, H4).  δH
 (200 MHz, 

CDCl3) 81: 1.27 (3H, s, CH3), 1.50 (3H, s, CH3) 1.67 - 2.0 (3H, m, 2 x H7, 1 x H8), 

2.5 – 2.7 (1H, m, H8), 5.45 (1H, dd, J = 5.4 , 11.5 Hz, H8a), 7.81 (1H, d, J = 10 Hz, 

H5), 8.39 (1H, d, J = 8 Hz, H4); δC (50 MHz, CDCl3) 79: 171.7 (CO2H), 152.6 

(C5a), 132.5 (C4) 147.1 (C8b), 128.1 (C2a), 123.8 (C3), 70.6 (C2), 67.6 (C8a), 34.9 

(C6), 34.8 (C8), 24.6 (C5), 31.5 (CH3), 31.3 (CH3), 29.5 (C7); δC (50 MHz, CDCl3) 

81: 172.3 (CO2H), 164 (C=O), 148.7 (C5a), 148.4 (C8b), 135.5 (C5), 132.3 (C4), 

127.2 (C4), 122.0 (C2a), 81.6 (C8a), 37.0 (C7), 35.3 (C8), 31.7 (C6), 30.6 (CH3), 

25.9 (CH3); ESMS (+ve) 229 ([M(81)-OH]+, 100%), 232 (M(79)H+, 20%), 247 

(M(81)H+, 50%). 

 

2.24 Synthesis of 5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-

dicarboxylic acid 1-benzyl ester (82)  

Sodium hydride (25 mg, 1.02 mmol) was added to a solution of benzyl alcohol 

(0.105 mL, 1.02 mmol) in THF (7 mL) and the solution stirred at room temperature 

for 1 hr.  Anhydride 56 (250 mg, 1.02 mmol) was added and the solution stirred at 

room temperature for 16 hrs.  Sodium bicarbonate (5% w/w, 20 mL) was added and 

the aqueous phase extracted with ethyl acetate (2 x 20 mL).  The aqueous phase was 

acidified with hydrochloric acid (2 M) until pH 3 was obtained, which resulted in a 

precipitate.  The aqueous phase was extracted with ethyl acetate (3 x 20 mL) and the 

combined organic phases washed with brine (2 x 20 mL), dried (MgSO4, anhydrous) 

and the solvent removed in vacuo.  Analysis by 1H NMR spectroscopy of the crude 

brown gum (136 mg) showed a mixture of products.  Purification of the mixture by 

silica gel chromatography (ethylacetate:hexane 1:1 then ethylacetate:hexane:acetic 
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acid 98:0:1) gave 5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-

dicarboxylic acid 1-benzyl ester 82 (83 mg, 24%) as a white solid.  m.p 76 – 79 oC; 

λmax
 (KBr)/cm-1 2927 (w, br), 1735 (s), 1701 (s), 1588 (m), 1270 (s); δH (200 MHz, 

CDCl3) 1.42 (6H, s, 2 x CH3), 2.05 (2H, t, J = 6.6 Hz, H6), 2.78 (2H, t, J = 7.4 Hz, 

H7), 5.45 (2H, s, CH2C6H5), 7.30 - 7.50 (5H, m, CH2C6H5), 7.58 (1H, d, J = 8.4 Hz, 

H4), 8.24 (1H, d, J = 8 Hz, H3), 9.75 (brs, Wh/2 = 40 Hz, COOH); δC (150 MHz, 

CDCl3) 193.6 (C8), 169.3 (CO2H), 169.0 (CO2Bn), 158.0 (C4a), 136.5 (C8a), 135.5 

(i-C6H5), 135.3 (C3), 129.2 (C1), 128.8 (o-C6H5), 128.4 (m-C6H5), 128.1 (C4), 127.3 

(p-C6H5), 125.3 (C2), 68.0 (OCH2Bn), 35.9 (C5), 35.1 (C6), 34.8 (C7), 29.6 (2 x 

CH3); ESMS (-ve) 351 (M-, 100%), (+ve) 375 (MNa+, 100%), 359 (MLi+, 100%); 

HRMS calcd C21H21O5 (MH+) 353.1385, found 353.1378. 

 

2.25 Attempted synthesis of 1-hydroxy-6,6-dimethyl-1H,6H-naphtho[1,2-

c]furan-3,9-dione (48)  

Triethylsilane (50 µL, 0.32 mmol, 1.1 eq) was added to a solution of anhydride 56 

(70 mg, 0.29 mmol) in THF (3 mL) at 0 oC.  The solution was stirred at 0oC for 4 hrs 

under nitrogen atmosphere.  Hydrochloric acid (2 M, 3 mL) was added and the 

solution extracted with CH2Cl2 (3 x 20 mL).  The combined organic phases were 

washed with brine (15 mL), dried (MgSO4, anhydrous) and solvent removed to give 

a brown powder (87 mg).  Analysis of the crude powder by 1H NMR spectroscopy 

showed recovered anhydride 56 (49% recovery) and triethylsilane with no trace of 1-

hydroxy-6,6-dimethyl-1H,6H-naphtho[1,2-c]furan-3,9-dione 48. 
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2.26 Attempted Synthesis of 1-hydroxy-6,6-dimethyl-1H,6H-naphtho[1,2-

c]furan-3,9-dione (48)  

Trifluoroacetic acid (0.246 mmol) was added to a solution triethylsilane (20 μL, 

0.123 mmol) and anhydride 56 (30 mg, 0.123 mmol) in THF at 0oC under nitrogen 

atmosphere and the solution was stirred at 0 oC for 4 hrs.  Water (5 mL) was added 

and the aqueous phase extracted with CH2Cl2 (3 x 40 mL).  The combined organic 

phases were washed with brine (20 mL), dried (MgSO4, anhydrous) and the solvent 

removed in vacuo to give a brown powder (75 mg).  Analysis of crude powder by 1H 

NMR spectroscopy showed recovered anhydride 56 (57% recovery) and 

triethylsilane with no trace of 1-hydroxy-6,6-dimethyl-1H,6H-naphtho[1,2-c]furan-

3,9-dione 48. 

 

2.27 Attempted synthesis of 1-hydroxy-6,6-dimethyl-1H,6H-naphtho[1,2-

c]furan-3,9-dione (48)  

DIBAL-H (1.0 mmol) was added to a solution of anhydride 56 (245 mg, 1.0 mmol) 

in THF (6 mL), cooled to 0 oC and the solution stirred at 0 oC for 4 hrs.  Ammonium 

chloride (saturated, 4 mL) was added which resulted in a precipitate.  The precipitate 

was removed by filtration through celite and the filtrate washed with brine (20 mL), 

dried (MgSO4, anhydrous) and the solvent removed to give a brown oil (198 mg).  

Analysis of the crude oil by 1H NMR spectroscopy showed the presence of starting 

anhydride 56 and lactone 76 (81%) in a 1:1 ratio as part of a complex mixture. 
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2.28 Synthesis of 1-hydroxy-6,6-dimethyl-1H,6H-naphtho[1,2-c]furan-3,9-dione 

(48) 

Anhydride 56 (50 mg, 0.21 mmol) was added to a solution of LiAlH(t-BuO)3 (53 

mg, 0.21 mmol) in THF (15 mL) at 0 oC.  The solution was stirred at 0 oC for 4 hrs 

under nitrogen atmosphere.  Ammonium chloride (saturated, 5 mL) and hydrochloric 

acid (2 M, 10 mL) were added and the aqueous phase extracted with CH2Cl2 (3 x 30 

mL).  The combined organic layers were washed with brine (2 x 40 mL), dried 

(MgSO4, anhydrous) and solvent removed in vacuo to give a brown foam.  The 

crude foam was purified by silica gel flash chromatography (ethyl acetate: heptane; 

1: 1).  (±)-Hyphodermin B, 48, was obtained as a white powder (51 mg, 99%).  m.p 

200 oC (dec.); λmax (KBr)/cm-1
 3421 (br,w), 2970 (m), 1767 (s), 1655 (s); δH (200 

MHz, CDCl3) 1.46 (3H, s, CH3), 1.47 (3H, s, CH3), 2.11 (2H, t, J = 7 Hz, H7), 2.84 

(2H, t, J = 7.2 Hz, H8), 6.95 (1H, s, H1), 7.74 (1H, d, J = 8.2 Hz, H5), 8.03 (1H, d, 

J = 7.8 Hz, H4); δH (200 MHz, CD3OD) 1.47 (3H, s, CH3), 1.49 (3H, s, CH3), 2.11 

(2H, t, J = 5.4 Hz, H7), 2.78 (2H, t, J = 6.2 Hz, H8), 7.06 (1H, s, H1), 7.87 (1H, d, J 

= 8.2 Hz, H5), 7.99 (1H, d, J = 8 Hz, H4); δC (100 MHz, CDCl3) 199.7 (C9), 167.0 

(C3), 160.0 (C5a), 148.3 (C9a), 132.4 (C9b), 130.4 (C4), 129.7 (C5), 127.2 (C3a),  

97.4 (C1), 35.6 (C8), 36.7 (C7), 35.2 (C6), 30.2 (CH3), 29.2 (CH3); ESMS (-ve) 245 

(M-, 100%), (+ve) 247 (M+, 30%), 269 (MNa+, 50%), 253 (MLi+, 100%); 

Microanalysis C14H14O4 calcd C 68.28%, H 5.73% found C 68.36%, H 6.10%. 
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Chapter 3 Experimental 

3.1 Attempted synthesis of 6,6-dimethyl-6H-naphtho[1,2-c]furan-1,3,9-trione 

(90)  

LDA (0.12 mL, 0.24 mmol) was added to a solution of anhydride 56 in THF (4 mL) 

cooled to 0 oC and the solution stirred for 1 hr under nitrogen atmosphere.  

Phenylselenium chloride (49 mg, 0.25 mmol) in THF (2.5 mL) was added, the 

solution stirred for 2.5 hrs at 0oC then warmed to room temperature.  Ammonium 

chloride (saturated, 2 mL) and hydrochloric acid (1 M, 15 mL) was added and the 

aqueous phase extracted with CH2Cl2 (3 x 10 mL).  The combined organic phases 

were washed with brine (3 x 10 mL), dried (MgSO4, anhydrous) and solvent 

removed in vacuo to give a brown solid (104 mg).  Analysis of the crude solid by 1H 

NMR spectroscopy showed a complex mixture of unidentified compounds, in which 

no trace of 56, 90 or 91 could be detected.  

 

3.2 Attempted synthesis of 6,6-dimethyl-6H-naphtho[1,2-c]furan-1,3,9-trione 

(90)   

LDA (50 μL, 1 equiv) was added dropwise to a solution of anhydride 56 (25 mg, 

0.11 mmol) in THF (3 mL) cooled to -78 oC.  The solution was stirred at -78 oC for 2 

hrs then phenylselenium chloride (18 mg, 94 μmol) was added and the solution 

stirred for 2 hrs at -78oC then warmed to room temperatureand stirred for 16 hrs.  

The reaction was worked up according to procedure 3.1.  The crude material was 

obtained as a yellow oil (24 mg).  The crude yellow oil was dissolved in CH2Cl2 (3 

mL) and H2O2 (3%, 0.15 mL) was added.  The biphasic emulsion was stirred at 
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room temperature overnight.  The emulsion was worked up as above to give a crude 

brown solid (24 mg).  Analysis of the brown solid by 1H NMR spectroscopy showed 

a complex mixture of products amongst which no sign of 56, 90 or 91 could be 

detected. 

 

3.3 Attempted synthesis of 1-diisopropylcarbamoyl-5,5-dimethyl-8-oxo-5,6,7,8-

tetrahydronaphthalene-2-carboxylic acid  

Diisopropylamine (21 mg, 0.29 mmol) was added to anhydride 56 (50 mg, 0.20 

mmol) in THF (2 mL) and the solution was stirred at room temperature for 2 hrs.  

Water (3 ml) was added and the aqueous phase extracted with CH2Cl2 (3 x 5 mL).  

The combined organic phases were washed with brine (3 x 5 mL), dried (MgSO4, 

anhydrous) and the solvent was removed in vacuo to give a yellow solid (49 mg).  

Analysis by 1H NMR spectroscopy of the crude yellow solid obtained showed a 

complex mixture of products containing approximately 50% unreacted anhydride 56 

(69% recovery). 

 

3.4 Attempted synthesis of 6,6-dimethyl-6H-naphtho[1,2-c]furan-1,3,9-trione 

(90) 

Phenylselenium chloride (40 mg, 2.05 mmol) was added to anhydride 56 (50 mg, 

2.05 mmol) in dry THF (3 mL).  The solution was stirred at room temperature for 2 

hrs then heated to reflux for 16 hrs.  The reaction was cooled to room temperature 

and hydrogen peroxide (30% w/w, 0.3 mL) was added.  The solution stirred for an 

additional 6 hrs at room temperature, and the reaction was worked up according to 

procedure 3.3.  The crude material was obtained as a yellow resin (72 mg).  Analysis 
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by 1H NMR spectroscopy of the crude resin obtained showed a complex mixture of 

products in which no trace of 56, 90 or 91 could be detected. 

 

3.5 Attempted synthesis of 6,6-dimethyl-6H-naphtho[1,2-c]furan-1,3,9-trione 

(90)  

DDQ (45 mg, 0.2 mmol) was added to a solution of anhydride 56 (50 mg, 0.2 mmol) 

in toluene heated at 60 oC and stirred under a nitrogen atmosphere for 72 hrs.  The 

resulting suspension was filtered through celite and the filtrate reduced to dryness in 

vacuo to give a yellow solid (56 mg).  Analysis of the crude solid by 1H NMR 

spectroscopy showed a complex mixture of products and solvent accounting for the 

> 100% recovery. 

 

3.6 Attempted synthesis of 7-bromo-6,6-dimethyl-2-oxo-6,7-dihydro-2H-

naptho[1,8-bc]furan-3-carboxylic acid (94)  

N-Bromosuccinimide (66 mg, 0.37 mmol) was added to a solution of vinyl lactone 

76 (90 mg, 0.37 mmol) in CCl4 (7 mL) and THF (10 mL) and stirred for 16 hrs at 

room temperature.  The dark brown solution was concentrated under reduced 

pressure to give a brown oil (153 mg).  Analysis by 1H NMR spectroscopy of the 

crude brown oil showed 8-bromo-6,6-dimethyl-7,8-dihydro-6H-naphtho[1,2-

c]furan1,3,9-trione 95 (52 mg, 44%) and succinimide was present.  For spectral data 

of compound 95, see page 176.   

 

3.7 Attempted synthesis of 7-bromo-6,6-dimethyl-2-oxo-6,7-dihydro-2H-

naphtho[1,8-bc]furan-3-carboxylic acid (94)  
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N-Bromosuccinimide (102 mg, 0.57 mmol) was added to a solution of vinyl lactone 

76 (139 mg, 0.57 mmol) in THF (10 mL) and the solution stirred at room 

temperature for 16 hrs.  The crude material was filtered through celite and the filtrate 

reduced to dryness to give a brown gum (304 mg).  Analysis of the crude gum by 1H 

NMR spectroscopy showed the presence of 8-bromo-6,6-dimethyl-7,8-dihydro-6H-

naphtho[1,2-c]furan1,3,9-trione 95 (102 mg, 55%) and succinimide amongst a 

complex mixture of products.  

 

3.8 Attempted synthesis of 7-bromo-6,6-dimethyl-2-oxo-6,7-dihydro-2H-

naphtho[1,8-bc]furan-3-carboxylic acid (94)  

N-Bromosuccinimide (194 mg, 1.06 mmol), vinyl lactone 76 (264 mg, 1.06 mmol) 

in THF (10 mL) were stirred for 48 hrs at room temperature and worked up 

according to procedure 3.7.  The crude material was obtained as a brown oil (490 

mg).  Analysis by 1H NMR spectroscopy showed a mixture of products containing 

8-bromo-6,6-dimethyl-7,8-dihydro-6H-naphtho[1,2-c]furan1,3,9-trione 95 (216 mg, 

44%).   

 

3.9 Attempted synthesis of 7-bromo-6,6-dimethyl-2-oxo-6,7-dihydro-2H-

naptho[1,8-bc]furan-3-carboxylic acid (94)  

AIBN (1 crystal) was added to a solution of vinyl lactone 76 (87 mg, 0.36 mmol) 

and N-bromosuccinimide (64 mg, 0.36 mmol) in benzene and the solution heated at 

reflux for 4 hrs.  Hydrochloric acid (2 M, 5 mL) was added and the aqueous phase 

worked up according to procedure 3.3.  The crude material was obtained as a yellow 

oil (94 mg).  Analysis by 1H NMR spectroscopy of the crude yellow oil showed 8-



 170 

bromo-6,6-dimethyl-7,8-dihydro-6H-naphtho[1,2-c]furan1,3,9-trione 95 (9 mg, 

10%) was presence as part of a complex mixture of products. 

 

3.10 Attempted synthesis of 7-bromo-6,6-dimethyl-2-oxo-6,7-dihydro-2H-

naphtho[1,8-bc]furan-3-carboxylic acid (94)  

A solution of N-bromosuccinimide (113 mg, 0.63 mmol) in THF/Benzene (1:1, 7 

mL) was added dropwise over 1 hr to a solution of vinyl lactone 76 (154 mg, 0.63 

mmol) and AIBN (5 mg) in benzene heated to reflux.  Upon final addition of the 

NBS solution the reaction was heated at reflux for 3 hrs.  The solvent removed in 

vacuo to give a brown oil (231 mg).  Analysis of the crude oil by 1H NMR 

spectroscopy showed α-bromodiacid 96 (28 mg, 12%) and starting lactone 76 (21 

mg, 9%) as part of a complex mixture of products. 

 

3.11 Synthesis of 7-bromo-5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-

1,2-dicarboxylic acid (98)  

Bromine (4.5 mmol, 1 equiv) was added dropwise to a solution of diacid 70 (1.18 g, 

4.5 mmol) in THF (20 mL) at 0oC and the solution was warmed to room temperature 

and allowed to stir for 16 hrs under a nitrogen atmosphere.  Sodium bicarbonate 

(saturated, 40 mL) was added and the aqueous phase was extracted with ethyl 

acetate (4 x 30 mL).  The aqueous phase was acidified with hydrochloric acid (2 M 

to pH 1) and the aqueous phase worked up according to procedure 3.3.  The crude 

product was obtained as a white/brown solid (688 mg, 45%).  Analysis of the crude 

solid showed the formation of 7-bromo-5,5-dimethyl-8-oxo-5,6,7,8-

tetrahydronaphthalene-1,2–dcarboxylic acid 98 in > 95% purity.  m.p. 190 oC; λmax 
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(KBr)/cm-1 2966 (w, br), 1701 (s), 1699 (s), 1591 (w); δH (200 MHz, d6-acetone) 

1.53 (3H, s, CH3), 1.55 (3H, s, CH3), 2.57 – 2.63 (2H, m, H6), 5.47 (1H, dd, J = 8, 

11 Hz, H7), 7.77 (1H, d, J = 8.4 Hz, H4), 8.19 (1H, d, J = 8.4 Hz, H3), 2 x COOH 

not observed; δc (100 MHz, d6-acetone) 189.4 (C8), 168.6 (CO2H), 165.7 (CO2H), 

156.3 (C4a), 137.4 (C8a), 135.1 (C3), 128.1 (C1), 127.8 (C4), 127.3 (C2), 50.9 (C7), 

48.1 (C6), 37.6 (C5), 30.1 (CH3), 29.3 (CH3); ESMS (-ve) 339 (79M-, 40%), 341 

(81M-, 39%), (+ve) 363 (79MNa+, 40%), 365 (81MNa+, 39%), 347 (79MLi+, 100%), 

349 (81MLi+, 97%);  HRMS calcd C14H12
79BrO5

- (M-) 338.9873, found 338.9869. 

 

3.12 Attempted synthesis of 7-bromo-6,6-dimethyl-2-oxo-6,7-dihydro-2H-

naphtho[1,8-bc]furan-3-carboxylic acid (94)  

N-Bromosuccinimide (134 mg, 0.75 mmol) was added to a solution of vinyl lactone 

76 (184 mg, 0.75 mmol) in acetonitrile (7 mL) in a quartz round bottom flask and 

the solution stirred at room temperature while being irradiated by a tungsten lamp 

for 6 hrs.  The lamp was removed and the solvent removed in vacuo.  Analysis by 1H 

NMR spectroscopy of the crude brown/orange solid (303 mg) obtained showed a 

complex mixture of products of containing 8-bromo-6,6-dimethyl-7,8-dihydro-6H-

naphtho[1,2-c]furan1,3,9-trione 95 (63 mg, 26%).   

 

 

3.13 Attempted synthesis of 7-bromo-6,6-dimethyl-2-oxo-6,7-dihydro-2H-

naphtho[1,8-bc]furan-3-carboxylic acid (94)  



 172 

N-Bromosuccinimide (39 mg, 0.22 mmol) and benzoyl peroxide (5 mg, 0.02 mmol) 

were added to a solution of vinyl lactone 76 (53 mg, 0.22 mmol) in acetonitrile (5 

mL) in a quartz round bottom flask and stirred in the presence of UV light (medium 

pressure UV emitter lamp) for 2 hrs.  The solvent was removed in vacuo to give a 

brown oil (128 mg).  Analysis of the crude oil by 1H NMR spectroscopy showed the 

presence of 7-bromo-5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-

dicarboxylic acid 96 (12 mg, 16%) as part of a complex mixture of products. 

 

3.14 Attempted synthesis of 6,6-dimethyl-6H-naphtho[1,2-c]furan-1,3,9-trione 

(90)   

Sodium hydride (9 mg, 0.38 mmol) was added to a solution of vinyl lactone 76 (92 

mg, 0.38 mmol) in CH2Cl2 (6 mL), in a quartz round bottom flask and the solution 

stirred at room temperature for 1 hr in the presence of UV light (medium pressure 

UV emitter lamp).  N-Bromosuccinimide (68 mg, 0.38 mmol) and benzoyl peroxide 

(8 mg, 0.03 mmol) were added and the solution stirred in the presence of UV light 

for 2.5 hrs.  The solvent was removed in vacuo.  Analysis by 1H NMR spectroscopy 

of the crude orange oil (164 mg) obtained identified a complex mixture of 

unidentified compounds in which < 5% of anhydride 90 could be identified by 

diagnostic peaks in the 1H NMR spectrum. 

 

3.15 Synthesis of 8-bromo-6,6-dimethyl-7,8-dihydronaphtho[1,2-c]furan-

1,3,9(6H)-trione (95)  
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A solution of N-bromosuccinimide (224 mg, 1.25 mmol) in THF/CCl4 (3:1) (13 mL) 

was added to a solution of anhydride 56 (204 mg, 0.84 mmol) in THF (15 mL) 

heated at reflux for 2 hrs.  The solution was washed with sodium metabisulfite 

(saturated, 20 mL), and the aqueous phase worked up according to procedure 3.3.  

The crude product was obtained as a brown solid (250 mg).  Analysis of the crude 

solid indicated the presence of 8-bromo-6,6-dimethyl-7,8-dihydronaphtho[1,2-

c]furan-1,3,9(6H)-trione 95 amongst a mixture of products and succinimide.  

Recrystallisation of the crude solid (ethyl acetate/hexane) gave pure 8-bromo-6,6-

dimethyl-7,8-dihydronaphtho[1,2-c]furan-1,3,9(6H)-trione 95 (53 mg, 19%). 

 

3.16 Synthesis of 7-bromo-1-(ethoxycarbonyl)-5,5-dimethyl-8-oxo-5,6,7,8-

tetrahydronaphthalene-2-carboxylic acid (105)  

A solution of anhydride 56 (150 mg, 0.62 mmol) in CHCl3 (6 mL) was added to a 

solution of copper(II) bromide (275 mg, 1.24 mmol) in ethyl acetate (7 mL) heated 

to reflux.  The mixture was heated at reflux for 2 hrs then cooled to room 

temperature and stirred under a nitrogen atmosphere for 16 hrs.  The reaction was 

worked up according to procedure 3.15.  The crude product was obtained as a brown 

solid (552 mg).  Analysis of the crude resin by 1H NMR spectroscopy showed the 

presence of 7-bromo-1-(ethoxycarbonyl)-5,5-dimethyl-8-oxo-5,6,7,8-tetrahydro 

naphthalene-2-carboxylic acid 105 (123 mg, 52%). 

 

3.17 Synthesis of 7-bromo-1-(ethoxycarbonyl)-5,5-dimethyl-8-oxo-5,6,7,8-

tetrahydronaphthalene-2-carboxylic acid (105) 
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Anhydride 56 (31 mg, 0.13 mmol) was dissolved in ethanol (20 mL) and stirred at 

room temperature for 16 hrs.  Copper(II) bromide (75 mg, 0.33 mmol) was added 

and the solution heated at reflux for 3 hrs.  The suspension was filtered and the 

filtrate reduced to dryness to give a black oil.  The oil was dissolved in CH2Cl2 (20 

mL) and worked up according to procedure 3.15, the crude product was obtained as 

a brown oil (39 mg).  Recrystallisation of the crude oil (CH2Cl2/Hexane) gave 7-

bromo-1-(ethoxycarbonyl)-5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-2-car 

boxylic acid 105 (29 mg, 61%) as a grey powder.  m.p. 121 oC; λmax (KBr)/cm-1 

3447 (br, w), 2965 (br, w), 1729 (s), 1590 (s), 1257 (m); δH (400 MHz, d6-acetone) 

1.30 (3H, t, J = 7.2 Hz, OCH2CH3), 1.53 (3H, s, CH3), 1.55 (3H, s, CH3), 2.59 – 

2.63 (2H, m, H6), 4.25 - 4.40 (2H, m, OCH2CH3), 5.45 (1H, dd, J = 7.6, 11.6 Hz, 

H7), 7.79 (1H, d, J = 8.4 Hz, H4), 8.22 (1H, d, J = 8.4 Hz, H3), COOH not 

observed; δC (100 MHz, CDCl3) 189.6 (C8), 168.9 (CO2H), 168.5 (CO2Et), 157.2 

(C4a), 137.8 (C8a), 136.1 (C3), 127.8 (C4), 127.7 (C1), 126.5 (C2), 62.4 (CH2CH3), 

49.5 (C7), 47.8 (C6), 37.6 (C5), 30.7 (CH3), 30.0 (CH3), 14.0 (OCH2CH3); ESMS 

(+ve) 391 (79MNa+, 100%), 393 (81MNa+, 97%),  375 (79MLi+, 100%), 377 (81MLi+, 

97%); HRMS calcd C16H16
79BrO5

- (M-) 367.0186, found 367.0183; Microanalysis 

calcd C16H17BrO5 C 52.05%, H 4.64%, found C 51.90%, H 4.72%. 

 

 

3.18 Synthesis of Synthesis of 8-bromo-6,6-dimethyl-7,8-dihydronaphtho[1,2-

c]furan-1,3,9-(6H)-trione (95) and 7-bromo-5,5-dimethyl-8-oxo-5,6,7,8-

tetrahydronaphthalene-1,2-dicarboxylic acid (98)  
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Copper(II) bromide (230 mg, 1.02 mmol) was added to a solution of anhydride 56 

(250 mg, 1.02 mmol) in THF (10 mL) and the solution heated at reflux under 

nitrogen atmosphere for 16 hrs.  The solution was worked up according to procedure 

3.15.  The crude product was obtained as a brown oil (266 mg).  Analysis of the 

crude oil by 1H NMR spectroscopy showed the presence of 8-bromo-6,6-dimethyl-

7,8-dihydronaphtho[1,2-c]furan-1,3,9-(6H)-trione 95 (20%) and 7-bromo-5,5-

dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-dicarboxylic acid 98 (35%)  as 

determined by 1H NMR integration. 

 

3.19 Synthesis of 8,8-dibromo-6,6-dimethyl-7,8-dihydronaphtho[1,2-c]furan-

1,3,9-trione (107) 

Bromine (164 mg, 1.02 mmol) and H2SO4 (18 M, 1 drop) was added to a solution of 

anhydride 56 (250 mg, 1.02 mmol) in THF (6 mL) and the solution heated to reflux 

for 3 hrs.  The reaction was worked up according to procedure 3.15.  The crude 

product was obtained as a brown solid (301 mg).  Analysis of the crude solid by 1H 

NMR spectroscopy showed the presence of 8,8-dibromo-6,6-dimethyl-7,8-dihydro-

6H-naphtho[1,2-c]furan-1,3,9-trione 107 (301 mg, 75%) among other unidentified 

by-products.  δH (200 MHz, CDCl3) 1.57 (6H, s, 2 x CH3), 3.35 (2H, s, H7), 7.94 

(1H, d, J = 8.6 Hz, H5), 8.18 (1H, J = 8.4 Hz, H4); ESMS (+ve) 423 (79,79MNa+, 

50%), 425 (81,79MNa+, 100%) , 427 (81,81MNa+, 47%), 345 ([79M-Br]Na+, 70%), 347 

([81M-Br]Na+, 68%). 
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3.20 Synthesis of 8-bromo-6,6-dimethyl-7,8-dihydronaphtho[1,2-c]furan-

1,3,9(6H)-trione (95) 

Bromine (197 mg, 1.23 mmol) was added dropwise to a solution of anhydride 56 

(300 mg, 1.23 mmol) in THF (12 mL) at 0oC and the solution stirred for 2 hrs at 0 oC 

and then allowed to warm to room temperature overnight.  The reaction was worked 

up according to procedure 3.15.  The crude product was obtained as a brown solid 

(552 mg).  Analysis by 1H NMR spectroscopy of the crude brown solid showed the 

presence of 8-bromo-6,6-dimethyl-7,8-dihydro-6H-naphtho[1,2-c]furan1,3,9-trione 

95 and water.  Recrystallisation of the solid (ethyl acetate/hexane) gave pure 8-

bromo-6,6-dimethyl-7,8-dihydronaphtho[1,2-c]furan-1,3,9-(6H)-trione 95 (176 mg, 

64%).  m.p. 197 – 198 oC;  λmax (KBr)/cm-1 2964 (w, br), 1857 (w), 1782 (s); δH (400 

MHz, d6-acetone/CDCl3) 1.50 (3H, s, CH3), 1.57 (3H, s, CH3), 2.55 (1H, dd, J = 

13.2, 13.2 Hz, H7), 2.68 (1H, dd, J = 5.6, 14 Hz, H7), 5.36 (1H, dd, J = 5.6, 12.8 

Hz, H8), 8.15 (2H, s, H4 and H5); δC (200 MHz, CDCl3) 187.2 (C9), 161.7 (C1 or 

C3), 159.7 (C1 or C3), 158.5 (C5a), 134.1 (C4), 132.2 (C9a), 130.3 (C9b), 130.2 

(C3a), 128.7 (5), 47.7 (C8), 47.6 (C7),  37.7 (C6), 30.5 (CH3), 29.6 (CH3); ESMS 

(+ve) 345 (79MNa+, 90%), 347 (81MNa+, 87%), 329 (79MLi+, 52%), 331 (81MLi+, 

50%); HRMS C12H11O4
79Br calcd 321.9840, found 321.9836. 

 

 

3.21 Attempted synthesis of 6,6-dimethylnaphtho[1,2-c]furan-1,3,9(6H)-trione 

(90) with t-BuOK  
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Potassium t-butoxide (43 mg, 0.39 mmol) was added to a solution of bromo 

anhydride 95 (126 mg, 0.39 mmol) in THF (5 mL) and the solution stirred at room 

temperature for 2.5 hrs.  The reaction was worked up according to procedure 3.9.  

The crude material was obtained as a brown solid (30 mg).  Analysis of the crude 

solid by 1H NMR spectroscopy indicated the presence of 7-bromo-5,5-dimethyl-8-

oxo-5,6,7,8-tetrahydro-naphthalene-1,2-dicarboxylic acid 98 (29%) as part of a 

complex mixture of unidentified products. 

 

3.22 Attempted synthesis of 6,6-dimethylnaphtho[1,2-c]furan-1,3,9(6H)-trione 

(90) with 2,6-lutidine 

2,6-Dimethylpyridine (0.5 mL, 4.2 mmol) was added to a solution of 

bromoanhydride 95 (53 mg, 0.16 mmol) in CH2Cl2 (8 mL) and the solution stirred 

under nitrogen atmosphere for 16 hrs.  The reaction worked up according to 

procedure 3.9.  The crude material was obtained as a brown oil (18 mg).  Analysis of 

the crude oil showed a complex mixture of unidentified products. 

 

3.23 Attempted synthesis of 6,6-dimethylnaphtho[1,2-c]furan-1,3,9(6H)-trione 

(90) with DABCO  

DABCO (198 mg, 0.17 mmol) was added to a solution of bromo anhydride 95 (276 

mg, 0.83 mmol) in THF (20 mL) and the solution stirred at room temperature for 16 

hrs.  The reaction was worked up according to procedure 3.9.  The crude material 

was obtained as a brown resin (311 mg).  Analysis of the crude resin by 1H NMR 
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spectroscopy indicated a ~ 20% conversion to unsaturated diacid 108 (40 mg, 13%) 

as part of a complex mixture of unidentified products. 

 

3.24 Attempted synthesis of 6,6-dimethylnaphtho[1,2-c]furan-1,3,9(6H)-trione 

(90) with DBU  

DBU (51 mg, 0.3 mmol) was added to a solution of anhydride 95 (50 mg, 0.16 

mmol) in THF (5 mL) and the solution stirred at room temperature for 16 hrs.  The 

reaction was worked up according to procedure 3.9.  The crude material was 

obtained as a brown solid (28 mg).  Analysis of the crude solid by 1H NMR 

spectroscopy indicated a ~ 40% conversion to unsaturated diacid 108 (12 mg, 22%) 

which was part of a complex mixture of unidentified products. 

 

3.25 Synthesis of 7-bromo-5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-

1,2-dicarboxylic acid methyl ester (109)  

Bromine (1.02 mL, 1.02 mmol) (1 M THF solution) was added dropwise to a 

solution of diester 66 (300 mg, 1.02 mmol) in THF (7 mL) cooled to 0oC and the 

solution stirred for 2 hrs then warmed to room temperature.  HBr (48% aq, 5 drops) 

was added, the solution heated to reflux and stirred for 16 hrs. Water (25 mL) was 

added and the aqueous phase extracted with CH2Cl2 (3 x 15 ml).  The reaction 

worked up according to procedure 3.15.  The crude product was obtained as an 

orange oil (628 mg).  Analysis of the crude oil by 1H NMR spectroscopy indicated 

the presence of 7-bromo-5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-

dicarboxylic acid methyl ester 109 in the presence of solvent and unidentified by-
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products.  Purification via silica gel chromatography (ethyl actate:hexane; 1:1) gave 

pure 7-bromo-5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-dicarboxylic 

acid methyl ester 109 as a pale yellow oil (187 mg, 50%). 

 

3.26 Synthesis of 7-bromo-5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-

1,2-dicarboxylic acid dimethyl ester (109) 

A solution of diester 66 (296 mg, 1.02 mmol) in methanol (3 mL) was added to a 

solution of copper(II) bromide (230 mg, 1.03 mmol) in methanol (6 mL) heated at 

reflux for 2.5 hrs.  The reaction was worked up according to procedure 3.15.  The 

crude product was obtained as an orange oil (260 mg).  Analysis of the 1H NMR 

spectrum indicated a mixture of unreacted diester 65 (130 mg, 35%) and 7-bromo-

5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-dicarboxylic acid methyl 

ester 109 (130 mg, 35%). 

 

3.27 Synthesis of 7-bromo-5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-

1,2-dicarboxylic acid dimethyl ester (109)  

Diester 66 (2.0 g, 6.9 mmol) was added to a solution of copper(II) bromide (3.02 g, 

13.8 mmol) in methanol (25 mL). The solution was heated at reflux for 16 hrs, 

which resulted in a white precipitate.  The suspension was filtered through celite and 

the filtrate worked up according to procedure 3.15.  The crude product was obtained 

as a brown foam (2.28 g).  Analysis by 1H NMR spectroscopy of the crude brown 

foam obtained showed the presence of 7-bromo-5,5-dimethyl-8-oxo-5,6,7,8-

tetrahydronaphthalene-1,2-dicarboxylic acid dimethyl ester 109 (1.98 g, 78%) in > 

95% purity as determined by 1H NMR spectroscopy.  An analytically pure sample 
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was obtained via purification by silica gel chromatography (ethyl acetate:hexane; 

1:1).  7-Bromo-5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-dicarboxylic 

acid dimethyl  ester 109 (1.91 g, 75%) was obtained as a yellow powder.  m.p. 137 – 

140 oC; λmax (KBr)/cm-1 2951 (br), 1739 (s), 1730 (s), 1590 (s); δH (200 MHz, 

CDCl3) 1.44 (3H, s, CH3), 1.51 (3H, s, CH3), 2.45 - 2.65 (2H, m, H6), 3.91 (3H, s, 

OCH3), 4.03 (3H, s, OCH3), 5.08 (1H, dd, J = 7.6, 11.3 Hz, H7), 7.56 (1H, d, J = 

8.4 Hz, H4), 8.21 (1H, d, J = 8.4 Hz, H3); δC (100 MHz, CDCl3) 189.5 (C8), 169.0 

(CO2Me), 164.7 (CO2Me), 156.3 (C4a), 136.8 (C8a), 135.4 (C3), 127.6 (C4), 127.4 

(C1), 127.3 (C2), 53.0 (OCH3), 52.8 (OCH3), 49.6 (C7), 47.8 (C6), 37.4 (C5), 30.5 

(CH3), 29.9 (CH3); ESMS (+ve) 391 (79MNa+, 100%), 393 (81MNa+, 97%), 375 

(79MLi+, 97%), 377 (81MLi+, 94%); HRMS calcd C16H17O5
79Br 368.0259, found 

368.0257. 

 

3.28 Synthesis of 5,5-dimethyl-8-oxo-5,8-dihydronaphthalene-1,2-dicarboxylic 

acid dimethyl ester (110)  

DABCO (150 mg, 1.32 mmol) was added to a solution of bromo diester 109 (163 

mg, 0.44 mmol) in methanol (10 mL) and the solution heated at reflux for 4 hrs.  The 

solvent removed under reduced pressure to give a brown oil.  The crude oil was 

dissolved in CH2Cl2 (20 mL) and the organic worked up according to procedure 3.9.  

The crude material was obtained as a yellow resin (138 mg).  Analysis of the crude 

resin by 1H NMR spectroscopy indicated a 1:1 mixture of 109 and 110. 
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3.29 Synthesis of 5,5-dimethyl-8-oxo-5,8-dihydronaphthalene-1,2-dicarboxylic 

acid dimethyl ester (110) 

Bromo dimethyl ester 109 (1.93 g, 5.2 mmol) was added to a solution of DABCO 

(3.5 g, 31.2 mmol) in methanol (25 mL) and heated at reflux for 16 hrs.  The 

methanol was removed under reduced pressure to give a brown resin.  The resin was 

dissolved in CH2Cl2 (25 mL) and the organic phase washed with hydrochloric acid 

(2 M) (2 x 30 mL), water (1 x 40 mL), brine (3 x 25 mL), dried (MgSO4, anhydrous) 

and the solvent removed in vacuo.  The crude product was obtained as a brown resin 

(1.48 g).  Analysis by 1H NMR spectroscopy of the crude resin showed the presence 

of ester 110 (1.20 g, 81%) in > 90% purity as determined by 1H NMR spectroscopy 

integration.  An analytically pure sample was obtained by purification via silica gel 

chromatography (ethyl acetate:hexane, 1:1) gave 5,5-dimethyl-8-oxo-5,8-

dihydronaphthalene-1,2-dicarboxylic acid dimethyl ester 110 as a resin.  λmax 

(neat)/cm-1 2970 (w, br), 1720 (s), 1667 (s), 1592 (m); δH (CDCl3, 200 MHz) 1.51 

(6H, s, 2 x CH3), 3.92 (3H, s, OCH3), 4.06 (3H, s, OCH3), 6.36 (1H, d, J = 10 Hz, 

H6), 6.90 (1H, d, J = 10 Hz, H7), 7.68 (1H, d, J = 8.4 Hz, H4), 8.24 (1H, d, J = 8.4 

Hz, H3); δC (100 MHz, CDCl3) 183.3 (C8), 169.9 (CO2Me), 165.1 (CO2Me), 156.5 

(C6), 155.0 (C4a), 136.0 (C8a), 133.8 (C3), 128.4 (C1), 127.9 (C4), 126.9 (C2), 

126.6 (C7), 53.0 (OCH3), 52.9 (OCH3), 38.4 (C5), 29.7 (2 x CH3); ESMS (+ve) 311 

(MNa+, 100%), 289 (MH+, 20%), 295 (MLi+, 100%); HRMS calcd C16H16O5 

288.0997 found 288.0997. 
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3.30 Synthesis of 5,5-dimethyl-8-oxo-5,8-dihydronaphthalene-1,2-dicarboxylic 

acid (108)  

Dimethyl ester 110 (733 mg, 2.55 mmol) in aqueous sodium hydroxide (2 M, 15 

mL) was reacted and worked up according to procedure 2.15.  The crude product 

was obtained as a yellow foam (496 mg, 75%).  Analysis by 1H NMR spectroscopy 

of the crude foam obtained showed it to contain 5,5-dimethyl-8-oxo-5,8-

dihydronaphthalene-1,2-dicarboxylic acid 108 with solvent and water.  

Recrystallisation of the crude foam (CH2Cl2/Hexane) gave 5,5-dimethyl-8-oxo-5,8-

dihydronaphthalene-1,2-dicarboxylic acid 108 as a white powder (385 mg, 58%)  

m.p. 141 oC (dec); λmax (neat)/cm-1 2972 (w, br), 1716 (s, br), 1663 (s); δH (200 

MHz, d6-acetone) 1.55 (6H, s, 2 x CH3), 6.28 (1H, d, J = 10.4 Hz, H7), 7.09 (1H, d, 

J = 9.8 Hz, H8), 7.93 (1H, d, J = 8.4 Hz, H3), 8.23 (1H, d, J = 8.6 Hz, H4), 2 x 

COOH not observed; δC (100 MHz, d6-acetone) 183.5 (C8), 169.8 (CO2H), 166.5 

(CO2H), 157.6 (C6), 155.7 (C4a), 137.5 (C8a), 134.5 (C1 or C3), 134.4 (C1 or C3), 

128.6 (C4), 128.3 (C2), 126.8 (C7), 39.1 (C5), 29.7 (2 x CH3); ESMS (+ve) 243 

([M-OH]+, 100%), 261 (MH+, 20 %), 283 (MNa+, 50%), 267 (MLi+, 100%); HRMS 

calcd C14H12O5Na+ (MNa+) 283.0576, found 283.0577; Microanalysis calcd 

C14H12O5.2H2O: C 56.76%, H 5.44% found C 56.86%, H 5.27%. 

3.31 Attempted synthesis of 6,6-dimethyl-6H-naphtho[1,2-c]furan-1,3,9-trione 

(90)  

Diacid 108 (57 mg, 0.22 mmol) was dissolved in acetic anhydride (6 mL) and stirred 

under a nitrogen atmosphere at 500C for 18 hrs.  The acetic anhydride was removed 

in vacuo to give a black powder (92 mg).  Analysis of the crude powder via 1H NMR 
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spectroscopy showed the presence of a complex mixture of unidentified products 

and acetic anhydride. 

 

3.32 Synthesis of 6,6-dimethyl-6H-naphtho[1,2-c]furan-1,3,9-trione (90)  

Acetic anhydride (1 M in CH2Cl2, 2 mL, 3.0 mmol) was added to a solution of 

dicarboxylic acid 108 (702 mg, 2.7 mmol) in THF (20 mL) and the solution stirred 

under nitrogen atmosphere at 500C for 16 hrs.  The solvent was removed in vacuo to 

give a yellow/brown powder.  Recrystallisation of the powder from THF/hexane 

gave 6,6-dimethyl-6H-naphtho[1,2-c]furan-1,3,9-trione 90 (555 mg, 85%) as an 

insoluble yellow powder which could not be purified further.  λmax (KBr)/cm-1 2986 

(w, br), 1664 (s), 1651 (s), 1636 (s);  δH (200 MHz, d4-methanol) 1.62 (6H, s, 2 x 

CH3), 6.38 (1H, d, J = 9.8 Hz, H7), 7.16 (1H, d, J = 10 Hz, H8), 7.99 (1H, d, J = 8.6 

Hz, H5), 8.05 (1H, d, J = 8.2 Hz, H4); ESMS (+ve) 243 (MH+, 70%,), 265 

(MNa+,100%), 249 (MLi+, 100%). 

 

3.33 Synthesis of 1-hydroxy-6,6-dimethylnaphtho[1,2-c]furan-3,9-(1H,6H)-

dione (113)  

LiAlH(t-BuO)3 (295 mg, 1.21 mmol) and unsaturated anhydride 90 (307 mg, 1.21 

mmol) in THF (10 mL) were reacted and worked up according to procedure 2.28.  

The crude product was obtained as a brown solid (222 mg).  Analysis by 1H NMR 

spectroscopy of the crude solid showed the presence of 1-hydroxy-6,6-dimethyl-

1H,6H-naptho[1,2-c]furan-3,9-trione 113.  Purification by silica gel chromatography 

(ethyl acetate:hexane; 1:1) gave 1-hydroxy-6,6-dimethylnaphtho[1,2-c]furan-3,9-
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(1H,6H)-dione 113 (112 mg, 38%) as colourless crystals.  m.p. 179 – 181 oC; λmax 

(KBr)/cm-1 3421 (m, br), 2970 (w, br), 1767 (s), 1655 (s), 1607 (m); δH (200 MHz, 

CDCl3) 1.57 (6H, s, 2 x CH3), 6.48 (1H, d, J = 10.2 Hz, H8), 7.04 (1H, s, H1), 7.08 

(1H, d, J = 10.2 Hz, H7), 7.84 (1H, d, J = 8 Hz, H5), 8.08 (1H, d, J = 8.4 Hz, H4), 

OH not observed; δC (50 MHz, CDCl3) 185.7 (C9), 167.9 (C3), 159.2 (C7), 157.0 

(C5a), 148.3 (C9a), 132.0 (C9b), 130.0 (C4), 129.1 (C5), 126.7 (C3a), 126.5 (C8), 

97.5 (C1), 39.0 (C6), 29.0 (2 x CH3); ESMS (-ve) 243, (M-, 100%), (+ve) 245 (MH+, 

30%), 267 (MNa+, 100%), 251 (MLi+, 100%); HRMS calcd C14H12O4
- (M-) 

243.0657, found 243.0656. 

 

3.34 Synthesis of 1-hydroxy-6,6-dimethylnaphtho[1,2-c]furan-3,9-(1H,6H)-

dione (113) 

LiAlH(t-BuO)3 (728 mg, 2.87 mmol) in THF (7 mL)  and unsaturated anhydride 90 

(533 mg, 2.2 mmol) in THF (16 mL) at 0 oC were reacted for 6 hrs at 0 oC and 

worked up according to procedure 2.28.  The crude product was obtained as a brown 

solid (535 mg).  Purification via silica gel chromatography (ethyl acetate: hexane, 

1:1) gave pure 1-hydroxy-6,6-dimethyl-1H,6H-naphtho[1,2-c]furan-3,9-trione 113 

(153 mg, 29%). 

 

3.35 Synthesis of 1-hydroxy-6,6-dimethylnaphtho[1,2-c]furan-3,9-(1H,6H)-

dione (113) 

LiAlH(t-BuO)3 (560 mg, 2.2 mmol) and anhydride 90 (483 mg, 2.0 mmol) in THF 

(6 mL) were reacted according to procedure 2.28 at room temperature for 16 hrs, the 
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crude product was obtained as a black foam.  Purification via silica gel 

chromatography gave pure 1-hydroxy-6,6-dimethyl-1H,6H-naphtho[1,2-c]furan-3,9-

trione 113 (61 mg, 13%). 

 

3.36 Synthesis of 1-hydroxy-6,6-dimethylnaphtho[1,2-c]furan-3,9(1H,6H)-dione 

(113)  

LiAlH(t-BuO)3 (363 mg, 1.43 mmol) and anhydride 90 (346 mg, 1.43 mmol) in 1,4-

dioxane/THF (1:2) (30 mL) were reacted (for 4.5 hrs) and worked up according to 

procedure 2.28.  The crude product was obtained as a brown solid (286 mg).  

Purification via silica gel chromatography gave pure 1-hydroxy-6,6-dimethyl-

1H,6H-naphtho[1,2-c]furan-3,9-trione 113 (87 mg, 25%). 

 

3.37 Synthesis of 1-hydroxy-6,6-dimethylnaphtho[1,2-c]furan-3,9(1H,6H)-dione 

(113)  

LiAlH(t-BuO)3 (165 mg, 0.65 mmol) in THF (8 mL) at 0 oC and anhydride 90 (157 

mg, 0.65 mmol) in CH2Cl2 (8 mL) were reacted (for 2.5 hrs) and worked up 

according to procedure 2.28.  The crude product was obtained as a brown solid (25 

mg).  Purification via silica gel chromatography gave pure 1-hydroxy-6,6-dimethyl-

1H,6H-naphtho[1,2-c]furan-3,9-trione 113 (21 mg, 13%). 

 

 



 186 

3.38 Attempted synthesis of methyl 1-formyl-5,5-dimethyl-8-oxo-5,8-

dihydronaphthalene-2-carboxylate (114)  

(i) with DIBAL-H 

DIBAL-H (0.6 mmol, 0.6 mL) was added to a solution of unsaturated diester 110 

(156 mg, 0.54 mmol) in THF (5 mL) cooled to -78 oC and the solution stirred for 2 

hrs under nitrogen atmosphere at -78 oC.  The reaction was worked up according to 

procedure 2.28.  The crude material was obtained as a brown oil (158 mg).  Analysis 

of the crude oil by 1H NMR spectroscopy indicated the presence of 110 (100% 

recovery) in addition to trace amounts of solvent. 

 

3.39 Attempted synthesis of C1 methyl 1-formyl-5,5-dimethyl-8-oxo-5,8-

dihydronaphthalene-2-carboxylate (114)  

(ii) with LiAlH(t-BuO)3) 

LiAlH(t-BuO)3 (140 mg, 0.55 mmol) was added to a solution of diester 110 (160 

mg, 0.55 mmol) in THF (4 mL) cooled to 0 oC.  The solution was stirred under a 

nitrogen atmosphere and allowed to warm to room temperature over 4 hrs.  The 

reaction was worked up according to procedure 2.28 and the crude product was 

obtained as a brown oil (115 mg).  Analysis of the crude oil by 1H NMR 

spectroscopy indicated the presence of diester 110 (72% recovery). 

 

3.40 Attempted synthesis of (±)-Hyphodermin A (48)  

Unsaturated lactol 113 (48 mg, 0.2 mmol) was dissolved in acetone/dimethyl 

dioxirane solution (0.033 M, 6 mL) and stirred overnight at room temperature.  The 
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solvent was removed to give unsaturated anhydride 90 as a yellow powder (22 mg, 

45%), and as confirmed by analysis of the crude powder by 1H NMR spectroscopy. 

 

 



 188 

Chapter 4 Experimental 

4.1 Attempted synthesis of 6,6-dimethyl-6a,7a-dihydrooxireno[6,7]naphtho[1,2-

c]furan-1,3,8(6H)-trione (116) 

(a) with dimethyl dioxirane 

Anhydride 90 (22 mg, 0.09 mmol) was dissolved in dimethyl dioxirane/acetone 

solution (3.3 mM, 8 mL, 0.27 mmol)†† and stirred under a nitrogen atmosphere for 

16 hrs.  The solvent was removed in vacuo to give a pale yellow solid (20 mg).  

Analysis of the crude solid by 1H NMR spectroscopy indicated a mixture of 

anhydride 90 (13 mg, 60% recovery) and unsaturated diacid 108 (7 mg, 40%) in a 

2:1 ratio respectively. 

 

(b) with t-BuO2H and DBU 

t-Butyl hydroperoxide (0.36 mL, 2.08 mmol, 2.5 eq) was added to a solution of 

DBU (310 mg, 2.07 mmol, 2.5 equiv) in THF (3 mL) cooled to 0 oC, and the 

solution stirred for 2 min.  Anhydride 90 (200 mg, 0.83 mmol) was added and the 

solution stirred for 2 hrs then allowed to warm to room temperature.  The solvent 

was removed in vacuo to give a black solid (637 mg).  Analysis of the crude solid 

indicated the presence of DBU and t-butanol amongst a complex mixture of 

unidentified propducts.   

 

 

 

                                                 
†† Dioxirane solution was prepared according to Chem. Ber. 1991, 124, 2377. 
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 (c) with with t-BuO2H and catalytic DBU 

t-Butyl hydroperoxide (0.51 mL, 2.81 mmol, 5.5 equiv) was added to a solution of 

anhydride 90 (124 mg, 0.51 mmol) in CH2Cl2 (8 mL) followed by DBU (4 drops).  

The solution was stirred under a nitrogen atmosphere for 20 hrs at room temperature.  

The solution was removed in vacuo to give a black oil.  The crude oil was dissolved 

in ethyl acetate (50 mL) and washed with water (80 mL), brine (40 mL), dried 

(MgSO4, anhydrous) and the solvent removed in vacuo to give a yellow solid (95 

mg).  The combined aqueous phases were acidified to pH 1 with hydrochloric acid 

(2 M) and the aqueous phase worked up as above, to give the crude material as a 

yellow oil (35 mg).  Analysis of the crude solid by 1H NMR spectroscopy showed 

the presence of a mixture of 6,6-dimethyl-6H-naptho[1,2-c]furan-1,3,9-trione 90 (< 

10%), 5,5-dimethyl-8-oxo-5,8-dihydronaphthalene-1,2-dicarboxylic acid 108 (67 

mg, 50%) and a complex mixture of unidentified compounds.   Analysis of the crude 

oil by 1H NMR spectroscopy showed the presence of 5,5-dimethyl-8-oxo-5,8-

dihydronaphthalene-1,2-dicarboxylic acid 108 (18 mg, 14%), solvent and a complex 

mixture of products. 

 

(d) with t-BuO2H and KF/Al2O3 

t-Butyl hydroperoxide (0.12 mL, 0.66 mmol) was added to a suspension of 

KF/Al2O3 (99 mg, 0.61 mmol) in CH2Cl2 (5 mL) and the suspension stirred for 5 

min.  A solution of anhydride 90 (100 mg, 0.41 mmol) in THF (4 mL) was added 

and the suspension stirred under a nitrogen atmosphere at room temperature for 16 

hrs.  The suspension was filtered through celite and the celite plug washed with 

CH2Cl2 (2 x 5 mL).  The filtrate was reduced to dryness under reduced pressure to 
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give a yellow solid (188 mg).  Analysis of the crude product by 1H NMR 

spectroscopy showed a complex mixture of products, in addition to t-butanol. 

 

4.2 Attempted synthesis of 7,7-dimethyl-2-oxo-1a,2,7,7a-tetrahydronaphtho[2,3-

b]oxirene-3,4-dicarboxylate (119) 

(a) H2O2 and LiOH 

Unsaturated diester 110 (130 mg, 0.45 mmol) in methanol (4 mL) was added a 

solution of hydrogen peroxide (0.3 mL, 30% w/w) and lithium hydroxide (2 M, 2 

drops).  The reaction was stirred at room temperature for 2 hrs then another solution 

of hydrogen peroxide (0.3 mL) and lithium hydroxide (2 drops) were added.  The 

reaction was stirred for an additional 1.5 hrs, and worked up according to procedure 

3.3.  The crude material obtained as a yellow solid (129 mg).  Analysis by 1H NMR 

spectroscopy of the crude solid obtained showed a complex mixture of products and 

solvent in which no trace of 110 or 119 was observed. 

 

(b)  t-BuO2H and KF/Al2O3 

A suspension of KF/Al2O3 (269 mg, 1.68 mmol) and t-butyl hydroperoxide (0.47 

mL, 3.0 equiv) in CH2Cl2 (1 mL) and dimethyl ester 110 (242 mg, 0.84 mmol) in 

CH2Cl2 (3 mL) were reacted and worked up according to procedure 4.1 (d).  The 

crude material was obtained as a clear oil (648 mg).  Analysis of the crude oil by 

integration of the 1H NMR spectrum showed approximately 40% conversion of 110 

to the epoxide 119.  The crude oil was retreated with KF/Al2O3 and t-butyl 

hydroperoxide as above and the reaction worked up according to procedure 4.1(d).  

The crude product was obtained as a colourless oil (244 mg).  Analysis of the crude 
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product by 1H NMR spectroscopy showed 100% conversion of the diester 110.  

Purification of the crude product by silica gel chromatography (ethyl acetate: 

CH2Cl2, 4:96) gave pure 7,7-dimethyl-2-oxo-1a,2,7,7a-tetrahydronaphtho[2,3-

b]oxirene-3,4-dicarboxylate 119 as a clear oil (88 mg, 34%).  λmax (nujol)/cm-1  2907 

(w, br), 2851 (s), 1463 (s), 1377 (s); δH (400 MHz, CDCl3) 1.29 (3H, s, CH3), 1.71 

(3H, s, CH3), 3.59 (1H, d, J = 4 Hz, H6), 3.75 (1H, d, J = 4.4 Hz, H7), 3.89 (3H, s, 

OCH3), 3.97 (3H, s OCH3), 7.52 (1H, d, J = 8.4 Hz, H4), 8.17 (1H, d, J = 8.4 Hz, 

H3); δC (100 MHz, CDCl3) 194.0 (C8), 168.8 (CO2Me), 165.1 (CO2Me), 152.1 

(C4a), 136.0 (C8a), 134.9 (C3), 127.7 (C1 or C2), 127.6 (C1 or C2), 127.5 (C4), 

62.4 (C6), 56.0 (C7), 53.1 (OCH3), 52.9 (OCH3), 37.3 (C5), 29.8 (CH3) 25.4 (CH3); 

ESMS (+ve) 327 (MNa+, 100%), 311 (MLi+, 100%); Microanalysis calcd C16H16O6 

C 63.15%, H 5.30%, found C 63.12%, H 5.49%. 

 

(c) t-BuO2H (~ 5 equiv) and KF/Al2O3 (~ 4 equiv)  

t-Butyl hydroperoxide (2 mL, 10.8 mmol), KF/Al2O3 (1.3 g, 8.1 mmol) in CH2Cl2 

(10 mL) and diester 110 (622 mg, 2.16 mmol) were reacted and worked up 

according to procedure 4.1 (d), the crude product was obtained as a yellow oil (328 

mg).  Analysis of the crude material by 1H NMR spectroscopy showed a complex 

mixture of unidentified compounds. 

 

(d) t-BuO2H with DBU  

t-Butyl hydroperoxide (0.185 mL, 2.5 M, 2.0 equiv) and DBU (86 μL, 87 mg, 2.5 

equiv) were added to a solution of diester 110 (67 mg, 0.23 mmol) in CH2Cl2 (4 mL) 

and the solution stirred at room temperature under a nitrogen atmosphere.  The 
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organic phase was washed with ice cold hydrochloric acid (2 M, 20 mL) and the 

organic phase worked up according to procedure 3.3.  The crude product was 

obtained as a clear oil (72 mg).  Analysis of the crude oil by 1H NMR spectroscopy 

indicted the presence of epoxide 119 and diester 110 in a 9:1 ratio respectively.  

Purification of the oil by silica gel chromatography (5% ethyl acetate in CH2Cl2) 

gave 7,7-dimethyl-2-oxo-1a,2,7,7a-tetrahydronaphtho[2,3-b]oxirene-3,4-dicarboxyl 

ate 119 as a colourless oil (44 mg, 68%).   

 

4.3 Attempted synthesis of 7,7-dimethyl-2-oxo-1a,2,7,7a-tetrahydronaphtho[2,3-

b]oxirene-3,4-dicarboxylic acid (120)  

(a) with LiOH 

Lithium hydroxide (13 mg, 0.54 mmol) in water (0.5 mL) was added to a solution of 

epoxy diester 119 (85 mg, 0.54 mmol) in THF (3 mL) cooled to 0 oC and the 

solution stirred for 30 min at 0 oC.  Hydrochloric acid (2 M, 10 mL) was added and 

the aqueous phase worked up according to procedure 3.3.  The crude material was 

obtained as a yellow oil (123 mg).  Analysis of the crude oil by 1H NMR 

spectroscopy showed a complex mixture of products and solvent.   

 

(b) with Ba(OH)2   

A solution of barium hydroxide (90 mg, 0.48 mmol) in methanol/water (1:1, 2 mL) 

was added to a solution of epoxy diester 119 (147 mg, 0.48 mmol) in 

methanol/water (1:1, 3 mL) and the solution stirred at room temperature for 2 hrs.  A 

stream of carbon dioxide (from dry ice) was bubbled through the solution for 5 min 

resulting in a barium carbonate precipitate.  The suspension was filtered through 
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celite and the filtrate worked up according to procedure 3.3.  The crude material was 

obtained as a brown solid (69 mg).  Analysis of the crude oil by 1H NMR 

spectroscopy showed a complex mixture of products and solvent present. 

 

(c) from diacid 108 with NaOH and H2O2  

Hydrogen peroxide (0.57 mmol, 1 equiv) was added to diacid 108 (150 mg, 0.57 

mmol) in sodium hydroxide (10%, 5 mL), and the solution stirred at room 

temperature for 16 hours.  The solution was acidified to pH 1 with hydrochloric acid 

(2 M) and worked up according to procedure 3.3.  The crude material was obtained 

as a brown foam (82 mg).  Analysis by 1H NMR spectroscopy of the crude foam 

showed a complex mixture of products in which no trace of  108 or 120 was 

observed. 

 

(d) from diacid 108 with t-BuO2H and NaOH   

t-Butyl hydroperoxide (51 μL, 0.28 mmol) was added to a solution of diacid 108 (73 

mg, 0.28 mmol) in sodium hydroxide (10% w/w, 5mL) and the solution stirred at 

room temperature overnight.  The acidified aqueous phase was worked up according 

to procedure 2.15.  The crude material was obtained as a brown foam (61 mg).  

Analysis by 1H NMR spectroscopy of the crude foam showed a complex mixture of 

products in which no trace of 108 or 120 could be seen 

 

(e) from diacid 108 with m-CPBA  

m-Chloroperoxy benzoic acid (145 mg, 0.57 mmol) was added to a solution of 

diacid 108 (150 mg, 0.57 mmol) in THF (25 mL) and the solution heated at reflux 
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for 16 hrs.  The reaction was worked up according to procedure 3.3.  The crude 

material was obtained as a brown foam (196 mg).  Analysis by 1H NMR 

spectroscopy of the crude product showed a mixture of unreacted diacid 108 (69 mg, 

46%) and m-chlorobenzoic acid. 

 

4.4 Synthesis of 6,6-dimethyl-3,9-dioxo-1,3,6,9-tetrahydronaphtho[1,2-c]furan-

1-yl acetate (121)  

Acetic anhydride (83 mg, 0.1 mL) was added to a solution of lactol 113 (67 mg, 0.27 

mmol) and a solution of DMAP (34 mg,  1.1 eq) in THF (5 mL) and the solution 

stirred at room temperature for 5 min.  Analysis by TLC showed no remaining 

starting material.  The reaction was worked up according to procedure 4.2 (d).  The 

crude product was obtained as an orange oil (64 mg).  Analysis by of the crude oil 

obtained by 1H NMR spectroscopy showed 6,6-dimethyl-3,9-dioxo-1,3,6,9-

tetrahydronaphtho[1,2-c]furan-1-yl acetate 121 (64 mg, 83%) in > 98% purity, as 

determined by integration of the 1H NMR spectrum.  m.p. 176 – 178 oC; λmax 

(KBr)/cm-1 3446 (w, br), 1792 (s), 1759 (s), 1656 (s), 1216 (s); δH (400 MHz, 

CDCl3) 1.57 (3H, s, CH3), 1.60 (3H, s, CH3), 2.15 (3H, s, C=OCH3), 6.41 (1H, d, J 

= 10 Hz, H7), 7.01 (1H, d, J = 10.4 Hz, H8), 7.88 (1H, d, J = 8 Hz, H5), 7.96 (1H, 

s, H1), 8.09 (1H, d, J = 8 Hz, H4); δC (100 MHz, CDCl3,) 183.4 (C9), 168.8 

(C=OCH3), 167.5 (C3), 157.7 (C7), 157.0 (C5a), 144.7 (C9b), 130.6 (C4), 129.0 

(C9a), 128.6 (C5), 127.1 (C3a), 126.6 (C8), 93.2 (C1), 38.7 (C6), 30.0 (CH3), 29.6 

(CH3), 20.6 (C=OCH3); ESMS (+ve) 309 (MNa+, 100%), 293 (MLi+, 100%); 

Microanalysis calcd C16H14O5 C 67.13%, H 4.93%, found C 66.95% H 4.96%. 
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4.5 Attempted synthesis of 6,6-dimethyl-3,9-dioxo-1,3,6,7,8,9-hexahydrooxireno 

[6,7]naphtho[1,2-c]furan-1-yl acetate (122) 

Acetyl lactol 121 (64 mg, 0.22 mmol) in acetonitrile (3 mL) and KF/Al2O3 (45 mg, 

1.5 equiv) and t-butyl hydroperoxide (0.1 mL, 0.44 mmol) in suspended in 

acetonitrile (2 mL) were reacted and worked up according to procedure 4.1 (d).  The 

crude product was obtained as a yellow foam (88 mg).  Analysis by 1H NMR 

spectroscopy showed a mixture of products.  One part of the foam was not soluble in 

CDCl3, d6-acetone or d6-DMSO.  The insoluble product was dissolved in water, and 

the aqueous phase acidified to pH 1 with hydrochloric acid (2 M), and worked up 

according to procedure 3.3.  The crude material was obtained as a yellow oil (52 

mg).  Analysis by 1H NMR spectroscopy of the crude oil obtained showed a 

complex mixture of products. 

 

4.6 Attempted synthesis of t-butyl(dimethyl)silyl 1-formyl-5,5-dimethyl-8-oxo-

5,8-dihydronaphthalene-2-carboxylate (126) 

TBDMS-Cl (115 mg, 0.76 mmol) and 2,6-dimethylpyridine (108 mg, 1.01 mmol) in 

CH2Cl2 (5 mL) were added to a solution of unsaturated lactol 113 (122 mg, 0.5 

mmol) in CH2Cl2 (5 mL) cooled to 0 oC and the solution stirred for 16 hrs whilst 

slowly warmed to room temperature.  The solution was worked up according to 

procedure 4.2 (d).  The crude product was obtained as a yellow oil (71 mg).  

Analysis of the crude oil by 1H NMR spectroscopy suggested the formation of tert-

butyl(dimethyl)silyl-1formyl-5,5-dimethyl-8-oxo-5,8-dihydronaphthalene-2-

carboxylate 126 (71 mg, 40%).  δH (200 MHz, CDCl3) 0.36 (6H, s, 

Si(CH3)2C(CH3)3), 1.01 (9H, s, Si(CH3)2C(CH3)3) 1.52 (6H, s, 2 x CH3), 6.42 (1H, 
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d, J = 9.8 Hz, H6), 6.97 (1H, d, J = 9.8 Hz, H7), 7.69 (1H, d, J = 8.4 Hz, H4), 8.14 

(1H, d, J = 8.4 Hz, H3), 10.8 (1H, s, CHO); ESMS (+ve) 359 (MH+, 50%), 381 

(MNa+, 100%), 365 (MLi+, 100%). 

 

4.7 Synthesis of benzyl 1-formyl-5,5-dimethyl-8-oxo-5,8-dihydronaphthalene-2-

carboxylate (127) 

Benzyl bromide (52 μL, 72 mL, 2.0 equiv) was added to a solution of lactol 113 (51 

mg, 0.21 mmol) in CH2Cl2 (3 mL) at 0 oC and the solution stirred for 5 min at 0 oC.  

Triethylamine (70 μL, 53 mg, 2.5 equiv) was added.  The solution was allowed to 

warm to room temperature and was stirred for 16 hrs under a nitrogen atmosphere.  

The solution was poured into water (10 mL).  The organic phase washed with 

sodium carbonate (25 mL).  The organic phase worked up according to procedure 

3.3.  The crude product was obtained as a brown oil (95 mg).  Analysis of the crude 

oil by 1H NMR spectroscopy indicated the formation of benzyl 1-formyl-5,5-

dimethyl-8-oxo-5,8-dihydronaphthalene-2-carboxylate 127 in addition to the 

presence of benzyl alcohol.  Purification by silica gel chromatography (ethyl 

acetate:hexane, 1:1) gave pure benzyl 1-formyl-5,5-dimethyl-8-oxo-5,8-

dihydronaphthalene-2-carboxylate 127 (28 mg, 43%) as a clear oil.  λmax (nujol)/cm-

1 3421 (br, w), 2963 (w), 1772 (s), 1662 (s), 1654 (s), 1648 (s); δH (200 MHz, 

CDCl3)  1.52 (6H, s, 2 x CH3), 5.34 (2H, s, CH2C6H5), 6.40 (1H, d, J = 10.2 Hz, 

H6), 6.97 (1H, d, J = 10.4 Hz, H7), 7.35 - 7.48 (5H, m, CH2C6H5), 7.67 (1H, d, J = 

8.4 Hz, H4), 8.18 (1H, d, J = 8.4 Hz, H3), 10.8 (1H, s, CHO); δC (CDCl3, 125 

MHz), 195.9 (CHO), 184.4 (C8), 166.8 (CO2Bn), 164.9 (C4a), 154.8 (C6), 144.0 

(C1), 136.0 (ipso C6H5), 135.4 (meta C6H5), 133.7 (C3), 130.6 (C7), 130.3 (C8a), 
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129.2 (C2),  128.8 (ortho C6H5), 128.5 (para C6H5), 127.2 (C4), 68.4 (CH2C6H5), 

39.4 (C5), 29.7 (2 x CH3); ESMS (+ve) 357 (MNa+, 50%), 341 (MLi+, 100%); 

HRMS calcd C21H18LiO4
+ (MLi+) 341.1365, found 341.1369. 

 

4.8 Attempted synthesis of 6,6-dimethyl-1-triisopropylsilanyloxy-1H,6H-

naphtho[1,2-c]furan-3,9-dione  

(a) with TIPS-OTf (1 equiv) 

Triisopropylsilyl-triflate (71 mg, 0.23 mmol) in CH2Cl2 (0.75 mL) was added to a 

solution of unsaturated lactol 113 (57 mg, 0.23 mmol) in CH2Cl2 (4 mL) cooled to 0 

oC and the solution stirred for 15 min.  Triethylamine (28 mg, 1.2 equiv) in CH2Cl2 

(0.75 mL) was added and the solution stirred at 0 oC for 1 hr then warmed to room 

temperature over 2 hrs.  Water (10 mL) was added and the aqueous phase worked up 

according to procedure 4.2 (d).  The crude material was obtained as a red oil (84 

mg).  Analysis of the crude oil by 1H NMR spectroscopy showed unreacted 113 a 

complex mixture in the presence of triisopropyl silanol. 

 

(b) with TIPS-OTf (2.5 equiv)  

Triisopropyl-triflate (221 mg, 0.6 mmol, 2.5 equiv) in CH2Cl2 (3 mL), triethylamine 

(85 mg, 0.72 mmol, 3.5 equiv) and lactol 113 (70 mg, 0.24 mmol) in CH2Cl2 (2 mL) 

were reacted and worked up according to procedure 4.2 (d).  The crude material was 

obtained as a yellow oil (164 mg).  Analysis of the crude oil by 1H NMR 

spectroscopy showed a complex mixture of unidentified products. 
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4.9 Attempted synthesis of 1-methoxy-6,6-dimethylnaphtho[1,2-c]furan-

3,9(1H,6H)-dione (130) 

Lactol 113 (50 mg, 0.20 mmol) was added to a solution of p-toluenesulfonic acid (10 

mg, 0.05 mmol) in anhydrous methanol (5 mL) in the presence of molecular sieves, 

and the solution stirred at room temperature under a nitrogen atmosphere for 16 hrs.  

Triethylamine (0.5 mL) was added and the suspension filtered through celite.  The 

filtrate was washed with sodium bicarbonate (20 mL), brine (10 mL), dried (MgSO4, 

anhydrous) and the solvent removed in vacuo to give a yellow oil (30 mg).  Analysis 

of the crude oil by 1H NMR spectroscopy showed unreacted lactol 113 (57% 

recovery). 

 

4.10 Synthesis of 1-methoxy-6,6-dimethylnaphtho[1,2-c]furan-3,9(1H,6H)-dione 

(130)  

Lactol 113 (62 mg, 0.25 mmol) in methanol (3 mL) was added to a solution of TFA 

(50 μL, 0.65 mmol) in methanol (3 mL), in the presence of a molecular sieve.  The 

solution was stirred for 16 hrs at 50 oC under a nitrogen atmosphere.  The solution 

was diluted with CH2Cl2 (5 mL) and filtered through celite.  The filtrate was 

collected and reduced to dryness to give a yellow oil (76 mg).  Analysis of the crude 

oil by 1H NMR spectroscopy showed 1-methoxy-6,6-dimethylnaphtho[1,2-c]furan-

3,9(1H,6H)-dione 130 (23 mg, 36%) and unreacted lactol 113 (53 mg, 64% 

recovery).   
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4.11 Synthesis of 1-methoxy-6,6-dimethyl-1H,6H-naphtho[1,2-c]furan-3,9-dione 

(130)  

Acetyl chloride (0.2 mL, 221 mg, 2.8 mmol) was added to methanol (6 mL) in the 

presence of a 4 Å molecular sieve.  The solution was stirred for 20 min at room 

temperature under a nitrogen atmosphere.  A solution of unsaturated lactol 113 (98 

mg, 0.4 mmol) in methanol (3 mL) was added and the solution stirred at room 

temperature for 2 hrs.  The molecular sieve was removed and the solvent removed in 

vacuo to give a yellow powder.  Analysis of the crude powder by 1H NMR 

spectroscopy showed the formation of 1-methoxy-6,6-dimethylnaphtho[1,2-c]furan-

3,9(1H,6H)-dione 130 (93 mg, 90%) in > 97% purity.  m.p 156 oC; λmax (KBr)/cm-1 

2919 (w, br), 1774 (br, w), 1664 (s), 1610 (s); δH (400 MHz, CDCl3) 1.54 (6H, s, 2 x 

CH3), 3.82 (3H, s, OCH3), 6.42 (1H, d, J = 10.4 Hz, H7), 6.79 (1H, s, H1), 6.97 (1H, 

d, J = 10 Hz, H8), 7.82 (1H, d, J = 8.4 Hz, H5), 8.03 (1H, d, J = 8.4 Hz, H4); δC 

(100 MHz, CDCl3) 183.8 (C9), 168.3 (C3), 157.4 (C7), 156.6 (C5a), 145.2 (C9b), 

130.2 (C4), 128.5 (C5), 127.2 (C9a), 126.9 (C8), 126.7 (C3a), 105.1 (C1), 59.1 

(OCH3), 38.7 (C6), 30.0 (CH3), 29.5 (CH3); ESMS (+ve) 227 ([M-OMe]+, 100%), 

259 (MH+, 20%), 265 (MLi+, 100%); HRMS calcd C15H14O4Na+ (MNa+) 281.0784, 

found 281.0781. 

 

4.12 Synthesis of (±) Hyphodermin D (50)  

(a) using KF/Al2O3 

KF/Al2O3 (240 mg, 0.75 mmol), t-butyl hydroperoxide (0.8 mL, 1 mmol), CH2Cl2 (3 

mL) and methyl ether 130 (129 mg, 0.5 mmol) were reacted and worked up 

according to procedure 4.1 (d).  The crude product was obtained as a yellow oil (33 
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mg).  Analysis of the crude oil by 1H NMR spectroscopy showed a 3:2 mixture of 

Hyphodermin D, 50, and unreacted methyl ether 130 respectively.  The calculated 

yield of Hyphodermin D, 50, was 22 mg (16%). 

 

(b) Using t-BuO2H and DBU 

Methyl ether 130 (75 mg, 0.3 mmol) in CH2Cl2 (5 mL), t-butyl hydroperoxide (69 

mg, 1.5 equiv) and DBU (0.18 mL, 183 mg, 1.5 equiv) were reacted and worked up 

according to procedure 4.2 (d).  The crude product was obtained as a yellow oil (67 

mg).  Analysis of the crude oil by 1H NMR spectroscopy showed a 60% conversion 

to Hyphodermin C, 49, and Hyphodermin D, 50, as determined by 1H NMR 

integration.  The crude oil was then retreated with t-butyl hydroperoxide and DBU 

as above and worked up as above.  The crude product was obtained as a yellow oil 

(70 mg).  Analysis of the crude oil by 1H NMR spectroscopy showed a 100% 

conversion to Hyphodermin C, 49, and Hyphodermin D, 50, in an 18:82 ratio 

respectively.  Hyphodermin C, 49, was identified in the 1H NMR spectrum of the 

crude mixture.  The spectral peaks for 49 were in excellent agreement with the shifts 

reported in the literature.80  49 δH (200 MHz, CDCl3) 1.39 (3H, s, CH3), 1.76 (3H, s, 

CH3), 3.61 (1H, d, J = 4 Hz, H7), 3.74 (1H, d, J = 4.4 Hz, H8), 3.82 (3H, s, OCH3), 

6.43 (1H, s, H1), 7.71 (1H, d, J = 8.4 Hz, H5), 8.06 (1H, d, J = 8.4 Hz, H4). 

Purification of the crude oil by silica gel chromatography (CH2Cl2:NEt3, 99:1) gave 

pure Hyphodermin D, 50, as a colourless oil (25 mg, 29%).  The 1H and 13C NMR 

spectra matched the reported values80 and was supported by mass spectral data 

(ESMS and HRMS).  50 δH (200 MHz, CDCl3) 1.35 (3H, s, CH3), 1.74 (3H, s, CH3), 

3.62 (1H, d, J = 4 Hz, H7), 3.70 (3H, s, OCH3), 3.77 (1H, d, J = 4.4 Hz, H8), 6.74 
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(1H, s, H1), 7.66 (1H, d, J = 8 Hz, H4), 8.02 (1H, d, J = 8.4 Hz, H5); δC (100 MHz, 

CDCl3) 193.5 (C9), 167.8 (C3), 154.0 (C5a), 145.5 (C9b), 129.8 (C5), 129.7 (C4), 

127.1 (C9a), 125.6 (C3a), 104.0 (C1), 62.9 (C7), 58.8 (OCH3), 55.8 (C8), 37.4 (C6), 

30.0 (CH3), 25.6 (CH3); ESMS (+ve) 243 ([M-OMe]+, 100%), 275 (MH+, 40%), 297 

(MNa+, 20%), 281 (MLi+, 100%); HRMS calcd C15H15O5 275.0919, found 

275.0916. 

 

(c) with H2O2/LiOH  

H2O2 (15% w/w, 0.12 mL) and LiOH (2 M, 1 drop) were added to a solution of 

methyl ether 130 (57 mg, 0.22 mmol) in THF/H2O (9:1) (4 mL), the solution was 

stirred at room temperature for 16 hrs and worked up according to procedure 3.3.  

The crude product was obtained as a yellow oil (19 mg).  Analysis of the crude oil 

by 1H NMR spectroscopy showed a mixture of Hyphodermin D, 50, and unreacted 

methyl ether 130 in a 7:3 ratio respectively.  The calculated yield of 50 was 13 mg 

(22%) 

 

4.13 Attempted synthesis of 8-hydroxy-1-methoxy-6,6-dimethyl-6,6a,7a,8-

tetrahydrooxireno[6,7]naphtho[1,2-c]furan-3(1H)-one (131) 

A solution of sodium borohydride (1.67 mg, 0.06 mmol) in ethanol (43 μL) was 

added to a solution of Hyphodermin D, 50, (16 mg, 0.06 mmol) in ethanol (3 mL) 

cooled to 0oC and the solution stirred for 10 min.  Water (4 mL) was added and the 

aqueous phase worked up according to procedure 3.3.  The crude material was 

obtained as a white powder (22 mg).  Analysis of the white solid by 1H NMR 

spectroscopy showed a complex mixture of products. 
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4.14 Synthesis of 8-chloro-7-hydroxy-1-methoxy-6,6-dimethyl-7,8-

dihydronaphtho[1,2-c]furan-3,9(1H, 6H)-dione (132) 

Hydrochloric acid (12 M, 3 drops) was added to a suspension of pre-dried silica (85 

mg) in CHCl3 (5 mL) and the suspension stirred for 2 hrs.  A solution of 

Hyphodermin D, 50, (5 mg, 0.02 mmol) in CHCl3 (2 mL) was added and the 

suspension stirred at room temperature for 16 hrs.  The suspension was filtered and 

the solvent removed from the filtrate in vacuo to give a colourless residue.  Analysis 

of the residue by 1H NMR spectroscopy showed the formation of 7-chloro-8-

hydroxy-1-methoxy-6,6-dimethyl-7,8-dihydro-1H,6H-naphtho[1,2-c]furan-3,9-dione 

132 (6 mg, 100%) in > 95% purity.  The 1H NMR spectra was consistent with the 

reported values.80  δH (200 MHz, CDCl3) 1.42 (3H, s, CH3), 1.68 (3H, s, CH3), 3.80 

(3H, s, OCH3), 3.94 (1H, d, J = 11.6 Hz, H7), 4.97 (1H, d, J = 11.8 Hz, H8), 6.71 

(1H, s, H1), 7.84 (1H, d, J = 8 Hz, H4), 8.08 (1H, d, J = 8 Hz, H3). 

 

4.15 Synthesis of (±)-Hyphodermin D (50) 

DBU (5 mg, 1 equiv) was added to a solution of chlorohydrin 132 (6 mg, 0.02 

mmol) in CH2Cl2 (4 mL) and the solution stirred at room temperature for 2.5 hrs.  

The solution was acidified with hydrochloric acid (2 M, 3 mL) and worked up 

according to procedure 3.3.  The crude product was obtained as a pale yellow solid.  

Analysis of the solid by 1H NMR spectroscopy showed Hyphodermin D, 50, (5 mg, 

100%) in > 95% purity. 
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4.17 Synthesis of 6,6-dimethyl-1-(tetrahydro-2H-pyran-2-yloxy)naphtho[2,1-

c]furan-3,9(1H,6H)-dione (133) 

3,4-Dihydropyran (26 mg, 28 μmol) was added to a solution of unsaturated lactol 

113 (39 mg, 0.16 mmol) followed by hydrochloric acid (diethyl ether solution, 1 M, 

5 drops).  The solution stirred at room temperature under a nitrogen atmosphere for 

16 hrs.  The solvent, excess 3,4-dihydropyran and hydrochloric acid were removed 

in vacuo to give a thick resin (62 mg).  Analysis of the crude oil by 1H NMR 

spectroscopy showed the desired THP ether in addition to residual solvent and 

excess 3,4-dihydropyran.  Purification via silica gel chromatography (ethyl acetate: 

hexane 1: 1) gave 6,6-dimethyl-1-(tetrahydro-2H-pyran-2-yloxy)naphtho[2,1-

c]furan-3,9(1H,6H)-dione 133 as a resin (48 mg, 91%) which rapidly decomposed.  

δH (200 MHz, CDCl3) 1.55 (3H, s, CH3), 1.57 (3H, s, CH3), 1.59 - 1.91 (6H, m, 2 x 

H3’, 2 x H4’, 2 x H5’), 3.62 - 3.70 (2H, m, 2 x H6’), 5.35 (1H, m, H2’), 6.40 (1H, d, 

J = 10.2 Hz, H7), 6.98 (1H, d, J = 9.2 Hz, H8), 7.03 (1H, s, H1), 7.82 (1H, d, J = 8 

Hz, H5), 8.06 (1H, d, J = 7.8 Hz, H4); ESMS (+ve) 351 (MNa+, 100%), 335 (MLi+, 

70%).  

 

4.18 Synthesis of 6,6-Dimethyl-1-tetrahydro-2H-pyran-2-yloxy-7,8-

dihydrooxireneo[7,8]naphtho[1,2-c]furan-3,9(1H,6H)-dione (134) 

DBU (22 mg, 22 μL, 1 equiv), t-butyl hydroperoxide (0.22 mmol, 1.5 equiv) and 

THP lactol 133 (48 mg, 0.146 mmol) in CH2Cl2 (4 mL) were reacted and worked up 

according to procedure 4.2 (d).  Crude THP ether 134 was obtained as a pale yellow 
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oil (44 mg) which decomposed upon standing or attempted purification by column 

chromatography.  Crude THP ether 134 was used directly in the next step without 

further purification.  Analysis of the crude oil by 1H NMR spectroscopy and mass 

spectrometry indicated the formation of THP ether 134.  δH (400 MHz, CDCl3) 1.36 

(3H, s, CH3), 1.75 (3H, s, CH3), 1.45 - 1.74 (6H, m, 2 x H3’, 2 x H4’, 2 x H5’), 3.45 

- 3.57 (1H, m, 1 x H6’), 3.62 (1H, d, J = 4 Hz, H7), 3.66 - 3.73 (1H, m, 1 x H6’), 

3.75 (1H, d, J  = 4 Hz, H8), 5.34 (1H, m, H2’), 6.97 (1H, s, H1), 7.66 (1H, d, J = 8.4 

Hz, H5), 8.04 (1H, d, J = 8 Hz, H4); ESMS (+ve) 345 (MH+, 50%). 

 

4.19 Synthesis of (±)-Hyphodermin A (48)  

THP epoxide 134 (44 mg) was dissolved in THF/hydrochloric acid (5% w/w) (7:3) 

(10 mL) and the solution stirred at room temperature for 5 hrs.  The solution was 

worked up according to procedure 3.3.  The crude product was obtained as a pale 

yellow oil (44 mg).  Analysis of the crude oil by 1H NMR spectroscopy indicated the 

presence of (±)-Hyphodermin A, 47.  Repeated purification via silica gel 

chromatography (ethyl acetate:hexane; 1:1) gave (±)-Hyphodermin A, 47, (9 mg, 

24% - 2 steps from THP ether 133) in 80% purity.  The 1H NMR spectrum of (±)-

Hyphodermin A, 47, matched that given in the literature.80  δH
 (400 MHz, CDCl3) 

1.36 (3H, s, CH3), 1.76 (3H, s, CH3), 3.63 (1H, d, J = 4.4 Hz, H7), 3.75 (1H, d, J = 

4 Hz, H8), 6.97 (1H, s, H1), 7.67 (1H, d, J = 8 Hz, H5), 8.04 (1H, d, J = 8.4 Hz, 

H4); δH (600 MHz, d4-methanol) 1.35 (3H, s, CH3), 1.73 (3H, s, CH3), 3.74 (1H, d, J 

= 4.2 Hz, H7), 3.75 (1H, d, J = 4.2 Hz, H8), 6.97 (1H, s, H1), 7.86 (1H, d, J = 7.8 

Hz, H5), 8.04 (1H, d, J = 7.8 Hz, H4); δC (150 MHz, d4-methanol) 194.9 (C9), 170.5 

(C3), 155.5 (C5a), 147.4 (C9a), 130.3 (C4), 129.3 (C5), 126.7 (C9b), 126.1 (C3a), 
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103.0 (C1), 63.1 (C8), 55.7 (C7), 37.7 (C6), 28.7 (CH3), 24.9 (CH3); ESMS (+ve) 

261 (MH+, 80%), 243 ([M-OH]+, 80%), 267 (MLi+, 50%); HRMS calcd C14H13O5 

(MH+) 261.0757 found 261.0759.   
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Chapter 5 Experimental 

All chemicals were used as received.  All solutions were made using deionised 

water, stored in sterilised glass bottles and were kept at 4 oC when not used.   

 

Stock Solutions 

HEPES: Hydrochloric acid (0.1 M, 5.3 mL) and water (44.7 mL) was added to a 

solution of HEPES (1.192 g, 5 mmol) in water (50 mL) and the resulting solution 

titrated with sodium hydroxide (2 M) to a pH of 7.2. 

 

Potassium Chloride:  Potassium chloride (0.746 g, 10 mmol) was dissolved in 

HEPES stock solution (10 mL). 

 

EGTA:  EGTA (0.190 g, 0.5 mmol) was dissolved in HEPES stock solution (10 

mL). 

 

Magnesium chloride hexahydrate:  Magnesium chloride hexahydrate (0.102 mg, 0.5 

mmol) was dissolved in HEPES stock solution (10 mL). 

 

DTT:  DTT (15 mg, 0.1 mmol) was dissolved in HEPES stock solution (10 mL). 

 

Glycogen:  Glycogen (12.5 mg) was dissolved in buffer A (5 mL) (see below) and 

the solution sonicated for 10 min. 
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Glucose-1-Phosphate:  Glucose-1-phosphate (3.0 mg, 0.01 mmol) was dissolved in 

buffer A (10 mL). 

 

Ammonium molybdate (4.2% w/w):  Ammonium molybdate (4.2 g, 21.4 mmol) was 

dissolved in hydrochloric acid (4 M, 100 mL) and the solution stirred for 30 min at 

room temperature, as per a literature procedure.196 

 

Malachite green (0.045% w/w):  Malachite green (45 mg) was dissolved in 

deionised water (100 mL) and the solution stirred at room temperature for 30 min, as 

per a literature procedure.196 

 

Buffer Solutions: 

Buffer A:  Potassium chloride stock solution (1 mL), EGTA stock solution (0.5 mL), 

magnesium chloride stock solution (0.5 mL) and DTT stock solution (0.5 mL) were 

added to HEPES stock solution (7.5 mL) and the solution stirred for 30 min at room 

temperature. 

 

Buffer B:  DMSO (14 mL) was added to buffer A (86 mL) and the resulting solution 

stirred at room temperature for 30 min. 

 

Other Solutions: 

Glycogen/Glucose-1-Phosphate Solution:  Glucose-1-phosphate stock solution (5 

mL) was added to a solution of glycogen stock solution (5mL) and the resulting 

solution mixed thoroughly. 
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Quench solution:  Malachite green solution and ammonium molybdate solution were 

mixed (3:1 vol/vol ratio respectively) in the dark for 30 min at room temperature.  

The solution was then vacuum filtered and the filtrate collected (in the dark).  The 

solution was stored refrigerated in a covered brown glass bottle, as per a literature 

procedure.196 

 

Enzyme solution:  GPa (0.2 mg) (Sigma, activity: ~ 25 units/mg) was dissolved in 

buffer A (20 mL) to give a 10 μg/mL solution of GPa.  The solution was placed in 

an ice bath. 

Assays were conducted at dilutions of GPa in buffer A of 100 μg/mL, 20 μg/mL, 

12.5 μg/L and 10 μg/mL.  The dilutions of 12.5 μg/mL and 10 μg/mL gave IC50 

values for caffeine of approximately 110 μM and 90 μM respectively.  

 

Assay Procedure 

Values quoted are the average value for measurements acquired in triplicate.  

Enzyme solutions were made fresh for each assay run and kept on ice when not in 

use.  The compounds were added to the assay in 5 μL of a buffer B solution in a 

range of concentrations.  Each assay run had a blank whereby 5 μL of the buffer B 

was added with no compound present.  The assay was conducted in 96 well plate 

format and against a set of caffeine standards.  The final absorbances were read with 

a plate reader (Molecular Devices Plate reader, Spectra Max 250, using SOFTmax 

PRO software). 
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Assay Run Procedure: 

1. A 5 μL sample of compound in buffer B was placed in each well. 

2. 20 μL of the enzyme solution was added to each well and the two solutions 

mixed via agitation. 

3. 80 μL of the glycogen/glucose-1-phospohate solution was added to each well 

and the plate incubated for 1 hr between 24 – 25 oC. 

4. After 1 hr, 150 μL of the quench solution was added to each well and the 

resulting solution incubated (24 – 25 oC) for an additional 20 min. 

5. The readings were taken at 620 nm when incubation time had expired. 

  

Data Analysis 

All assays were conducted in triplicate with outliers removed.  Data processing was 

done using Microsoft Excel (Windows Microsoft Office 2003).   

A representative example (caffeine) of how all compound data was processed is 

given below.  Note that the raw absorbance data obtained and calculations were 

carried using data up to 5 decimal places.  For presentation purposes, values have 

been rounded up to 3 decimal places. 
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Table 18 Raw absorbance data for caffeine. 

Concentrations 
(μM) 50000  3000 1000 300  100  30  10  3 l 1  0.3  

Average 
absorbancea 0.6765b 0.712 0.711 0.775 0.896 1.121 1.169 1.199 1.191 1.193

Normalised 
absorbancec 0 0.035 0.035 0.099 0.22 0.445 0.493 0.522 0.514 0.516

Percentage 
Inhibition 100 93.1 93.2 80.8 57.4 13.8 4.5 -1.2 0.3 -0.04 

a   Blank Reading: 1.19275 
b This value was used as the known 100% GPa inhibition reading (here defined as 
‘A’) 
c Normalised absorbance (here defined as ‘B’) = (Average Absorbance – 100% 
Inhibition Absorbance for caffeine at 50 mM (in this case 0.6765)) 
 

Data process (for 3000 μM caffeine concentration (Table 18)): 

i. The raw data was averaged for each triplicate readings and a standard 

deviation determined (Average absorbance (here defined as ‘C’) = 0.712). 

ii. The 100% inhibition absorbance was subtracted from the blank absorbance, to 

give the absorbance range between 0% and 100% inhibition (Absorbance 

range (here defined as ‘D’) = 1.19275 – 0.6765 = 0.51625). 

iii. The data was normalised to provide an absorbance baseline by subtracting the 

average absorbance for each concentration from the absorbance range value 

(from 0% to 100% inhibition) for each concentration, (e.g. Normalised Data = 

(0.712 – 0.6765) = 0.035). 

iv. The absorbance data was converted to percentage inhibition using formula 1. 
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The quotient was subtracted from 1 to reflect the graph about the x axis to produce 

the GPa enzyme inhibition graph. 

 

The formula applied to the data was: 

x 100%1 -
D
B

….. Formula 1 

(Note: B = C – A) 

Therefore; 

0.035
0.51625

x 100%1 -=

 

= x 100%1 - 0.0677
 

= 93.1% 

Plotting the percent inhibition versus concentration (log scale) gives an inhibition 

curve (e.g. Figure 28). 

 

Inhibition of GPa by caffeine

-20

0

20

40

60

80

100

120

0.01 0.1 1 10 100 1000 10000 100000

Caffeine concentrations (uM)

In
hi

bi
tio

n 
(%

)

 

Figure 29 



 212 

5.1 Preparation of diesters 66 or 110 stock solutions. 

 

O CO2Me
CO2Me

66                      

O CO2Me
CO2Me

110  

 

66 SMILES Code: CC(C2=C1C(C(OC)=O)=C(C(OC)=O)C=C2)(C)CCC1=O 

110 SMILES Code: CC(C2=C1C(C(OC)=O)=C(C(OC)=O)C=C2)(C)C=CC1=O 

 

Diester 66 (2.17 mg, 7.5 μmol) or diester 110 (2.16 mg, 7.5 μmol) was dissolved in 

DMSO (7 mL) to give a 2140 μM stock solution.  An aliquot of the DMSO stock 

(0.28 mL) was taken and diluted with buffer A (1.72 mL) to give a 150 μM solution 

in buffer B solution for use in the assay.  The 150 μM stock was serially diluted with 

buffer B to give the following concentrations (in μM) for use in the assay: 75, 37.5, 

18.75, 9.38, 4.69, 2.34, 1.17, 0.586, 0.293, 0.058 and 0.030. 

 

5.2 Preparation of diacids 70 or 108 stock solutions. 

 

O CO2H
CO2H

70                  

O CO2H
CO2H

108                
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70 SMILES Code: CC(C2=C1C(C(O)=O)=C(C(O)=O)C=C2)(C)CCC1=O 

108 SMILES Code: CC(C2=C1C(C(O)=O)=C(C(O)=O)C=C2)(C)C=CC1=O 

 

 Diacid 70 (4.98 mg, 17 μM), DMSO (0.28 mL) or diacid 108 (4.94 mg, 17.1 μmol) 

and buffer A (1.72 mL) were used according to procedure 5.1 to make a 9490 μM 

stock of 70 or 108.  The 9490 μM stock solution was serially diluted according to 

procedure 5.1 to give solutions of concentrations (μM): 4745, 949, 474, 94.9, 47.4, 

9.49, 4.74, 0.95, 0.48, 0.09 and 0.05. 

 

5.3 Preparation of epoxy diester stock solution. 

 

O CO2Me
CO2Me

119

O

 

SMILES Code: CC(C2=C1C(C(OC)=O)=C(C(OC)=O)C=C2)(C)C3C(O3)C1=O 

 

Epoxide 119 (1.82 mg, 6.0 μmol), DMSO (30 mL) and buffer A (1.72 mL) were 

used according to procedure 5.1 to make a 200 μM solution of 119.  The 200 μM 

stock solution was serially diluted according to procedure 5.1 to give solutions of 

concentrations (μM): 100, 50, 25, 12.5, 6.25, 3.13, 1.57, 0.78, 0.39, 0.15 and 0.04. 
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5.4 Preparation of Hyphodermin B, 48, or lactol 113 stock solution. 

 

O

48

O
HO

O

                        

O

113

O
HO

O

 

48 SMILES Code: CC(C2=C1C3=C(C(OC3O)=O)C=C2)(C)CCC1=O 

113 SMILES Code: CC(C2=C1C3=C(C(OC3O)=O)C=C2)(C)CCC1=O 

Hyphodermin B, 48, (1.23 mg, 6.0 μmol) or lactol 113 (1.23 mg, 6.0 μmol), DMSO 

(14 mL) and buffer A (1.72 mL) were used according to procedure 5.1 to make a 50 

μM solution of 48 or 113.  The 50 μM stock solution was serially diluted according 

to procedure 5.1 to give solutions of concentrations (μM): 25, 12.5, 6.25, 3.13, 1.57, 

0.78, 0.39, 0.15, 0.015 and 0.001. 

 

5.5 Preparation of methyl ether 130 or bromo diester 109 stock solution. 

 

O

130

O
MeO

O

                  

O CO2Me
CO2Me

109

Br

 

130 SMILES Code: CC(C2=C1C3=C(C(OC3OC)=O)C=C2)(C)C=CC1=O 

109 SMILES Code: CC(C2=C1C(C(OC)=O)=C(C(OC)=O)C=C2)(C)CC(Br)C1=O 



 215

Methyl ether 130 (2.58 mg, 10.0 μmol), DMSO (14 mL) and buffer A (1.72 mL) or 

bromo diester 109 (1.11 mg, 3.0 μmol), DMSO (4.2 mL) and buffer A were used 

according to procedure 5.1 to make a 100 μM solution of 127 or 109.  The100 μM 

stock solution was serially diluted according to procedure 5.1 to give solutions of 

concentrations (μM): 50, 25, 12.5, 6.25, 3.13, 1.57, 0.78, 0.39, 0.15 and 0.015 

 

5.6 Preparation of Hyphodermin D, 50, stock solution. 

 

O

50

O
MeO

O
O

 

SMILES Code: CC(C2=C1C3=C(C(OC3OC)=O)C=C2)(C)C4C(O4)C1=O 

Hyphodermin D, 50, (2.47 mg, 9 μmol), DMSO (4.2 mL) and buffer A (1.72 mL) 

were used according to procedure 5.1 to make a 300 μM solution of 50.  The 300 

μM stock solution was serially diluted according to procedure 5.1 to give solutions 

of concentrations (μM): 150, 75, 37.5, 18.75, 9.38, 4.68, 2.34, 1.17, 0.59 and 0.29. 

 

5.7 Preparation of Hyphodermin A, 47, stock solution. 

 

O

47

O
HO

O
O
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SMILES Code: CC(C2=C1C3=C(C(OC3O)=O)C=C2)(C)C4C(O4)C1=O 

Hyphodermin A, 47, (0.98 mg, 3.75 μmol), DMSO (0.28 mL) and buffer A (1.72 

mL) were used according to procedure 5.1 to make a 1885 μM solution of 47.  The 

1885 μM stock solution was serially diluted according to procedure 5.1 to give 

solutions of concentrations (μM): 942.5, 471.3, 235.6, 117.8, 58.9, 29.5, 14.7, 

7.36.3.7, 0.74 and 0.34. 
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Chapter 6 Experimental 

6.1 Synthesis of N-boc proline benzyl ester (140) 

Cesium carbonate (456 mg, 1.4 mmol) was added to a solution of N-boc-proline, 

144, (300 mg, 1.4 mmol) in anhydrous methanol (3 mL) under a nitrogen 

atmosphere and the solution stirred for 20 min at room temperature.  The solvent 

was then removed in vacuo to give a white solid.  The solid was dissolved in 

anhydrous DMF (3 mL) and benzyl bromide (0.17 mL, 1 equiv) was added.  The 

solution was stirred under nitrogen atmosphere for 16 hrs at room temperature.  The 

reaction was worked up according to procedure 3.3.  The solvent removed in vacuo 

to give a colourless oil (431 mg).  Analysis of the crude oil by 1H NMR 

spectroscopy showed the presence of the desired compound in the presence of DMF.  

Purification by silica gel chromatography (ethyl acetate: hexane 1:1) gave pure N-

boc proline benzyl ester 140 (379 mg, 89%) as a colourless oil.  The 1H NMR 

spectrum of 140 was consistent with values reported in the literature.197 δH (200 

MHz, CDCl3) 1.35 (6H, s, 2 x CH3), 1.46 (3H, s, CH3), 1.80 – 2.00 (3H, m, 1 x H3’, 

2 x H4’), 2.19 – 2.30 (1H, m, 1 x H3’), 3.45 – 3.60 (2H, m, H5’), 4.27 (0.7H, dd, J = 

4, 8.6 Hz, H2’), 4.39 (0.3H, dd, J = 3.4, 9.2 Hz, H2’), 5.05 – 5.30 (2H, m, 

CH2C6H5), 7.36 (5H, m, C6H5). 

 

6.2 Synthesis of N-boc proline benzyl ester (140)  

DBU (212 mg, 1.4 mmol) was added to a solution of N-boc-proline, 144, (300 mg, 

1.4 mmol) in CH2Cl2 (3 mL) and the solution stirred for 2 hrs at room temperature.  

Benzyl bromide (0.17 mL, 1 equiv) was added and the solution stirred for 16 hrs at 
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room temperature.  The reaction was worked up according to procedure 4.2 (d).  The 

crude product was obtained as a colourless oil (468 mg).  Analysis of the crude oil 

by 1H NMR spectroscopy showed the presence N-boc proline benzyl ester 140 in the 

presence of solvent and DBU.  Purification by silica gel chromatography (ethyl 

acetate: hexane 1:1) gave pure 140 (366 mg, 86%), as a colourless oil.197  

 

6.3 Synthesis of (2S)-2-amino-4-bromo-butyric acid hydrobromide (146)  

(S)-(-)-α-Amino-γ-butyrolactone hydrobromide 145 (1 g, 4.4 mmol) was suspended 

in acetic acid saturated with hydrogen bromide (~33%) (8 mL).  The suspension was 

heated to 100 oC for 6 hrs under a nitrogen atmosphere and then allowed to cool over 

1 hr in an ice bath.  A white precipitate formed.  The precipitate was suspended in 

diethyl ether (anhydrous, 70 mL), the solid collected by vacuum filtration, washed 

with diethyl ether (40 mL) and dried under high vacuum to give (2S)-2-amino-4-

bromo-butyric acid hydrobromide 146 as a white solid (1.01 g, 88%).  The 1H NMR 

spectrum of 146 was consistent with those reported in the literature.180 δH (200 MHz, 

D2O) 2.25 - 2.55 (2H, m, H3), 3.47 – 3.62 (2H, m, H4), 4.12 (1H, dd, J = 6.6, 7 Hz, 

H2).  

 
6.4 Synthesis of (2S)-2-amino-4-bromo-butyric acid methyl ester (147) 

Thionyl chloride (0.1 mL, 1.6 equiv) was added to a solution of (2S)-2-amino-4-

bromo-butyric acid hydrobromide 146 (165 mg, 0.63 mmol) in anhydrous methanol 

(5 mL) at 0 oC under a nitrogen atmosphere.  The solution was warmed to room 

temperature and stirred for 16 hrs.  The solvent was removed to give (2S)-2-amino-

4-bromo-butyric acid methyl ester 147 as a pale yellow oil (162 mg, 94%).  The 1H 
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NMR spectrum of 147 was consistent with those reported in the literature.180  δH 

(200 MHz, D2O) 2.23 – 2.58 (2H, m, H3), 3.53 (2H, dd, J = 6.2, 7.2 Hz, H4), 3.76 

(3H, s, OCH3), 4.25 (1H, dd, J = 6, 6.8 Hz, H2).  

 

6.5 Synthesis of (2S)-2-benzyloxycarbonylamino-4-bromo-butyric acid methyl 

ester (141) 

A solution of sodium bicarbonate (100 mg, 1.2 mmol, 2 equiv) in deionised water (2 

mL) was added to a solution of methyl ester 147 (162 mg, 0.59 mmol) in deionised 

water/CH2Cl2 (4:3) at 0 oC followed by benzyl chloroformate (50% solution in 

toluene) (0.6 mL, 3.5 equiv).  The two phase emulsion was warmed to room 

temperature and stirred vigorously for 16 hrs.  The reaction was worked up 

according to procedure 3.3.  The crude material was obtained as a colourless oil (720 

mg).  Purification by silica gel chromatography (CH2Cl2) gave pure (2S)-2-

benzyloxycarbonylamino-4-bromo-butyric acid methyl ester 141 (164 mg, 84%) as a 

colourless oil.  The 1H NMR spectrum of 141 was consistent with those reported in 

the literature.180  δH (200 MHz, CDCl3) 2.20 – 2.50 (2H, m, H3), 3.43 (2H, dd, J = 7, 

7 Hz, H4), 3.78 (3H, s, OCH3), 4.53 (1H, m, H2), 5.13 (2H, s, CH2C6H5), 7.37 (5H, 

m, C6H5), NH not observed. 

 

6.6 Synthesis of (2S)-2-benzyloxycarbonylamino-4-bromo-butyric acid methyl 

ester (141)  

A solution of benzyl chloroformate (620 mg, 3.63 mmol), methyl ester 147 (722 mg, 

2.6 mmol) and triethylamine (490 mg, 4.84 mmol) in CH2Cl2 (20 mL) were stirred at 

room temperature for 4 hrs.  The reaction was worked up according to procedure 
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3.3.  The crude product was obtained as a colourless oil (1.05 g).  Purification by 

silica gel chromatography (ethyl acetate:hexane; 3:7) gave pure (2S)-2-

benzyloxycarbonylamino-4-bromo-butyric acid methyl ester 141 as a colourless oil 

(733 mg, 85%). 

 

6.7 Attempted synthesis of 2-benzyl 1-tert-butyl 2-(3-{[(benzyloxy)carbonyl] 

amino}-4-methoxy-4-oxobutyl)pyrrolidine-1,2-dicarboxylate (142)  

LDA (0.17 mL, 1 equiv, 2.5 M in THF) was added to a solution of benzyl ester 140 

(141 mg, 0.46 mmol) in THF (5 mL) at -78 oC over 5 min and the solution stirred at 

-78 oC for 1 hr.  A solution of carbamate 141 (152 mg, 0.46 mmol) in THF (3 mL) 

was added to the solution over 2 min and the solution allowed to stir for 4.5 hrs and 

warmed gradually to room temperature.  The reaction was worked up according to 

procedure 3.3.  The crude material was obtained as a colourless oil (254 mg).  

Analysis of the crude oil by 1H NMR spectroscopy showed unreacted benzyl ester 

140 (102 mg, 72% recovery) and carbamate 141 (152 mg, 100% recovery).  

 

6.8 Attempted synthesis of 2-benzyl 1-tert-butyl 2-(3-{[(benzyloxy)carbonyl] 

amino}-4-methoxy-4-oxobutyl)pyrrolidine-1,2-dicarboxylate (142) 

LiN(SiMe3)2 (0.26 ml, 0.26 mmol,p 1 M in THF) was added to a solution of benzyl  

ester 140 (81 mg, 0.26 mmol) in THF (4 mL) at 0 oC over 3 min and the solution 

stirred at 0 oC for 30 minutes under a nitrogen atmosphere.  Carbamate 141 (35 mg, 

0.106 mmol) was added and the reaction stirred for 16 hrs and warmed gradually to 

room temperature.  The reaction was worked up according to procedure 3.3.  The 

crude material was obtained as a clear oil (124 mg).  Analysis of the crude oil by 1H 
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NMR spectroscopy showed unreacted benzyl ester 140 (50 mg, 62% recovery) in the 

presence of solvent and HN(SiMe3)2. 

 

6.9 Attempted synthesis of 2-benzyl 1-tert-butyl 2-(3-{[(benzyloxy)carbonyl] 

amino}-4-methoxy-4-oxobutyl)pyrrolidine-1,2-dicarboxylate (142) 

LiN(SiMe3)2 (0.33 mmol, 0.33 mL, 1 M in THF) was added to a solution of benzyl 

ester 140 (100 mg, 0.327 mmol) in THF (7 mL) at 0 oC under a nitrogen atmosphere 

and stirred for 1 hr at 0 oC.  A solution of cabamate 141 (44 mg, 0.327 mmol) 

followed by HMPA (60 μL) was added and the reaction warmed to room 

temperature and stirred under nitrogen atmosphere for 16 hrs.  The solution was 

worked up according to procedure 3.3.  The crude material was obtained as a 

colourless oil (194 mg).  Analysis of the crude oil by 1H NMR spectroscopy showed 

unreacted benzyl ester 140 (87 mg, 87% recovery) and carbamate 141 (66 mg, 61% 

recovery). 

 

6.10 Synthesis of 1-tert-butyl 2-methyl 2-allylpyrrolidine-1,2-dicarboxylate 

(148)  

LiN(SiMe3)2 (1.27 mL, 1.27 mmol, 1 M in THF), benzyl ester 140 (381 mg, 1.25 

mmol) and allyl bromide (182 mg, 1.5 mmol) in THF (9 mL) were reacted and 

worked up according to procedure 6.8.  The crude product was obtained as a 

colourless oil (358 mg).  Analysis of the crude oil by 1H NMR spectroscopy showed 

67% conversion to allyl 1-tert-butyl 2-methyl 2-allylpyrrolidine-1,2-dicarboxylate 

148.  Purification by silica gel chromatography (ethyl acetate: hexane: triethylamine 

2.9: 7: 0.1) gave pure 1-tert-butyl 2-benzyl 2-allylpyrrolidine-1,2-dicarboxylate 148 
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as a colourless oil (171 mg, 47%).  λmax (film)/cm-1 2976 (w, br), 1740 (m), 1697 (s), 

1391 (s), 1166 (m); δH (400 MHz, CDCl3) 1.36 (6H, s, 2 x CH3), 1.42 (3H, s, CH3), 

1.76 - 1.85 (2H, m, H3’), 2.02 - 2.11 (2H, m, H4’), 2.54 - 2.70 (1H, m, 1 x 

CH2CH=CH2), 2.95 (0.5H, dd, J = 4.4, 9.8 Hz, CH2CH=CH2), 3.15 (0.5H, dd, J = 4, 

9.4 Hz, CH2CH=CH2), 3.24 - 3.42 (1H, m, 1 x H5’), 3.52 – 3 .72 (1H, m, 1 x H5’), 

5.05 – 5.22 (4H, m, CH2C6H5 and CH2CH=CH2), 5.75 (1H, m, CH2CH=CH2), 7.25 - 

7.37 (5H, m, C6H5); δC (150 MHz, CDCl3) 174.4 (C=OBn), 152.0 (C=OC(CH3)3), 

136.5 (ipso C6H5), 133.8 (CH2CH=CH2), 129.5 (meta C6H5), 128.3 (para C6H5), 

127.6 (ortho C6H5), 119.2 (CH2CH=CH2), 80.3 (C(CH3)3), 67.2 (C2), 66.8 

(CH2C6H5), 48.8 (C5), 39.5 (CH2CH=CH2), 37.4 (C3), 28.5 (3 x CH3), 22.9 (C4); 

ESMS (+ve) 346 (MH+, 100%) 352 (MLi+, 100%); Microanalysis calcd C20H27NO4 

C 69.54%, H 7.88%, N 4.05%; found C 69.40%, H 8.09%, N 3.80%. 

 

6.11 Synthesis of methyl 4-bromo-2-(dibenzylamino)butanoate (149)  

Benzaldehyde (223 mg, 2.1 mmol, 2.5 equiv) was added to a solution of the free 

amine of 147 (166 mg, 0.85 mmol) in CH2Cl2 (6 mL) and the solution stirred for 1 

hr.  Sodium triacetoxy borohydride (445 mg, 2.1 mmol, 2.5 equiv) was added and 

the suspension stirred at room temperature for 16 hrs.  Sodium carbonate (saturated, 

10 mL) was added and the biphasic suspension stirred for 1 hr and the aqueous 

phase was worked up according to procedure 3.3.  The crude product was obtained 

as a colourless oil (346 mg).  Analysis of the crude oil showed approximately 50% 

conversion to methyl 4-bromo-2-(dibenzylamino)butanoate 149.  The crude oil was 

retreated with sodium triacetoxy borohydride (445 mg) in CH2Cl2 (6 mL) and stirred 

at room temperature for 16 hrs.  The solution worked up as above and the crude 
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product obtained as a colourless oil (322 mg).  Analysis of the crude oil by 1H NMR 

spectroscopy showed complete conversion methyl 4-bromo-2-

(dibenzylamino)butanoate 149 in the presence of benzyl alcohol.  Purification of the 

crude product by silica gel chromatography (ethyl acetate:hexane:triethyl amine 

29:70:1) gave pure methyl 4-bromo-2-(dibenzylamino)butanoate 149 (166 mg, 52%) 

as a colourless oil.  λmax (neat)/cm-1 3027 (m), 2949 (m, br), 1733 (s), 1457 (s), 1155 

(m); δH (400 MHz, CDCl3) 2.15 – 2.35 (2H, m, 2 x 3), 3.34 – 3.50 (2H, m, 2 x H4), 

3.56 - 3.60 (3H, m, H2 and CH2C6H5), 3.79 (3H, s, OCH3), 3.89 (2H, d, J = 13.6 Hz, 

2 x CH2C6H5), 7.24 – 7.29 (2H, m, 2 x C6H5), 7.33 – 7.37 (8H, m, C6H5);  δC (100 

MHz, CDCl3) 172.6 (C=O), 139.2 (ipso C6H5), 129.1 (ortho C6H5), 128.5 (meta 

C6H5), 127.4 (para C6H5), 59.5 (C2), 54.9 (CH2C6H6), 51.5 (OCH3), 33.0 (C3), 30.2 

(C4); ESMS (+ve) 376 (79MH+, 100%), 378 (81MH+, 97%); Microanalysis calcd 

C19H22BrNO2 C 60.65%, H 5.89%, N 3.72%, found C 60.95%, H 6.16%, N 3.78%. 

 

6.12 Attempted synthesis of 1-tert-butyl 2-methyl 2-[3-(dibenzylamino)-4-

methoxy-4-oxobutyl]pyrrolidine-1,2-dicarboxylate (150)  

LiN(SiMe3)2 (0.5 mmol, 0.5 mL, 1 M in THF), benzyl ester 140 (146 mg, 0.46 

mmol) in THF (6 mL) at 0 oC and dibenzyl amine 149 (125 mg, 0.33 mmol) in THF 

(10 mL) were reacted and worked up according to procedure 6.8.  The crude product 

was obtained as a colourless oil (150 mg).  Analysis of the crude oil by 1H NMR 

spectroscopy showed unreacted benzyl ester 140 and dibenzyl amine 149 in a 1:1 

ratio. 

 

6.13 Synthesis of N-boc proline methyl ester (153)  
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Cesium carbonate (756 mg, 2.3 mmol), N-Boc-proline, 144, (500 mg, 2.33 mmol) 

and methyl iodide (364 mg, 2.56 mmol, 0.16 mmol) were reacted and worked up 

according to procedure 6.1.  The crude product was obtained as a colourless oil (692 

mg).  Analysis of the crude oil by 1H NMR spectroscopy indicated the formation of 

methyl ester 153 in the presence of DMF.  Purification by silica gel chromatography 

(ethyl acetate: hexane: triethylamine; 29: 70: 1) gave pure N-boc proline methyl 

ester 153 (509 mg, 95%).  The 1H NMR spectrum of the purified product was 

consistent with that reported in the literature.198  δH (200 MHz, CDCl3) 1.40 (6H, s, 2 

x CH3), 1.47 (3H, s, 1 x CH3), 1.85 - 2.07 (3H, m, 2 x H4, 1 x H3’), 2.15 - 2.27 (1H, 

m, 1 x H3’), 3.35 – 3.60 (2H, m, 2 x H5’), 3.73 (3H, s, OCH3), 4.23 (0.7H, dd, J = 

4.2, 8.6 Hz, H2’), 4.33 (0.3H, dd, J = 3.2, 7.6 Hz, H2’).   

 

6.14 Attempted 1-tert-butyl 2-methyl 2-(3-oxobutyl)pyrrolidine-1,2-

dicarboxylate (155) 

(a) at 0 oC 

Methyl ester 153 (100 mg, 0.44 mmol) in THF (4 mL), LiN(SiMe3)2 (0.44 mL, 0.44 

mmol, 1 M in THF) and methyl acrylate 154 (38 mg, 0.435 mmol) were reacted and 

worked up according to procedure 6.8.  The crude material was obtained as a yellow 

oil (42 mg).  Analysis of the crude oil by 1H NMR spectroscopy showed unreacted 

methyl ester 153 (42% recovery). 

 

(b) With CuI at 0 oC 

LiN(SiMe3)2 (0.87 mL, 0.87 mmol, 1 M in THF) was added to methyl ester 153 (200 

mg, 0.87 mmol) in THF (6 mL) at 0 oC and the solution stirred for 30 min.  Copper 
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(I) iodide (82 mg, 0.43 mmol) was added to the solution and the reaction stirred for 

15 min at 0 oC followed by addition of methyl acrylate 154 (38 mg, 0.44 mmol).  

The reaction was worked up according to procedure 6.8.  The crude material was 

obtained as a pale yellow oil (152 mg).  Analysis of the crude oil by 1H NMR 

spectroscopy showed unreacted methyl ester 153 (76% recovery). 

 

6.16 Synthesis of (2S)-2-benzyloxycarbonylamino-4-iodo-butyric acid methyl 

ester (157)  

Sodium iodide (66.5 mg, 0.406 mmol) was added to a solution of carbamate 141 

(134 mg, 0.406 mmol) in acetone (3 mL) and the solution stirred at room 

temperature for 16 hrs under a nitrogen atmosphere.  Dichloromethane (5 mL) was 

added and the suspension filtered through celite.  The filtrate was reduced to dryness 

under reduced pressure to give crude (2S)-2-benzyloxycarbonylamino-4-iodo-

butyric acid methyl ester 157 as an unstable a pale yellow oil (166 mg).199,200  δH 

(200 MHz, CDCl3) 2.30 - 2.51 (2H, m, H3), 3.17 (2H, t, J = 6 Hz, H4), 3.69 (3H, s, 

OCH3), 4.37 - 4.51 (1H, m, H2), 5.13 (2H, s, CH2C6H5), 5.38 (1H, br, Wh/2 = 12 Hz, 

NH), 7.35 (5H, m, C6H5); ESMS (+ve) 400 (MNa+, 100%). 

 

6.17 Attempted synthesis of 2-benzyl 1-tert-butyl 2-(3-{[(benzyloxy)carbonyl] 

amino}-4-methoxy-4-oxobutyl)pyrrolidine-1,2-dicarboxylate (158) 

LiN(SiMe3)2 (0.41 mL, 0.41 mmol, 1 M in THF), methyl ester 153 (93 mg, 0.406 

mmol) in THF (3 mL) at 0 oC, and freshly prepared iodo carbamate 157 (166 mg, 

0.4 mmol) were reacted and worked up according to procedure 6.8.  The crude 

material was obtained as a pale yellow oil (78 mg).  Analysis of the crude oil by 1H 
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NMR spectroscopy showed unreacted methyl ester 153 (41 mg, 45% recovery) and 

iodo carbamate 157 (33 mg, 22% recovery) 

 

6.19 Synthesis of 1-benzyloxycarbonylamino-cyclopropanecarboxylic acid 

methyl ester (161) 

Carbamate 141 (55 mg, 0.17 mmol) in THF (4 mL) at 0 oC, LiN(SiMe3)2 (0.17 mL, 

1 equiv, 1 M in THF) and benzyl bromide (30 mg, 0.17 mmol) were reacted and 

worked up according to procedure 6.8.  The crude product was obtained as white 

solid (100 mg).  Analysis of the crude solid by 1H NMR spectroscopy showed the 

formation of 1-benzyloxycarbonylamino-cyclopropanecarboxylic acid methyl ester 

161 in the presence of benzyl alcohol and LiN(SiMe3)2.  Purification by silica gel 

chromatography (ethyl acetate: hexane: triethylamine; 29:70:1) gave pure 1-

benzyloxycarbonylamino-cyclopropanecarboxylic acid methyl ester 161 (32 mg, 

76%) as a white powder.  The 1H NMR spectrum was consistent with the values 

reported in the literature.188  δH (200 MHz, CDCl3) 1.21 (2H, m, 1 x H2 and 1 x H3), 

1.56 (2H, m, 1 x H2 and 1 x H3), 3.69 (3H, s, OCH3), 5.13 (2H, s, CH2C6H5), 5.34 

(1H, br, s, Wh/2 = 6 Hz, NH), 7.35 (5H, m, C6H5).  
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“Phew! For a minute there I lost myself.” 

T. Yorke – “Karma Police” 
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X-ray Crystallography 

Data Collection, structure solution and refinement 

Unique data sets for compounds 48, 105, 113, 121 and 161 were measured at 295 K, 

within 2θmax = 50o using a Rigaku AFC7R four circle diffractometer (ω - 2θ scan 

mode, monochromated Mo-Kα radiation λ = 0.71069 Å) yielding N independent 

reflections, No with I > 2σ(I) being considered ‘observed’.  The structures were 

solved by direct methods and refined by full matrix least squares refinement on |F|.  

Positional and anisotropic thermal parameters were refined for non-hydrogen atoms.  

Position of hydrogen atoms were geometrically calculated and included in 

refinement and constrained with estimated isotropic thermal parameters.  The 

hydroxyl hydrogens were located from difference Fourier maps.  Weights derivative 

of w = 1/[σ2(F)] were employed.  Conventional residuals R, Rw, on |F| at 

convergence are quoted.  Neutral atom complex scattering factors were employed. 

Computation used the TeXsan,201 SHELX-97 program systems,202 ORTEP-3203 and 

PLATON software.204 
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(±)-Hyphodermin B, 48. 

 

 

48 (30% ellipsoids are shown) 

 

Slow evaporation of a chloroform solution of 48 gave (±)-Hyphodermin B, 48, as 

pale yellow plates.  m.p. 200 oC (dec.);  C14H14O4 M = 246.08; Crystal Type: 

monoclinic; Space Group P 21/a; a = 15.973 (5) ; b  = 7.227 (3); c = 10.649 (3) Å; β 

= 91.00 (2), V = 1226.3 (7), Z = 4, Dc = 1.334 g cm-3, μ(Mo Kα) =  0.098 mm-1, 

Crystal size 0.500 x 0.300 x 0.300 mm, N = 2163, No = 1241, R = 0.0768, Rw = 

0.2646. 
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7-Bromo-1-(ethoxycarbonyl)-5,5-dimethyl-8-oxo-5,6,7,8-

tetrahydronaphthalene-2-carboxylic acid 105 

 

 

105 (30% ellipsoids are shown) 

 

Slow evaporation of an ethanolic solution of 105 gave 7-bromo-1-(ethoxycarbonyl)-

5,5-dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-2-carboxylic acid 105 as 

colourless blocks.  m.p. 121 oC;  C16H17O5Br1 M = 369.20; Crystal Type: 

orthorhombic; Space Group: Pbca; a = 15.916 (6); b  = 19.022 (10); c = 10.736 (5) 

Å; β = 90o, V = 3250 (3), Z = 8, Dc = 1.509 g cm-3; μ(Mo Kα) = 2.549 mm-1, Crystal 

size 0.300 x 0.300 x 0.250 mm; N = 2861; No = 1582; R = 0.0526; Rw =  0.1621. 
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1-Hydroxy-6,6-dimethylnaphtho[1,2-c]furan-3,9(1H,6H)-dione 113 

 

 

 

113 (30% ellipsoids are shown) 

 

Slow evaporation of a chloroform solution of 113  gave 1-hydroxy-6,6-

dimethylnaphtho[1,2-c]furan-3,9(1H,6H)-dione 113  as pale orange plates.  m.p. 179 

– 181 oC (dec.); C14H12O4 M = 244.24; Crystal Type: monoclinic; Space Group: 

P21/c; a = 10.4825 (13); b  = 7.0735 (17); c = 16.081 (3) Å; β = 90.556 (12)o; V = 

11.92.3 (4); Z = 4; Dc = 1.361 g cm-3; μ(Mo Kα) = 0.100 mm-1; Crystal size 0.450 x 

0.400 x 0.150 mm; N = 2100; No = 1441; R = 0.0596; Rw = 0.1794. 
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6,6-Dimethyl-3,9-dioxo-1,3,6,9-tetrahydronaphtho[1,2-c]furan-1-yl acetate 121 

 

 

121 (30% ellipsoids are shown) 

 

Slow evaporation of an ethyl acetate/hexane (1:1) solution of 121 gave 6,6-

Dimethyl-3,9-dioxo-1,3,6,9-tetrahydronaphtho[1,2-c]furan-1-yl acetate 121 as 

colourless prisms.  m.p. 176 – 178 oC;  C16H14O5 M = 286.08; Crystal Type: 

monoclinic; Space Group: C2/c; a = 16.557(2); b  = 11.614 (3); c = 14.704 (2) Å; β 

= 97.413 (12)o; V = 2803.8 (9); Z = 8; Dc = 1.356 g cm-3; μ(Mo Kα) = 0.101 mm-1; 

Crystal size 0.250 x 0.250 x 0.200 mm; N = 2457; No = 1110; R = 0.0511; Rw = 

0.1681.  
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1-Benzyloxycarbonylamino-cyclopropanecarboxylic acid methyl ester 161 

 

161 (30% ellipsoids are shown) 

 

Slow evaporation of a toluene solution of 161 gave 1-benzyloxycarbonylamino-

cyclopropanecarboxylic acid methyl ester 161188 as colourless blocks.  m.p. 92 – 94 

oC; C13H15NO4 M = 249.26; Crystal Type: monoclinic; Space Group: P21/a; a = 

19.830 (7); b  = 7.631 (2); c = 8.229 (2) Å; β = 93.01 (2)o; V = 1254.1 (6); Z = 4; Dc 

= 1.320 g cm-3; μ(Mo Kα) = 0.098 mm-1; Crystal size 0.400 x 0.300 x 0.300 mm; N = 

2881; No = 1797; R = 0.0497; Rw = 0.1650. 
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Publication Reprints 

 



 
 
 

The Publication Reprints have not been shown here due to copyright reasons.   

Please view the following citations for full text articles: 

 

1. An Efficient Formal Synthesis of (±)-Hyphodermin B 

Henderson, L. C.; Loughlin, W. A.; Jenkins, I. D.; Healy, P. C.; Campitelli, M. R. J. 

Org. Chem. 2006, 71, 2384-2388. 

 

2. (±)-1-Hydroxy-6,6-dimethyl-1H,6H-naphtho[1,2-c]furan-3,9-dione 

Henderson, L. C.; Loughlin, W. A.; Jenkins, I. D.; Healy, P. C. Acta Cryst., Sect. E: 

Struct. Rep. Online. 2006, E62(4), o1440-o1442. 
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