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[bookmark: _Toc167702637]Abstract
This work details the approach to produce berkeleyamide A, a known anti-inflammatory molecule. There are three synthetic routes to make this compound, but all use a chiral pool approach and have limited ability to change the functional groups on the molecule. Therefore, it was not possible to produce similar molecules and test for anti-inflammatory capabilities at lower concentrations. 
This thesis sets out to identify a more flexible method to produce berkeleyamide A, allowing the modification of functional groups of the compound and increasing the yield of the final product. By enabling the production of berkeleyamide A compounds with differing functional groups, this work opens up future research into these substituted group berkeleyamide A compounds as anti-inflammatory agents.
This work uses anthracene and anthrone as auxiliaries which are attached to maleimide upon which desymmetrisation reactions can be performed. To attach anthracene and its derivatives to maleimide a Diels-Alder reaction was used. The desymmetrisation reactions performed on maleimide included a Grignard reaction and reduction reactions. 
To remove the anthracene auxiliary a retro Diels-Alder reaction would be required. The most common method to accomplish this is to use FVP but this method requires expensive specialised equipment so other methods were used. A microwave reactor was used but again, this method required high temperatures. An oxyanion-initiated retro Diels-Alder reaction was performed which required swapping the anthracene auxiliary for an anthrone auxiliary. The oxyanion retro Diels-Alder reaction was performed using potassium hydride with good yields (72-74%).
The synthesis proposed in this report makes a common intermediate with a literature synthesis to make berkeleyamide A and improves upon the yield of the literature synthesis. The reported literature yield for the common intermediate was 22% and the yield of the synthesis detailed in this report was 27%, although this was racemic.


[bookmark: _Toc167702638]Introduction
[bookmark: _Toc77751906][bookmark: _Toc167702639]History of natural compounds used in medicines
Using natural products for medicinal purposes has taken place for tens of thousands of years.1 One of the oldest medical records comes from about 2600 BC in ancient Mesopotamia.2 This text describes 1000 plants or substances derived from these plants that were used to treat illnesses, for example oils of the Cedrus species (Figure 1, ricinoleic acid triglyceride 1) which are still used today to help treat coughs, bronchitis and joint pain.3 Ricinoleic acid triglyceride 1 consists of three 18-carbon chains each containing a Z-alkene and an (R)-hydroxyl group. The Commiphora species (e.g. myrrhanol A 2) also comes from Mesopotamia, it is still used today to treat coughs, colds,4 and inflammation (IC50 of 2.80 µmol/kg).4 Myrrhanol A 2 contains two fused cyclohexane rings attached to an unsaturated 13-carbon chain. Another ancient medical record was the Egyptian Ebers Papuris5 from 1550 BC, which contains 800 natural products that were used as medicines, some of which are Aloe vera, Boswellia carteri (frankincense)6 and germacrene D7 3 which was used as a laxative. A Greek physician around the 4th century BC recorded 400 natural agents in Corpus Hippocraticum;8 one of the substances recorded was melon juice which was also used as a laxative.2 In these ancient records the plant or its derivatives were used as the medicine.


[bookmark: _Ref75416167][bookmark: _Toc75872137]Figure 1 Chemical structure of some of the medicines (cedar 1, myrrh 2 and castor oil 3) used in ancient records 
[bookmark: _Hlk167685469]Antibacterial agents can be produced from fungi,9 plants,10 bacteria11 and some animals12 to kill or slow the growth of competitive bacteria. These antibacterial agents have been used in modern medicine as antibiotics. Penicillin 4 (Figure 2) is a well-known antibiotic produced from the fungus Penicillium notatum which kills Gram positive bacteria.13 Plants also produce secondary metabolites, an example is artemisinin 5 which is a sesquiterpene lactone (Figure 2) derived from sweet wormwood plant.14 The plant uses artemisinin 5 to kill off parasites that are on the plant. The sweet wormwood plant was used in Chinese traditional medicine for over 2000 years to treat symptoms of malaria.15 It was only in 1979 that the compound artemisinin 5 was extracted from the plant16 and used in modern medicine in 1990 to treat malaria in combination with other drugs.


[bookmark: _Ref74567001][bookmark: _Toc75872138]Figure 2 Structures of secondary metabolites, penicillin G 4 and artemisinin 5
It is only in the last 50 years17 that there has been enough technical development to purify and characterise the compounds in these medicinal plants. This has led to a greater understanding of which compounds are producing the desirable therapeutic effects that have been seen in medicinal plants. These natural products tend to contain high scaffold diversity and structural complexities, some of which come from the high number of sp3 carbon centres that these natural products tend to contain.18 The structural diversity contained in the natural products can be useful in drug discovery where many structurally varied compounds are screened against a certain receptor to identify compounds that induce the desired activity.19 
It is estimated that about 60% of drugs currently used are either directly or indirectly derived from natural products.20 Using natural products as a starting point in drug discovery increases the chances of finding a physiologically active compound, because the organism synthesising the compounds gains an evolutionary advantage by producing physiologically active compounds. Most natural products contain stereogenic centres where only one enantiomer can activate a certain receptor.21 The compounds that are naturally synthesised tend to be made in small quantities and can be difficult or expensive to purify. Consequently, obtaining useful amounts of these compounds requires a large number of the organisms to produce them, which could lead to over harvesting of this organism. To avoid this problem developing a synthetic route is needed to make these compounds.22 
[bookmark: _Toc77751907][bookmark: _Toc167702640]Extremophiles 
Recently the search for novel physiologically active compounds has been extended to extreme environments (e.g. temperature,23 pH,24 pressure25 or high concentrations of metals26). Microbes that grow in these extreme environments are called extremophiles, where there is increased competition for limited resources (e.g. nutrients or space). The extremophiles produce primary and secondary metabolites, the primary metabolites are used for the normal growth, development and reproduction of the organism,27 and the secondary metabolites are used to gain a competitive advantage over other organisms, either in the form of defence or to kill other organisms.28 
[bookmark: _Toc77751908][bookmark: _Toc167702641]Berkeley Pit
Berkeley Pit is an extreme environment in Montana which was formed in 1982 when copper mining was stopped, and the open topped pit subsequently filled with water, forming a lake. The lake is 1.5 miles long and 548 meters deep and contains over 30 billion gallons of acidic (pH 2) water which contains high concentrations of copper, cadmium and arsenic.29 Extremophiles need to adapt to the acidity because the intramolecular interactions (e.g. hydrogen bonding) of amino acids in a peptide chain could be disrupted. This is likely to cause changes in the folding patterns of the peptide chain leading to a change in shape. In turn this could affect the shape of the active sites in enzymes which could cause them to no longer be optimally formed for the interaction with substrates.30
[bookmark: _Hlk75419202]There have been over 70 unique extremophiles isolated from the lake, of which 36 have been grown in cultures, with 6 of these microbes having their secondary metabolites studied thoroughly,31 some have been shown to have anticancer and antimicrobial activity.32 Penicillium rubrum was one of the first extremophilic microbes isolated from this lake by Stierles et al.33 and was found at a depth of 270 meters in 2004. Some secondary metabolites produced from Penicillium rubrum were berkeleytrione 6 and berkeleydione 733 (Figure 3). These compounds are hybrid polyketide-terpenoids containing multiple fused 6 and 7 membered rings and were shown to inhibit matrix metalloproteinase-3 and caspase-1. berkeleytrione 6 showed activity against non-small-cell lung cancer.33 Two years later Stierles et al.32 isolated berkeleyamides A-D (8-11), berkeleycetal 12 and berkeleyone 13 from Penicillium rubrum (Figure 3) which have all shown some activity against caspase-1.32 Chlorella mutabilis was isolated from the lake in 2006 and was found to produce the secondary metabolite berkelic acid 14 with a rare chloroman spiroketal arrangement. berkelic acid 14 was shown to also have activity against caspase-1 and matrix metalloproteinase-3.


[bookmark: _Ref56165617][bookmark: _Ref56165610][bookmark: _Toc75872139]Figure 3 Structure of berkeleytrione 6, berkeleydione 7, berkeleyamide A-D (8-11), berkeleycetal A 12, berkeleyone A 13 and berkelic acid 14. Highlighting the stereogenic centres in berkeleyamide A 8
[bookmark: _Toc167702642]Berkeleyamide A biological background
This work studies berkeleyamide A 8 (Figure 3), a compound which contains three stereogenic centres (10S, 11R, 14S)29 and a pyrrolidone motif. berkeleyamide A 8 has been shown to have inhibitory activity against matrix metalloproteinase-3 (log10 GI100 value of 10 μM against small lung cancer NCI-H522 and log10 GI50 value of 10 μM against renal carcinoma UO-31)34, 35 and caspase-1 (IC50 value of 0.33 µM).36,37 
Matrix metalloproteinase-3 tends to be unregulated in cancerous cells and berkeleyamide A 8 inhibits the proteolytic enzymes that are used in these cancerous cells to increase the metastatic spread. Caspase-1 is a cysteine protease involved in the activation of interleukin-1β into the mature monocytes form. Caspase-1 inhibitors have shown to delay autoimmune diseases such as Huntington’s disease. Caspase-1 has also shown to have a role in the synthesis of interferon gamma inducing factor (IGIF) which regulates several inflammatory pathways.38 The long term damage from these inflammatory diseases are critical in chronic obstructive pulmonary disease, asthma and rheumatoid arthritis.39 
[bookmark: _Toc167702643]Asymmetric synthesis
Asymmetric synthesis is important due to the need for absolute stereochemical control when making drugs and agrochemicals.40 Receptors in biological systems can be sensitive to the stereochemistry of the molecule as well as the overall structure, so only one enantiomer is likely to activate the desired receptor with the other enantiomer potentially activating a different receptor resulting in a different physiological effect. A well-known example of different enantiomers activating different receptors is the drug thalidomide (Figure 4), where isomer (R)15 produced the desired effect of stopping morning sickness but isomer (S)15 caused limb malformation in foetuses.41 Producing enantiomerically pure drugs may decrease the side effects and the dosage of a given drug as it now has increased activity compared to the racemic material.42


[bookmark: _Ref74566281][bookmark: _Toc75872140]Figure 4 (R) and (S) enantiomers of Thalidomide
When synthesising chiral molecules in a non-asymmetric environment, racemic mixtures form. These racemic mixtures cannot be separate when not in a chiral environment because enantiomers have the same chemical and physical properties. This means special methods are needed to synthesise enantiomerically pure compounds. 
Asymmetric synthesis controls the configuration of new stereogenic centres being formed in a reaction or a sequence of reactions. There are a variety of methods commonly used to achieve enantiomerically pure compounds:
[bookmark: _Toc167702644]Physical resolution
Crystallisation
Crystallisation relies on differences in the solubility of enantiomers in different solvents. To enhance these differences, enantiomers are first converted to diastereomeric salts using a chiral resolving agent. The resulting diastereomers have different solubilities and will crystallize separately under different conditions. 43
Chiral High-Performance Liquid Chromatography
[bookmark: _Hlk167686558]This method uses a chiral stationary phase that interacts differently with each enantiomer. The most common chiral stationary phase is made from sugars such as amylose cellulose or cyclodextrin.44 These interactions cause differences in the retention times of the enantiomers, allowing them to be separated as they pass through the column.
[bookmark: _Toc167702645]Chemical resolution
The most common method to carry out chemical resolution is by converting the racemic mixture into diastereoisomers by using a resolving agent.45 Diastereoisomers have different physical properties so may be separated by recrystallisation or flash column chromatography and subsequently converted back to the original enantiomers. This method relies on the different physical properties of the diastereomeric products. As this resolution method often occurs at the end of the synthesis, half of the racemic product is often thrown away, which leads to the method having poor cost effectiveness. An example of this method uses o-methylmandelic chloride 1746 (Scheme 1) which is an acid chloride. Acid chloride 17 will react with alcohol 16 of unknown stereochemistry to form diastereoisomers of esters (R)18 and (S)18. The diastereoisomers have different physical properties so can be separated by flash column chromatography then hydrolysed back to the enantiomerically pure alcohols (R)19 and (S)19.


[bookmark: _Ref158817790]Scheme 1 Chemical resolution of 2-pentanol 16
[bookmark: _Toc167702646]Kinetic resolution 
Kinetic resolution relies upon the different rates of reaction of each enantiomer in the starting material when there is a chiral catalyst or reagent present. This results in one enantiomer of the starting material having an increased reaction rate compared to the other enantiomer, resulting in an enantiomerically enriched product. The conditions chosen would selectively increase the rate of reaction with the desired enantiomer. The catalyst can be regenerated and used again in another reaction cycle. An example of this being used during the Noyori asymmetric hydrogenation47 of ketones (Scheme 2). 
Using the chiral catalyst Ru[(R)-BINAP]X2, where X is a halogen, causes the diastereoisomer complex to react faster producing alcohol (R,R)20. This is because the transition state energy decreases compared to the diastereoisomer complex that produces alcohol (S,R)20.

[bookmark: _Ref159839014][bookmark: _Ref76484483]Scheme 2 Noyori asymmetric hydrogenation of ketones with a free energy diagram47
[bookmark: _Toc167702647]Chiral pool synthesis 
Chiral pool synthesis requires starting with enantiopure compounds obtained from biological or natural sources. Examples of these enantiopure compounds are amino acids and sugars which tend to be inexpensive but if the starting material is not naturally occurring then it can be expensive to purchase. 
The chiral pool synthesis to form an O-ethylated from of N-acylated pyrrolidine-2,4-diones (Scheme 3) started with protecting the chiral amino acid, L-phenylalanine 2348 with Boc2O followed by the addition of EDC and condensation with Meldrum’s acid. Boc protected amine 24 was cyclised followed by Boc deprotection to give pyrrolidinedione 26 with an 86% yield over the two steps and a 99% ee.


[bookmark: _Ref75436336]Scheme 3 Chiral pool synthesis example utilising a chiral amino acid to give the desired stereochemistry. 
Pyrrolidinedione 26 was deprotonated using KHMDS followed by alkylation using 18-crown-6 to attach ethyl tosylate to make O-ethylated lactam 27. KHMDS was used for the deprotonation step rather than LiHMDS or nBuLi because they were found to cause racemisation.
The chiral pool strategy is the simplest approach but the number of reactions that can be used will be restricted to those not affecting the stereogenic centre in the molecule and so transforming the material into a single isomer product. For this method to be useful the desired product would have to resemble one of the enantiomerically pure starting materials. 
[bookmark: _Toc167702648]Chiral catalysts

Chiral catalysts (Figure 5) can use steric hindrance or coordination complexes to direct reagents towards attacking compounds from a certain face. 
[bookmark: _Ref142032741]Figure 5 Examples of chiral catalyst 49,50,51
Rhodium catalyst 32 (Scheme 4) is an example of a coordination complex directing a hydrogenation reaction. Rhodium catalyst 32 coordinates between its PiBu2 and the Ph in piperazine 31 to direct the reduction resulting in the product 33 with a yield of 96% and 97% ee.52 Asymmetric hydrogenation has been shown to occur on pyrrole-2-carboxylate53 34 (Scheme 4) using ruthenium catalyst complexed with the trans chelating biphosphine phTRAP 35, which reduced pyrrole 34 in 92% yield with an ee of 73%.


[bookmark: _Ref141972883]Scheme 4 Using rhodium and ruthenium complexes to asymmetrically reduce alkenes
CBS catalyst 37 has been shown to catalyse the asymmetric reduction of imide 38 when using borane (Scheme 5).54 The product is a mixture of cis and trans-5-hydroxy-2-pyrrolidinones 39 which could then be reacted with an acid in ethanol to give single enantiomer 40 with an overall yield of 73% yield and an ee of 75%.


[bookmark: _Ref140757186]Scheme 5 Use of a CBS catalyst to reduce imines
[bookmark: _Hlk167688692]Other types of chiral organocatalysts are secondary amines, phosphoric acids, ureas and thioureas.55 These catalysts can be relatively inexpensive and environmentally friendly. Enzymes are also very good chiral organocatalysts as they contain chiral active sites that tend to only work with one enantiomer.55 When using simpler organisms, the entire cell can be used as a biocatalyst, eliminating the need to isolate and purify the enzyme.56 This approach is especially beneficial when the reaction requires multiple enzymes.
The upside of using chiral catalysts are that only sub-stoichiometric amounts (normally less than 1 mol%) of the chiral catalysts are needed for high enantioselectivity and some can be reused in other reactions which means that using a chiral catalyst on a small scale does not end up being too expensive.57 Due to there being a wide range of chiral catalysts that have been synthesised there is greater freedom of the reactions that can occur. This method is often hard to scale up due to the catalyst, ligands and metal precursors being expensive on a large scale. The catalysts can sometimes be difficult to separate, and the heavy metals in some of the catalysts can be toxic. If the catalyst is not commercially available there is also the time factor for the synthesis of the catalyst. 
[bookmark: _Toc167702649]Chiral auxiliaries
Chiral auxiliaries require the temporary attachment of an enantiomerically pure compound (chiral auxiliary) to the starting material. When a reaction is performed on the compound that is attached to an auxiliary, one diastereoisomer will be formed over the other, due to sterically bulky groups or directing groups. After the reactions have been performed, the chiral auxiliary is removed without loss of enantiomeric purity. An advantage of using this method is that diastereoisomers are formed, so can be separated. This method requires additional steps to add and remove the auxiliary which will result in some loss of product. To avoid accidental cleavage of the auxiliary, the range of transformations may be limited. This method is still very versatile compared to other chiral methods and can sometimes be the only method available to produce enantiomerically pure compounds. If the chiral auxiliary cannot be reused the method is expensive, especially as stoichiometric amounts of the auxiliary are required. The chiral auxiliary must be inexpensive in its enantiomerically pure form to make it economically viable. 
Commonly used auxiliaries are 2-oxazolidinones 41 and 42 (Scheme 6). A chiral auxiliary can be used to control the stereochemistry of a reduction reaction on pyrrole (Scheme 6).58 The chiral auxiliary, trans-2-(α-cumyl)cyclohexanol, was attached to carboxylic acid 43 using potassium hydroxide and oxalyl chloride. The nitrogen was subsequently protected making ester 44 with a 90% yield. A Birch reduction was performed using lithium metal and (MeOCH2CH2)2NH in liquid ammonia and THF at 
-78 °C. (MeOCH2CH2)2NH was used in the reaction mixture to reduce the amount of deprotection occurring on ester 44 due to the sodamide (NaNH2) that was formed in the reaction.59 (MeOCH2CH2)2NH reacts with ammonia which will produce a less reactive anion that cannot remove the Boc group. The reduction was quenched using benzyl bromide with 87% yield of pyrroline 45 followed by the removal of the auxiliary which was achieved in 79% yield and 92% ee.


[bookmark: _Ref75438882]Scheme 6 Chiral auxiliary examples (41, 42), attaching and using a chiral auxiliary to control a reduction reaction followed by removal of the auxiliary
[bookmark: _Toc167702650]Use of anthracene as an auxiliary
Anthracene 47 has been used as an auxiliary to promote stereoselective reactions because of its bulky nature hindering incoming molecules from attacking the face of the compound closest to the aryl substituent. To attach anthracene 47 a Diels-Alder reaction would be used. These reactions tend to be high yielding. The advantage of using an anthracene 47 derivative instead of the usual oxazolidinones (Scheme 6) as auxiliaries are the different variety of reactions that can be used. Oxazolidinones tend to require molecules containing acyl groups, but anthracene 47 containing compounds can react with functional alkenes and alkanes. 
Anthracene 47 has been shown to under go a high yielding Diels-Alder reaction using an enantiomerically pure chiral acrylate (Scheme 7). Helmchen et al.60 performed a Diels-Alder reaction between (R)-pantolactone derivative 48 and anthracene 47 to make esters 49 with a ratio of 96.5:3.5 (S,R:R,R). The selectivity was further improved after crystallisation to give a diastereoselectivity of 99.5:0.5. Ester (S,R)49 was then converted to aldehyde 50 over three steps.
After the addition of a Grignard reagent, two isomers 51 were produced in a 78% yield with a ratio of 1:2.6 (R,S:R,R). Isomers 51 were then separated and O-silylated followed by a retro Diels-Alder reaction using flash vacuum pyrolysis (FVP) at 600 °C and 0.005 mm Hg. During the retro Diels-Alder reaction there was no evidence of racemisation occurring. The main disadvantage of the method is that the stereodirecting group on the acrylate required removal before further reactions could occur.

[bookmark: _Ref142139885]Scheme 7 Diels-Alder reaction between anthracene 47 and chiral acrylate 48
Furanone 54 and substituted anthracene 53 (Scheme 8)61 were reacted together by a Diels-Alder reaction to give a mixture of two inseparable regioisomers with a ratio of 6:1 for isomers 55 and 56. The diastereoselectivity of the Diels-Alder reaction is rationalised due to electrostatic repulsion between the carbonyl groups and the highly electronegative fluoromethyl group. This repulsion would cause the dienophile to attack with the carbonyl group pointing away from it. Major isomer 55 was favoured as the acetoxy group had less interaction with the larger C9 substituent on anthracene. Isomers 55 and 56 were unable to be separated so no diastereoselectivity was recorded between the isomers. Isomers 55 and 56 underwent a Grignard reaction and the isomers were separated to give cycloadduct 57. A retro Diels-Alder reaction was performed on the major isomer 57 by heating to 190 °C under a vacuum to produce lactone 58 in a yield of 67%.

[bookmark: _Ref159839128]Scheme 8 Using anthracene derivative to control the direction of Grignard reagent attacking
Anthracene derivative 59 was used as a template so that a chiral reduction can be performed producing α,β-unsaturated lactam 6562,63 (Scheme 9).64 To attach N-allyl maleimide 60 a Diels-Alder reaction was carried out in methanol to produce a single diastereoisomers 61 in 99% yield. The reaction favours diastereoisomer 61 because the decreased repulsion between the dipole of the alkoxy group and the carbonyl group on the dienophile. 
A superhydride reduction was carried out (Scheme 9) using lithium triethylborohydride to make a single regioisomer 62. The hydride added to the carbonyl furthest away from the dimethoxyethyl substituent. The stereochemistry was confirmed using nOe spectroscopy. Following this, an alkylation was performed under Lewis acidic conditions then ring closing metathesis and hydrogenation making bicyclic 64. A retro Diels-Alder reaction was performed using FVP at 400 °C with a 60% yield of bicyclic 65, substituted anthracene 59 was also recovered. 


[bookmark: _Ref159839170]Scheme 9 Using anthracene derivative as an auxiliary to direct attack of incoming molecules
Snyder et al.65 used an anthracene derivative to perform asymmetric reduction on amide 68 (Scheme 10). As the Diels-Alder reaction is kinetically controlled,66 the reaction favours the isomer where the carbonyl groups are furthest away from the alkoxy group, as this decreases the dipole repulsion. The aryl substituent increases steric hindrance which causes the reducing agent to attack from a certain face causing the hydride to point away from the aryl auxiliary in hydroxyl 69.


[bookmark: _Ref140757392]Scheme 10 Using an anthracene derivative to cause one isomer to be formed over another 
Anthracene derivatives also control the direction of the attack of Grignard reagents (Scheme 11), because the bulky anthracene auxiliary hinders the attack of the Grignard reagent from the the face closest to the aryl auxiliary of lactam 70. Synder et al.64 performed a Grignard reaction which took place on the distal carbonyl due to repulsive interactions between the carbonyl oxygen when in the transition state and the methoxy containing substituent. This was followed by the addition of the allylsilane, which proceeded via a trigonal planar transition state. The allylsilane reacted on the least hindered face, farthest from the aryl substituent


[bookmark: _Ref159839259]Scheme 11 Using an auxiliary to direct a Grignard reaction



[bookmark: _Toc167702651]Retro Diels-Alder reaction
The most common method to initiate a retro Diels-Alder reaction requires FVP. FVP involves vaporisation of the compound by heating in a vacuum, followed by further heating in a furnace up to 500 °C where cycloreversion occurs. The vaporised material is cooled quickly in a Vigreux column where the material condenses and traps anthracene. The mixture is cooled further to -195 °C using liquid nitrogen where the desired product gets trapped and collected.
Jones et al.67 used FVP at 500 °C (Table 1) to perform the cycloreversion with high yields (67-83%). When they tried to activate the same retro Diels-Alder reaction by heating lactone 73 with excess maleic anhydride, they were expecting anthracene 47 formed in the retro Diels-Alder reaction to subsequently react with maleic anhydride and be trapped out. This reaction, however, did not occur.


[bookmark: _Ref142912211]Table 1 Using FVP to initiate a retro Diels-Alder reaction
	Entry
	R group
	Yield (%)

	1
	Me
	78

	2
	allyl
	83

	3
	PhCH2
	79

	4
	H
	78

	5
	(EtO)2P(O)
	67

	6
	(CH3)3Si
	82


Using FVP to initiate the retro Diels-Alder reaction has some drawbacks. A basic issue is the scaling up of the process as only small amounts of the substance can be put in the FVP apparatus at a time. Additionally, over half the molecular weight of the compound is lost (anthracene) so a large amount of starting material would be optimal, but the equipment would not allow that. The expensive specialist equipment requires a lot of energy to enable the high pressures and temperatures that are required to make the reaction occur. Complex compounds can also decompose at the high temperatures required for the FVP reaction. Finally, each compound will require different conditions, so time and starting material will be needed to optimise the retro Diels-Alder reaction conditions for each individual compound. Using a microwave or an alkoxy associated retro Diels-Alder reaction are alternatives to FVP.
Sanyal et al.68 experimented with FVP and microwaves to initiate a retro Diels-Alder reaction on a variety of lactams (Table 2). When FVP was used at 190 °C for 10 minutes the yield of lactam 76 was 74% (entry 1). A microwave was then used at 140 °C for 3 minutes (entry 2) which produced only a 10% yield of the desired product, but when the temperature was increased to 160 °C (entry 3) the yield increased to 57%. The yield reduced when the retro Diels-Alder reaction was left running for longer. Because there were higher yields produced whilst using FVP compared to the microwave reactor, FVP was used to initiate retro Diels-Alder reactions on other pyrrolidines (entries 4-8) with high yields.


[bookmark: _Ref142213303]Table 2 Sanyal et al. 68 using different reaction conditions to initiate retro Diels-Alder reaction
	Entry
	R1
	R2
	R3
	Conditions
	Yield of 76 (%)

	1
	CH3
	(CH2)2OTBDPS
	H
	FVP, 190 °C, 10 min
	74

	2
	CH3
	(CH2)2OTBDPS
	H
	microwave, 140 °C, 3 min
	10

	3
	CH3
	(CH2)2OTBDPS
	H
	microwave, 160 °C, 3 min
	57

	4
	CH3
	CH2CHCH2
	H
	FVP, 190 °C, 10 min
	83

	5
	CH3
	(CH2)3OH
	H
	FVP, 190 °C, 10 min
	82

	6
	CH3
	CH2CO2Me
	H
	FVP, 190 °C, 10 min
	65

	7
	CH2CHCH2
	H
	CH3
	FVP, 210 °C, 10 min
	44

	8
	CH2CHCH2
	CH2CHCH2
	CH3
	FVP, 210 °C, 10 min
	69


A microwave was used to initiate the retro Diels-Alder reaction in the synthesis of candenatenins B 84 (Scheme 12).69 To start the synthesis a Diels-Alder reaction was performed between anthracene 66 and quinone gaining a 77% yield of cycloadduct 78 with a dr of 19:1. The next step was hydrogenation using H-Cube with 10% Pd/C at 10 bar pressure. This was followed by a Grignard reaction on cycloadduct 79 which occurred mainly on the carbonyl distal to methoxy substituent producing inseparable regioisomers 80 and 81 in a ratio of 11:1. The Grignard reagent also attacked the less hindered face of the cyclohexane substituent in cycloadduct 79. A Heck coupling reaction was performed on isomers 80 and 81 to attach iodobenzene with a yield of 93%, but minor isomer 83 that was synthesised still could not be separated by flash column chromatography. 


[bookmark: _Ref144813392]Scheme 12 Synthesis of candenatenins B 84 using a microwave reactor to initiate a retro Diels-Alder 
The final step was a retro Diels-Alder reaction69 (Table 3). When the reaction was carried out by heating in an oil bath to 135 °C in chlorobenzene only 30% conversion was found (entry 7). When the reaction was carried out using a microwave at temperatures less than 135 °C in chlorobenzene, only minimal conversion occurred (<30%, entries 1-3). When a Lewis acid, Sc(OTf)3 was added, the conversion increased to 60% at 135 °C but some decomposition occurred. The solvents were changed to higher boiling point solvents, DMSO or 1,2-dichlorobenzene, and the conversion increased to 100%, with 1,2-dichlorobenzene being preferred as it was easier to remove from the crude reaction mixture.


[bookmark: _Ref142201135]Table 3 Testing out conditions to initiate a retro Diels-Alder reaction
	Entry
	Conditions
	Solvent
	% Conversion

	1
	µW, 75 °C, 300 W, 10 min
	chlorobenzene
	0

	2
	µW, 85 °C, 300 W, Sc(OTf)3, 10 min
	chlorobenzene
	10

	3
	µW, 135 °C, 300 W, 20 min
	chlorobenzene
	20

	4
	µW, 75 °C, 300 W, Sc(OTf)3, 20 min
	chlorobenzene
	60, and decomposed products detected

	5
	µW, 180 °C, 200 W, 20 min
	1,2-dichlorobenzene
	100

	6
	µW, 230 °C, 150 W, 5 min
	DMSO
	100

	7
	135 °C, 18 hours
	chlorobenzene
	30

	8
	180 °C, 2.5 hours
	1,2-dichlorobenzene
	80, and decomposed products detected


[bookmark: _Hlk148105724]Another method to initiate a retro Diels-Alder reaction uses anthrone and an oxyanion effect with potassium hydride to decrease the activation energy of the reaction. An oxyanion accelerated retro Diels-Alder reaction requires less harsh reaction conditions. There have been previous synthetic methods that use an oxyanion to accelerate pericyclic reactions. The first oxyanion accelerated pericyclic reaction was reported by Evans and Golob70 who used an oxy-Cope-[3,3]-sigmatropic rearrangement (Scheme 13) to increase the rate of reaction by factors up to 1017 compared to just heating. The oxy-Cope-[3,3]-sigmatropic rearrangement reaction was performed in the presence of potassium cations where a potassium alkoxide can form from the hydroxyl group. The degree that the rate of the reaction increased was directly related to the amount of alkoxide-metal dissociation. The oxyanion method speeds up the rate of reaction because the degree of conjugation in the compound is different when in ground state compared to the transition state. When the compound is in the transition state there will be some delocalisation occurring to form fully conjugated orbitals thus stabilising the transition state and lowering its relative energy. The stabilisation of the transition state decreases the activation energy which means the reaction will occur under less harsh conditions.71  


[bookmark: _Ref147314557]Scheme 13 Anionic oxy-Cope rearrangement70
The effect of the oxyanion acceleration was later tried on a retro Diels-Alder reaction by Papies and Grimme72 (Figure 6). They found that without deprotection of the oxygen atom the mixture had to be heated to 60 °C and the reaction had a half-life of 176 minutes. When the TMS protecting group was removed an oxyanion formed in transition state 92 followed by the retro Diels-Alder reaction which occurred immediately at room temperature. The oxyanion Diels-Alder reaction accelerated the rate of reaction by a factor of 106 compared with heating to 100 °C. This is due to increased conjugative stabilisation from the alkoxide anion when transforming to the phenoxide anion in the product 93. The stabilisation leads to negative free enthalpy in the reaction.
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[bookmark: _Ref141798925]Figure 6 Retro Diels-Alder reaction described by Papies and Grimme
Camps et al.73 experimented with methods to initiate a retro Diels-Alder reaction. To start the synthesis a Diels-Alder reaction was performed between N-methyl maleimide 94 and anthracene 47 with a 90% yield (Scheme 14) followed by annulation of imide 95. Hydroboration was attempted using 9-borabicyclo[3.3.1]nonane but the reaction did not proceed, possibly due to steric hindrance. Subsequently, BH3 THF complex was used for hydroboration followed by oxidation with hydrogen peroxide giving alcohols 97 and 98 in a77% yield with a 2:1 mixture. To perform the retro Diels-Alder reaction alcohols 97 and 98 were heated to 280 °C using sublimation equipment but only a trace amount of the desired product 99 was found. 

[bookmark: _Ref142822831]Scheme 14 Camps et al.73 synthesis using anthracene 47 to make 2,8-ethanonoradamantane derivatives
BOM protected anthrone 100 was then used as the template so an oxyanion retro Diels-Alder reaction could be tried (Scheme 15). The same reactions were performed as before (Scheme 14), to make alcohols 101 and 102 (Scheme 15) followed by the BOM deprotection with 94% yield. When diols 103 and 104 were reacted with potassium hydride or sodium hydride a precipitate of potassium or sodium alkoxide was formed from the deprotonation of the more acidic primary alcohol and the retro Diels-Alder reaction did not occur. To perform the retro Diels-Alder reaction the diol mixture was heated to 260 °C in sublimation equipment for three days with a 26% yield. 


[bookmark: _Ref142822244]Scheme 15 Using anthrone to improve the retro Diels-Alder reaction
The primary alcohol group was replaced in cyclopentadiene 10574 (Scheme 16). The retro Diels-Alder reaction was performed using potassium hydride and cyclopentapyrroledione 107 was made in 30% yield. 

[bookmark: _Ref159839340]Scheme 16 Replacing the primary alcohol to improve the retro Diels-Alder reaction
An application of the oxyanion accelerated retro Diels-Alder reaction was undertaken by Knapp et. al.75 for the synthesis of conduritol A 112 from p-benzoquinone 108 (Scheme 17). Here, the BOM protected anthrone 100 was reacted with p-benzoquinone 108 using a Diels-Alder reaction at 68 °C in toluene for 15 hours. The aryl group on cyclohexene 109 was used as a directing group for functionalisation to occur which made acetonide 110 in 63% yield. Potassium hydride in dioxane at 35 °C over 12 hours was used to liberate the oxyanion so that the retro Diels-Alder reaction could occur with 84% yield of acetonide 111. Acetonide 111 was deprotected to make conduritol A 112. 

[bookmark: _Ref159839443]Scheme 17 Synthesis of conduritol A using an oxyanion accelerated retro Diels-Alder reaction75
Snyder et al.74 used a chiral anthrone template 114 (Scheme 18) with a 1-methoxyethyl stereogenic substituent. This allowed stereoselectivity of functionalisation reactions to be performed and the ability to carry out an oxyanion retro Diels-Alder reaction. To synthesise the chiral anthrone 114, a cycloaddition with singlet oxygen was performed on chiral anthracene 66 followed by reduction of the cyclic peroxide giving 90% yield of alcohol 113. This was followed by a ZnCl2 mediated reduction with a 65% yield of chiral anthrone 114. 


[bookmark: _Ref142821734]Scheme 18 Use of a chiral anthrone to initiate and oxyanion retro Diels-Alder reaction
A Diels-Alder reaction was performed on chiral anthrone 114 with N-methylmaleimide followed by a Grignard addition. The next step was the retro Diels-Alder reaction which was carried out using potassium hydride and resulted in a 90% yield of racemic hydroxylactam 117. The basic conditions of this reaction led to rapid racemisation of hydroxylactam 117.
[bookmark: _Toc77751910][bookmark: _Toc167702652]Previous synthetic methods for the synthesis of berkeleyamide A
There are three synthetic methods in the literature to make berkeleyamide A 8.29,76,77 All three synthetic pathways were reported in 2010 and use a chiral pool approach, with amino acid, L-leucine 118 as the starting material, the three different synthetic methods relied upon two key steps, an aldol condensation, and a cycloaddition reaction. 
[bookmark: _Toc77751911][bookmark: _Toc167702653]Total synthesis and absolute configuration of (-)-berkeleyamide
The key step in the synthetic pathway proposed by Brimble et al.29 (Scheme 19) was a diastereoselective [3+2] cycloaddition of lactam 126 and iminoyl chloride 128 to give cycloadduct 129 with the desired stereochemistry in a 3:1 (129:130) trans:cis ratio. The stereochemistry of the alkene in lactam 126 was determined using nOe spectroscopy which showed the major isomer had a trans relationship to the isobutyl group. The trans stereochemistry influenced the stereochemistry at C10 in cycloadduct 129. The stereochemistry of lactam 126 was defined by the stereochemistry of L-leucine 118.
To create lactam 126, a Boc protected lactam 122 was synthesised from L-leucine 118. A kinetic isomerisation route was followed to obtain alkene 124. To make alkene 124, an enolate from the Boc protected lactam 122 was synthesised by using lithium hexamethyldisilazide and adding acetaldehyde which caused alkylation followed by mesylation producing enolate intermediate 123. Elimination of the mesylate from intermediate 123 using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) created alkene mixture 124 in a 3:1 E:Z ratio. To create the terminal alkene in lactam 126, a kinetic protonation was performed using potassium hexamethyldisilazide followed by quenching using acetic acid to give lactam 126 in an 8:1 ratio of anti:syn isomers – this was used in the key cycloaddition step. The next compound Brimble et. al. required for the [3+2] cycloaddition step was iminoyl chloride 128 which was synthesised from aldoxime 127. 

[bookmark: _Ref56165783][bookmark: _Hlk68095808]Scheme 19 Synthetic route used by Brimble et al.29 
The cycloaddition step (Scheme 19) initially started with reaction conditions of iminoyl chloride 128 (1 equiv) and lactam 126 (2 equiv) mixed with triethylamine (2 equiv) over 15 minutes to produce a mixture of the desired cycloadduct product 129, in a 23% yield and by-product 130 in a ratio of 1.9:1. The yield was improved when lactam 126 (1 equiv) was reacted with iminoyl chloride 128 (3 equiv), triethylamine (3 equiv) at -45 °C over 3 hours and produced the [3+2] cycloaddition product at a yield of 53%, with a selectivity of 2.1:1:1 between cycloadduct 129, cycloadduct by-product 130, and cycloadduct by-product 131. Cycloadduct by-product 131 was an inseparable by-product produced by the side-reaction of the minor cis-lactam with iminoyl chloride 128. The extent to which this side-reaction occurred was limited by lowering the temperature which reduced the rate of isomerisation of the alkene in lactam 126 favouring the trans-isomer as the major isomer. 
The stereochemistry shown in cycloadduct 129 and cycloadduct by-product 130 were created due to the C10-O bond in the isooxazoline rings (Figure 7), forming an anti-periplanar conformation to the carbonyl group to minimise dipole interactions. 


[bookmark: _Ref148360184]Figure 7 Showing the dipole interactions on cycloadducts 129 and 130
After the [3+2] cycloaddition step, a reductive cleavage was performed on cycloadduct product 129 (Scheme 19) using molybdenum hexacarbonyl and wet acetonitrile to make a keto alcohol. The amide was subsequently deprotected to make berkeleyamide A 8. This synthesis was completed in 16 steps with 12% overall yield. Brimble et al.29 relied on the stereochemistry defined by the starting material, L-leucine 118, and the stereochemistry introduced to lactam 126 which was retained in the concerted [3+2] cycloaddition to produce the stereochemistry required in berkeleyamide A 8.


[bookmark: _Toc77751912][bookmark: _Hlk56165869][bookmark: _Toc167702654]Asymmetric total synthesis of the caspase-1 inhibitor (-)-berkeleyamide A
The key step for the method proposed by Avery et al.76 was an Evans’ syn aldol reaction between imide 140 and aldehyde 133 (Scheme 20). This step created the stereogenic centres at C10 and C11 in dioxolane 143. 
One compound required for the key Evans’ syn aldol reaction was aldehyde 133 and was synthesised using a Dess-Martin reaction. The other component in the Evans’ syn aldol reaction was imide 140. Imide 140 contained two stereogenic centres, the azide stereogenic centre was introduced by the starting material, L-leucine 118 and the second stereogenic centre came from the chiral auxiliary, (4R)-benzyl-2-oxazolidinone. Evans’ syn aldol reaction was used to couple aldehyde 133 and imide 140 to generate dioxolane 143. To do this, initially a soft enolization method was used with TiCl4 as a Lewis acid and triethylamine or DIPEA as the base to make enolate 141, but the best conversion was found with the base, (-)-sparteine and Lewis acid, TiCl4. Aldehyde 133 was attached using an Evans’ syn aldol reaction to produce the single syn diastereoisomer dioxolane 143 in 74% yield.  
The stereochemical outcome was rationalised using a Zimmerman-Traxler chair like transition state 142 where aldehyde 133 attacked the top face of the Z-enolate transition state 141. This was due to the steric clashes caused by the chiral auxiliary inhibiting attack from the bottom face. Dioxolane 143 retains the two stereogenic centres that were originally in imide 140 and also introduced two new stereogenic centres at C10 and C11. To reduce the azide on dioxolane 143 a Pd/C catalyst was used followed by a cyclisation reaction. The ketal was deprotected to give berkeleyamide A 8 in 18% overall yield in 12 steps. 


[bookmark: _Ref159839523]Scheme 20 Synthetic route used by Avery et al.76

[bookmark: _Toc77751913][bookmark: _Toc167702655][bookmark: _Hlk56165954][bookmark: _Hlk56010653]Total synthesis of berkeleyamide A and its 10-epi isomer
Chakor et al.77 proposed a method to synthesise berkeleyamide A 8 using a chiral pool approach that also started with L-leucine 118 and was completed in 10 steps. Lactam 146 was created in 50% yield from L-leucine 118 with the one stereogenic centre that was carried forward from the starting material, L-leucine 118 (Scheme 21). The next compound (aldehyde 148) required for the key aldol condensation was synthesised from 1,3-propandiol 147. 1,3-Propandiol 147 was monoprotected using PMBCl and subsequently oxidised to aldehyde 148. The next step was the key anti aldol reaction between lactam 146 and aldehyde 148 to make alcohols 151 and 152. The Si-face was favoured for aldehyde 148 to attack due to the steric hindrance of the isobutyl group on lactam 146 (as shown in the Zimmerman–Traxler-type transition state in 149) to produce the desired alcohol 151 with a 19:1 diastereomeric ratio. Alcohols 151 and 152 initially proved difficult to separate. The separation was achieved by protection of the hydroxyl group with TBSOTf making the compounds less polar thus enabling isolation of lactam 153. The PMB ether was deprotected and oxidised to aldehyde 156 followed by the addition of a benzyl group using a Grignard reaction to produce hydroxyl 157. The Grignard reaction was found to be low yielding at 41%. After the Grignard reaction was complete the newly formed hydroxyl group was oxidised followed by deprotection of the TBS group to produce berkeleyamide A 8 with an overall yield of 5%.

[bookmark: _Ref56166024][bookmark: _Ref68092899]Scheme 21 Original synthetic strategy proposed by Chakor et al.77
Due to the low yielding Grignard step Chakor et al. tried another synthetic approach where the key aldol step occurred later in the reaction pathway (Scheme 22). 
To complete this path, lactam 146 was made the same way as before (Scheme 21). The other compound required in the anti aldol step of this new approach was aldehyde 162, which was made by an SN2 reaction between 2-benzyl-1,3-dithiane 159 and bromide 160 followed by deprotection of acetal 161, resulting in aldehyde 162. 

[bookmark: _Ref159839604]Scheme 22 Synthetic route used in by Chakor et al.77
The next step in this synthetic method was the aldol condensation of lactam 146 and aldehyde 162 which was completed with a 19:1 ratio of the diastereoisomers, with alcohol 163 being the major isomer. The selectivity can be shown in a Zimmermann–Traxler chair-like transition state (as previously shown in Scheme 21) with the bulky group on the lactam providing the steric interaction needed for the Si-face attack to be favoured. The aldol reaction created the R configuration at C10 (alcohol 163) which subsequently needed to be inverted by oxidation to ketone 164 using DMSO and TFAA then reduced back to a hydroxyl group using sodium borohydride. The stereochemistry of the reduction was predicted to be S, based on the Felkin–Anh conformational model (Scheme 23) of the transition state where the reducing agent attacks from the least hindered trajectory.


[bookmark: _Ref141081104]Scheme 23 Felkin-Anh conformational model
This reaction produced the single diastereoisomer 165 (S configuration at C10). The carbonyl and amide groups were then deprotected to produce berkeleyamide A 8 (Scheme 22). This method used only 10 steps and had an overall yield of 16%, a significant improvement upon their original synthetic method which had an overall yield of 5%. 
All three previous synthetic methods synthesised berkeleyamide A 8 in a similar number of steps (16, 10 and 12), with overall yields ranging from 12-18%. The methods all used the same inexpensive starting material, L-leucine 118. The synthetic methods were very reliant on the synthesis of certain compounds wherein the stereochemistry was conserved in their respective key steps ([3+2] cycloaddition or aldol reactions) and carried forward to form berkeleyamide A 8.
[bookmark: _Toc77751914][bookmark: _Toc167702656]Partial synthesis previously achieved by the Jones et al. 
Jones et al.78 started on a completely different synthetic method to produce berkeleyamide A 8 utilising anthracene as a template to direct the direction of attack of incoming molecules. This synthetic method reacts maleimide 167 and anthrone 168 (Scheme 24) via a Diels-Alder reaction with a 74% yield. A Grignard reaction was performed on pyrrolidinedione 169 using isobutyl magnesium chloride at 50 °C for 17 hours producing diol 170. The next step was the reduction of the hydroxyl group on diol 170 using boron trifluoride diethyl etherate and triethylsilane to produce pyrrolidinone 171. For the final retro Diels-Alder reaction, owing to the fact that anthrone 168 was used as the template, potassium hydride could be used to initiate the retro Diels-Alder reaction. This did not work, so a few different bases were tested but the desired reaction still did not occur. This might have been due to lactam 172 not being stable towards the basic conditions used to initiate the retro Diels-Alder reaction causing it to decompose. The synthesis did not proceed any further.

[bookmark: _Ref159839659]Scheme 24 Previous research done by the Jones group78
[bookmark: _Toc167702657]Experimental design
The research that is being proposed here differs from the previous total synthetic approaches as it does not rely on a chiral pool approach to insert stereochemistry into the molecule, but instead uses the temporary attachment of a sterically encumbered anthracene as a template. 
The anthracene template approach (Scheme 25) requires a Diels-Alder reaction to attach maleimide 67 to anthracene 47. The subsequent reactions would then attack from the least hindered face, furthest away from the aryl auxiliary. This proposed method allows increased flexibility with respect to the final compound based on the ability to change substituents in the compound. This increased flexibility allows for a wider range of molecules to be made, which could be taken forward into biological studies where tests can be carried out to determine if the IC50 value can be improved. 


[bookmark: _Ref159839704]Scheme 25 Anthracene template approach to hinder molecules from attacking from a certain face


[bookmark: _Toc167702658]Results and discussion
[bookmark: _Toc167702659]Plan 1- Stereoselective functionalisation of maleimide using an anthracene template
[bookmark: _Toc167702660]Plan 1- Overview
[bookmark: _Hlk141098891]To attach anthracene 47 to maleimide 175 a Diels-Alder reaction will be performed (Scheme 26). A Grignard reaction will then be used to incorporate the isobutyl group onto pyrrolidinedione 176, followed by reduction of pyrrolidinone 177, and functionalisation via an aldol reaction on pyrrolidinone 178. A retro Diels-Alder reaction would then be performed on the functionalised compound 179 to release pyrrolone 180 from anthracene 47. Pyrrolone 180 is very similar to a compound made by Chakor et al.77 Finally, further functionalisation would be performed to attach a terminal benzyl group to the carbon chain to create berkeleyamide A 8.

[bookmark: _Ref159839758]Scheme 26 Overview of plan 1

[bookmark: _Toc167702661]Step 1- Diels-Alder reaction
To attach anthracene 47 to maleic anhydride 181 a Diels-Alder reaction was used (Scheme 27) which made anhydride cycloadduct 182 in 65% yield. Anhydride cycloadduct 182 was refluxed in acetic acid with N-benzylamine to give imide cycloadduct 183 in 79% yield. 

[bookmark: _Ref159839791]Scheme 27 Using an aryl group to direct the attack of incoming molecules
[bookmark: _Toc167702662]Step 2- Grignard reaction
At this point a Grignard reaction was performed using isobutylmagnesium bromide in THF with 90% yield (Scheme 27) of hydroxy lactam 184. The bulky nature of aryl group was expected to hinder the incoming Grignard reagent from attacking the face closest to the aryl group. An nOe spectrum confirmed that the Grignard reagent attacked solely from the least hindered face, furthest from the aryl substituent. The nOe showed no interaction through space between the proton in the hydroxyl group and the bridgehead proton (H1, 184). This suggested that the hydroxyl group was more likely to be in a trans orientation to the bridgehead proton, meaning the hydroxyl group points down towards the aryl group.
[bookmark: _Ref159924536][bookmark: _Ref159924589][bookmark: _Toc167702663]Step 3- Reduction of the hydroxyl group
[bookmark: _Hlk142825022]The next step was the reduction of the hydroxyl group on hydroxy lactam 184 (Scheme 27) using boron trifluoride diethyl etherate and triethylsilane which resulted in product 185 at 80% yield. This reaction proceeds through a trigonal planar intermediate with the stereochemistry resulting from the hydride attacking from the less hindered face of the maleimide. The orientation of the isobutyl group was confirmed using coupling constants in the 1H NMR spectrum. 
The coupling between H1 and H2 in cycloadduct 185 (Figure 8) is of particular interest because determining the cis or trans relationship will show the direction of the isobutyl group. According to the Karplus equation [3JHCCH∝cos2(J)] a larger coupling constant (8-10 Hz) indicates a smaller dihedral angle (0° or 180°), which shows a cis orientation between the two hydrogen atoms. A smaller coupling constant (1-2 Hz) would correlate with a larger dihedral angle (90°) and show a trans orientation between the two protons. 
The peak of interest is the bridgehead proton proximal to the isobutyl group which appears at 2.8 ppm as a doublet of doublet of doublets (ddd) with J values of 10.2, 6.5, 3.0 Hz. The ddd forms due to the coupling between H1 and H2, H3 and H4 (185, Scheme 27). The coupling constant between the bridgehead proton (H1) and the proton on the tertiary stereocentre (H2) is 6.5 Hz which correlates to a smaller dihedral angle and shows a cis relationship between the two protons.


[bookmark: _Ref167436579]Figure 8 J values for protons of interest
[bookmark: _Toc167702664]Step 4- Performing alkylation reactions on the bridgehead carbon
The next step was functionalisation of the bridgehead carbon using an aldol reaction. Forming bridgehead enolates is more difficult than forming enolates on non-bridgehead carbonyl molecules because the bridgehead system makes the molecule more strained. The strain of the bridgehead affects the deprotonation process79 and degree of planarised enolate character.80 When the deprotonation occurs on the bridgehead there is poor overlap between the developing p orbital and the p orbital of the carbonyl which leads to poor stabilisation. The planarised enolate character can be stabilised by solvent and affects the complexes aggregating together by non-covalent bonds. The enolate forming would also go against Bredt’s rule,81,82 which states that the smaller the ring on the bridgehead, the less likely a double bond is able to form. This is due to increased torsional strain and distortions at the p bond. All of this affects the stability of the alkene being formed which affects the formation of the enol and the reaction viability.83
Simpkins et al.84 (Scheme 28) used bridgehead lithiation substitution to attach an electrophile. LiTMP (1 equiv) was used to deprotonate ketone 186 at -78 °C for 15 minutes, the electrophile was added, and the mixture was warmed to room temperature. A range of electrophiles were used from alkyl halides to benzaldehydes and selenides with yields ranging from 51-88%. If excess base was used, ketone 186 reacted with two equivalents of the alkene on both bridgehead carbons. 


[bookmark: _Ref140757560]Scheme 28 Simpkins et al. using LiTMP as a base for a bridgehead lithiation substitution reaction
Simpkins et al.85 (Scheme 29) also used bridgehead lithiation substitution reactions on vinylogous ester 194 with excess LDA which was stirred at -78 °C for 20 minutes followed by the addition of prenyl bromide which gave triprenyl 195 in 91% yield. 


[bookmark: _Ref140757610]Scheme 29 Using different equivalents of base for a lithiation substitution reaction
Ahmed et al.86 carried out an alkylation of bridgehead ketone 196 (Scheme 30) using two bases with a high excess (5 equiv) of LDA or LiTMP to form an enolate. The electrophile, Me3SiCl was added after 10 minutes but both reactions failed, returning only starting material 196 when quenched. The equivalents of LDA was doubled (10 equiv) which allowed the reaction to proceed, producing alkylated 197 in 42% yield. There was no evidence of substitution of bridgehead H2 occurring. This could be due to the steric crowding caused by the substituted benzyl group which leads to the electrophile, or base, not being able to access the reaction site. 

 
[bookmark: _Ref141530614]Scheme 30 Reaction on a bridgehead ketone

Jones et al.67 used LDA as the base to initiate an alkylation reaction at 0 °C (Scheme 31). There was a range of electrophiles added to lactone 198 at 0 °C and stirred for 15 minutes and warmed to room temperature; these yields ranged from 21% to 86% with tributyltin only leading to 21% yield. This may be due to the bulky electrophile being unable to get close to the reaction site and the steric hindrance caused by the aryl groups. This reaction needed to be carried out at 0 °C to increase the likelihood of the reaction occurring. This may be because the alkylation reaction might not readily occur, due to steric hindrance caused by the aryl substituent and require more forcing conditions.

 
[bookmark: _Ref77072885]Scheme 31 Jones et al.67 alkylation route using LDA as base
[bookmark: _Toc167702665]The proposed solution to the bridgehead carbonyl aldol reaction
Creation of an electrophile for the aldol reaction
[bookmark: _Hlk70414776]To perform the aldol reaction, it was decided to use aldehyde 148 as the electrophile (Scheme 32). Aldehyde 148 was synthesised from 1,3-propanediol 147 in two steps. The first step required monoprotection of one of the alcohol groups using 4-methoxybenzyl chloride making alcohol 206 in 73% yield. The second step in this reaction was a Parikh-Doering oxidation of the second hydroxyl group to make aldehyde 148. This was achieved in 75% yield. 


[bookmark: _Ref69121424]Scheme 32 Synthesis of the PMB protected aldehyde 148 for the aldol reaction 
The aldol reaction
The aldol reaction was then performed between cycloadduct 185 and aldehyde 148 (Table 4). Initially the aldol reaction was carried out with a slight excess (1.2 equiv) of the base, LiTMP which was reacted with cycloadduct 185 at -78 °C for 15 minutes, followed by the addition of aldehyde 148 and warmed to room temperature overnight. When the reaction was quenched only starting material remained. The same reaction was then carried out at 0 °C (entry 2, Table 4), but the reaction still came back with starting material 185. As LiTMP was quite a sterically encumbered base and the reaction site was also sterically hindered, it was proposed that the base was not able to access the reaction site, so a smaller base (LDA) was used. The reaction was carried out at -78 °C and 0 °C but only starting material was found when the reaction was quenched. The equivalence of LDA and aldehyde 148 were doubled (entry 5), and the reaction carried out at 0°C but returned starting material.


[bookmark: _Ref144699548]Table 4 Aldol reactions tried using different bases and temperatures (a= two equivalents of aldehyde 148)
	Entry
	Base
	Equivalents of base
	Temperature of deprotonation (°C)
	Equivalence of aldehyde
	% Conversion

	1
	LiTMP
	1.2
	-78
	1
	0

	2
	LiTMP
	1.2
	0
	1
	0

	3
	LDA
	1.2
	-78
	1
	0

	4
	LDA
	1.2
	0
	1
	0

	5a
	LDA
	3
	0
	2
	0


Reasons for the reaction failure
The failure of this reaction could be due to two factors; the first being the enolate may have been unable to form due to the highly strained nature of the bridgehead protons, leading to poor overlap between the forming p orbital and carbonyl p orbital. The proton will have a relatively high pKa as a result of it being next to an amide carbonyl. The base might also be unable to access the reaction site owing to the steric hindrance caused by the aryl groups. The second reason for the reaction failing might be due to steric hindrance from the aryl groups preventing the electrophile getting close to the desired reaction site. 
Determination of which process led to failure
To establish if the enolate was being formed, LDA was added to cycloadduct 185 in THF at -78 °C and after 15 minutes the reaction was quenched with D2O (Scheme 33). 


[bookmark: _Ref141508621]Scheme 33 Using deuterium oxide to see if the enol was being formed
The product 185-d was analysed using 1H NMR spectroscopy and revealed there was a change in the coupling constants associated with the bridgehead proton implying the proton had been replaced with deuterium (Figure 9). The bridgehead proton (H1) signal in cycloadduct 185 occurred at 3.25 ppm as a doublet of doublets, but this signal was not present in the 1H NMR spectrum of the deuterated cycloadduct 185-d. In the non-deuterated cycloadduct 185, there was coupling between the bridgehead protons (H1 and H2) and the H2 signal occurred at 2.83 ppm as a doublet of doublet of doublets. In the deuterated cycloadduct 185-d the signal for H2 occurred at 2.80 ppm as a doublet of doublets. This demonstrates the LDA has succeeded in deprotonating the bridgehead proton.


[bookmark: _Ref142652190]Figure 9 Showing the change in coupling of the protons when the deuterium was incorporated
As the deprotonation part was shown to work, it suggests the reaction with the electrophile was too sterically encumbered to proceed. To give the reaction the best possible chance of proceeding, it was decided to use reaction conditions that were known to work on a similar compound (lactone 198, Scheme 31) to cycloadduct 185. When the same reaction conditions were used on cycloadduct 185 (Scheme 34), however the reaction did not proceed. The reaction was then carried out at 0 °C but the reaction still did not occur. This suggested the reaction was not occurring as a result of steric hindrance prohibiting the electrophile getting close to the reaction site.


[bookmark: _Ref75443759]Scheme 34 Test to see if the second part of alkylation reaction occurred
Following on, a less sterically hindered electrophile, acetaldehyde, (Scheme 35) was used, but only starting material 185 was found when the reaction was quenched.


[bookmark: _Ref155165912]Scheme 35 Using a less sterically hindered electrophile
[bookmark: _Ref161039111][bookmark: _Ref161039120][bookmark: _Toc167702666]Plan 2- Synthesis of a substituted maleimide before the Diels-Alder reaction
At this point it was determined that the aldol reaction was not viable when the imide was attached to the anthracene. This meant a substituted maleimide, α to the carbonyl, should be synthesised before the Diels-Alder reaction. With this approach, there would be less steric hindrance preventing the electrophile or base from accessing the reaction site. 
[bookmark: _Toc167702667]Plan 2- Overview
Plan 2 uses a variety of methods to synthesise substituted maleimide 210 that could be used in the Diels-Alder reaction (Scheme 36). After the Diels-Alder reaction the carbonyl on the chain would have to be protected followed by a Grignard reaction. The retro Diels-Alder reaction could then be performed to make amide 214.


[bookmark: _Ref151363495]Scheme 36 Plan 2- Performing a Diels-Alder reaction between anthracene and a substituted maleimide

[bookmark: _Toc167702668]Reaction 1- Alkylation reaction
To begin with, it was decided to try an alkylation reaction followed by an oxidation of the hydroxyl group to make tricarbonyl 216 (Scheme 37). The next step would be an oxidation step to insert the double bond to make alkene 217 ensuring the Diels-Alder reaction could be performed.


[bookmark: _Ref143068153]Scheme 37 Moving the aldol reaction forward in the reaction scheme
Hall et al.87 performed a Diels-Alder reaction between substituted maleic anhydride 220 and anthracene (Scheme 38). To begin with triester 219 was cyclised using phosphorus pentoxide at 
160 °C producing substituted maleic anhydride 220 in 60% yield. Substituted maleic anhydride 220 proved to be very reactive and underwent a Diels-Alder reaction with anthracene in chloroform at room temperature within a few hours, producing 55% yield of cycloadduct 221. 


[bookmark: _Ref143072798]Scheme 38 A Diels-Alder reaction between a substituted maleic anhydride and anthracene
Chakor et al.77 performed aldol reactions between lactam 146 and two different aldehydes (148, 162, Scheme 39). Initially lactam 146 was reacted with LiHMDS at -78 °C for 45 minutes before aldehyde 148 was added and stirred for a further 3 hours. The first reaction carried out used aldehyde 148 which produced diastereoisomers, major isomer 151 and minor isomer 152 in 81% yield with a dr of 1:19. The same conditions were used in another aldol reaction between lactam 146 and a more sterically hindered aldehyde 162 which proceeded with 75% yield and a dr of 19:1.


[bookmark: _Ref142987920]Scheme 39 Aldol reactions performed by Chakor et al.77 on lactam 146
Synthesis of electrophiles
Method 1- Ester functional group
Due to the high yielding aldol reaction Chakor et al.77 performed, it was decided to use a similar aldehyde 148 and also an ester 224 as the electrophiles. Aldehyde 148 was made from diol 147 then oxidised to carboxylic acid 223 (Scheme 40) using a Pinnick oxidation reaction. Esterification was then performed on carboxylic acid 223 but the esterification reaction did not proceed. This was a result of carboxylic acid 223 decomposing because the PMB protecting group was not stable towards the acidic conditions used.

[bookmark: _Ref159840048]Scheme 40 Pinnick reaction followed by esterification
Method 2- Ester and aldehyde functional group
To be able to perform the esterification reaction, the PMB protecting group was swapped to a benzyl group as it was more stable towards the acidic conditions used (Scheme 41). To make carboxylic acid 227 potassium dichromate was dissolved in diluted sulphuric acid mixture then alcohol 225 in acetone was added to make carboxylic acid 227 in 93% yield. Carboxylic acid 227 was then converted to ester 228 with 95% yield.


[bookmark: _Ref144734531]Scheme 41 Making a benzyl protected carbon chain
Alkylation reaction
Some alkylation reactions were attempted between N-benzyl succinimide 229 and aldehyde 226 or ester 228 using a variety of bases (Table 5). The first base used was LiHMDS, which was added to N-benzyl succinimide 229 at -78 °C and stirred for 15 minutes before aldehyde 226 or ester 228 was added. When the reaction was quenched, there was mainly starting material left in the reaction mixture (entries 1 and 7). When the equivalents of LiHMDS was doubled (entry 2) the desired reaction still did not proceed. A smaller base LDA was then used (entry 5) but the reaction did not produce the desired product either. To try to get the reaction to occur, the temperature was increased to 0 °C but neither aldehyde 226 nor ester 228 reacted with N-benzyl succinimide 229 (entries 4 and 8). At the elevated temperature there was an increase in the production of by-product 232. By-product 232 was formed when the enolate of succinimide 229 reacted with another molecule of N-benzyl succinimide 229. 


[bookmark: _Ref144467725]Table 5 Different reaction conditions used (a= 2 equivalents of the electrophile, b= all reagents added at once)
	Entry
	Base
	Equivalents of base
	R1
	Temperature (°C)
	R2
	% starting material 229 remaining
	% desired product 230 or 231
	% byproduct 232

	1
	LiHMDS
	1.2
	H
	-78
	-OH
	84
	0
	13

	2
	LiHMDS
	2.4
	H
	-78
	-OH
	71
	0
	26

	3
	NaOEt
	2.4
	H
	66
	-OH
	20
	0
	10

	4
	LDA
	1.2
	OEt
	0
	=O
	<5
	0
	87

	5
	LDA
	1.2
	H
	-78
	=O
	72
	0
	26

	6
	LiTMP
	1.2
	H
	-78
	-OH
	100
	0
	0

	7
	LiHMDS
	1.2
	OEt
	-78
	=O
	90
	0
	<5

	8
	LiHMDS
	1.2
	H
	0
	-OH
	10
	0
	86

	9
	LDA
	1.2
	OEt
	-78
	=O
	60
	0
	26

	10a
	LiHMDS
	1.2
	H
	-78
	-OH
	87
	0
	11

	11a
	LiHMDS
	1.2
	H
	0
	-OH
	12
	0
	80

	12b
	LDA
	1.2
	H
	-78
	-OH
	74
	0
	22


The aldol reaction was also carried out with double the equivalents of aldehyde 226 (entries 9 and 10, Table 5) to increase the likelihood of a reaction between aldehyde 226 and N-benzyl succinimide 229, but N-benzyl succinimide 229 did not react with aldehyde 226. The reaction was also attempted with N-benzyl succinimide 229, LDA and aldehyde 226 all being added at once (entry 12); the aim was to decrease the time frame where N-benzyl succinimide 229 can only react with another equivalent of N-benzyl succinimide 229, again the desired reaction did not occur. Sodium ethoxide was also used as a base (entry 3). The reaction was heated to 66 °C overnight but N-benzyl succinimide 229 decomposed with only 20% of the starting material recovered, 10% of the by-product 232 formed and none of the desired product was made.
[bookmark: _Toc167702669]Reaction 2- Use of commercial electrophile to test the Diels-Alder reaction
Before spending more effort on electrophile production, it was decided to confirm that the Diels-Alder reaction was possible by using commercial electrophiles. Benzoyl chloride was used for the reaction to find conditions that would work and to test the Diels-Alder reaction on a simplified molecule. N-Allyl succinimide 234 was tested as the starting material (Scheme 42) for the acylation reaction and was synthesised from succinic anhydride 233 using allyl amine in acetic acid at reflux gaining 90% yield of N-allyl succinimide 234. The acylation reaction was performed using LiHMDS at -78 °C which proceeded with 62% yield of imide 235. 


[bookmark: _Ref151365490]Scheme 42 Synthesis of the imide 235
Insertion of the double bond
Using IBX to insert the double bond
The next step was oxidation to provide a double bond, which was carried out using IBX (Scheme 43). The desired compound was not made and instead residues of IBX ended up attaching to imide 235. The formation of doubly substituted imide 236 was evidenced by the 4 carbonyl peaks and the quaternary C peak at 80.2 ppm in the 13C NMR spectrum. The mass spectrum also had a peak at 507.0413 corresponding to C21H16INO5NH4+. 


[bookmark: _Ref141527206]Scheme 43 Using IBX to form a double bond
Using Cupric chloride to insert the double bond
Sotelo et al.88 used cupric chloride to form double bonds with high yields. Pyridazinone derivatives 237 (Scheme 44) were tested with yields ranging from 55- 95%.


[bookmark: _Ref141529596]Scheme 44 Using cupric chloride to form a double bond
Adopting this approach, imide 235 (Scheme 45) was dissolved in acetonitrile and cupric chloride was added, the reaction was quenched after two hours but the desired product was not formed. The chloride had instead attached to imide 235 in 73% yield. Chloride 240 was confirmed using mass spectrometry showing two peaks corresponding to 35Cl (278.0580 Da) and 37Cl (280.0578 Da) isotopes in a ratio of 3:1. This is consistent with the two isotopes of chloride.


[bookmark: _Ref142575131]Scheme 45 Using cupric chloride to insert the double bond
Elimination of chloride 
To remove the chloride ion a variety of different bases were used (Table 6), starting with triethylamine which did not react. To initiate the deprotonation step a stronger base, LiHMDS was used but the desired product 241 was still not formed. The final method attempted was using silver oxide in a THF and water solution. It was expected that this would remove the chloride, precipitating it out as silver chloride. However, when this reaction was attempted, the reaction did not proceed.




[bookmark: _Ref141528033]Table 6 Using bases to remove the chloride
	Entry
	Base
	Solvent
	Temperature (°C)
	% Yield
	% Starting material returned

	1
	Et3N
	THF
	room temperature
	0
	>95

	2
	1,4-diazabicyclo[2.2.2]octane
	DCM
	room temperature
	0
	>95

	3
	tBuOK
	THF
	room temperature
	0
	>95

	4
	DBU
	THF
	0
	0
	>95

	5
	LiHMDS
	THF
	-78
	0
	>95

	6
	LiHMDS
	THF
	0
	0
	>95

	7
	Ag2O
	THF, H2O
	room temperature
	0
	>95


[bookmark: _Toc167702670]Reaction 3- Baylis-Hillman reaction using maleimide
At this point succinimide was swapped for maleimide which would remove the need to insert the double bond required for the Diels-Alder reaction. Initially a Baylis-Hillman reaction was used by virtue of it having good atom economy whilst forming carbon-carbon bonds in mild reaction conditions,89 unlike the aldol reaction which required an inert atmosphere. 
[bookmark: _Hlk146704553]Karthikeyan et al.90 used DABCO as the base and heated with N-methylmaleimide 94 and isatin 242 (Scheme 46) to 80 °C which gave the product 78% yield. Solaiselvi et al.89 used the same process using dissolved DABCO in acetonitrile and stirred at room temperature in 80% yield.


[bookmark: _Ref141509748]Scheme 46 Baylis-Hillman reactions tried by Karthikeyan et al.
Kandhasamy et al.90 used Baylis-Hillman reactions under a variety of reaction conditions to attach DIAD 244 to N-methylmaleimide 94 (Table 7). Originally triphenylphosphine in methanol was used but no reaction occurred so they moved onto nitrogen bases starting with a common Baylis-Hillman base, DABCO in methanol and got 25% yield which increased to 40% when the reaction was refluxed. The reaction was optimised using a variety of different solvents at room temperature with DMF being the most favoured solvent for the reaction with a yield of 60%. The reaction was tried without a solvent, just the base, DABCO at 70 °C and the yield increased to 85%. Some other bases were tried, namely DMAP, triethylamine and DBU solvent free but the yield did not improve. 

[bookmark: _Ref142561466]Table 7 The use of different catalysts and solvents on the Baylis-Hillman reaction
	Entry
	Reaction conditions
	Catalyst
	Yield (%)

	1
	MeOH, RT
	PPh3
	no reaction

	2
	MeOH, RT, 10 h
	DABCO
	25

	3
	MeOH, reflux, 6 h
	DABCO
	40

	4
	DCM, RT, 12 h
	DABCO
	28

	5
	THF, RT, 5 h
	DABCO
	50

	6
	DMF, RT, 6 h
	DABCO
	60

	7
	neat, 70 °C, 4 h
	DABCO
	85

	8
	neat, 70 °C, 8 h
	DMAP
	65

	9
	neat, 70 °C, 8 h
	Et3N
	52

	10
	neat, 70 °C, 5 h
	DBU
	58


Shi et al.91 used a Morita-Baylis-Hillman reaction which is a subset of the Baylis-Hillman reaction and uses phosphine bases, a common base for this reaction is triphenylphosphine. This base was reacted with aldehyde 246 and methyl vinyl ketone 247 in THF (Scheme 47) but they found only 25% yield of alcohol 248. With a chlorobenzene derivative, the yield increased to 50% of alcohol 249. They proceeded to use an additive, p-nitrophenol and gained 90% yield of alcohol 249. 


[bookmark: _Ref142984852]Scheme 47 Morita-Baylis-Hillman reaction examples
Synthesis of the starting material for the Baylis-Hillman reaction
These reviews show maleimide can readily undergo Baylis-Hillman reactions using amine bases. To make the starting material for the Baylis-Hillman reaction maleimide 67 was refluxed with benzyl bromide and potassium carbonate in acetone gaining 96% yield of N-benzyl maleimide 167 (Scheme 48). 


[bookmark: _Ref150860504]Scheme 48 Synthesis of benzyl protected maleimide 167
Reaction condition carried out for the Baylis-Hillman reaction
Baylis-Hillman reactions were used to react aldehyde 226 and N-benzyl maleimide 167 using a few common nitrogen bases (DABCO, DBU) in different solvents (Table 8). The majority of reactions did not proceed when left overnight or when left for a week at room temperature. Triphenylphosphine which is a Morita–Baylis–Hillman base, was also used in THF at room temperature overnight, but the reaction did not occur.



[bookmark: _Ref142998648]Table 8 Baylis-Hillman reactions varying bases, solvents and temperatures
	Entry
	Base
	Solvent
	Temperature
	% starting material remaining
	Yield (%)

	1
	DABCO
	THF
	room temperature
	100
	0

	2
	DABCO
	triethanolamine
	room temperature
	100
	0

	3
	DABCO
	1,4-dioxane
	room temperature
	100
	0

	4
	DABCO
	DCM
	room temperature
	100
	0

	5
	Et3N
	methanol
	room temperature
	<5
	0

	6
	Et3N
	THF
	room temperature
	100
	0

	7
	Et3N
	DCM
	room temperature
	100
	0

	8
	Et3N
	DMF
	room temperature
	100
	0

	9
	Et3N
	1,4-dioxane
	room temperature
	100
	0

	10
	Et3N
	DCM
	reflux
	90
	<5

	11
	Et3N
	1,2-dichloroethane
	reflux
	90
	<5

	12
	N,N,N’,N’-tetramethylethyldiamine
	THF
	room temperature
	100
	0

	13
	N,N,N’,N’-tetramethylethyldiamine
	DCM
	room temperature
	100
	0

	14
	DBU
	THF
	room temperature
	100
	0

	15
	DBU
	DCM
	room temperature
	100
	0

	16
	DBU
	chloroform
	reflux
	100
	0

	17
	triphenylphosphine
	THF
	room temperature
	100
	0

	18
	Triphenylphosphine, p-nitrophenol
	THF
	Room temperature
	100
	0


When aldehyde 226 and N-benzyl maleimide 167 were reacted with triethylamine in DCM at room temperature (entry 7, Table 8) overnight no reaction occurred, but when the reaction was refluxed overnight (entry 10) a trace amount of the desired product was found. There was a singlet at 6.31 ppm which would correspond to H1 (Figure 10) and a doublet at 3.61 ppm which corresponds to the OH signal.


[bookmark: _Ref141532129][bookmark: _Ref141532100]Figure 10 Trace amounts of product 250 formed from reacting N-benzyl maleimide 167 and aldehyde 226 in DCM with Et3N
To try to improve the yield, the reaction with triethylamine in DCM was refluxed over 3 days but the yield did not improve. A chlorinated solvent with a higher boiling point, 1,2-dichloromethane was also used at reflux with triethylamine, but the yield still did not improve. 
Another experiment with deuterium was carried out (Scheme 49) to see if the enolate formed in room temperature in THF. To perform this experiment N-benzyl maleimide 167 was reacted with triethylamine in THF and D2O at room temperature overnight. When the product was analysed by 1H NMR spectroscopy there was no evidence of deuterium having been incorporated into the compound.


[bookmark: _Ref159415037]Scheme 49 Performing a deuterium experiment
By-products made during the Baylis-Hillman reaction
When the Baylis-Hillman reaction was undertaken in methanol which is a polar protic solvent with the base, triethylamine, it was found that N-benzyl maleimide 167 ended up reacting with the solvent instead of aldehyde 226 (Scheme 50). Polar non-protic solvents (DMF, THF) were then used with the same base to prevent N-benzyl maleimide 167 from reacting with the solvent, but when these reactions were quenched only starting material remained.


[bookmark: _Ref141349683]Scheme 50 Performing a Baylis-Hillman reaction using triethylamine in methanol
Acid base Baylis-Hillman reaction
As the bases used in the Baylis-Hillman reactions were not producing the desired product, it was decided to use an acid, base catalysed Baylis-Hillman reaction (Scheme 51). This type of reaction increases the likelihood of the transformation occurring by increasing the imides reactivity towards the electron deficient aldehyde. 
N-Benzyl maleimide 167 was dissolved in DCM and the Michael acceptor, dimethylsulfide, was added at -78 °C to form the dimethylsulfide imide 252. Dimethylsulfide imide 252 is only thermodynamically stable at low temperatures, at higher temperatures the equilibrium shifts towards starting material 167. The mixture was warmed to -60 °C when aldehyde 226 was added to form the stable intermediate 253 and the reaction was quenched. DBU was added to intermediate 253 and stirred for 30 minutes to remove the dimethylsulfide cation.


[bookmark: _Ref141349907]Scheme 51 Morita-Baylis-Hillman reaction using an acid base reaction
An 1H NMR spectrum was taken after the first step was quenched but there was no evidence of intermediate 253 and only starting material 167 was found. This reaction was also repeated where all reagents were added at the same time but again, only starting material 167 remained.
[bookmark: _Toc167702671]Reaction 4- Palladium cross coupling
Another method to form a carbon-carbon bond with maleimide involves palladium cross coupling reactions. Sauliner et al.92 (Scheme 52) used palladium cross coupling with N-benzyl-3,4-dibromomaleimide 255 using tetrakis(triphenylphosphine)palladium to catalyse the reaction gaining a 52% yield of indol[2,3-a]carbazole 256.


[bookmark: _Ref142983871]Scheme 52 Example of palladium cross coupling
To perform the palladium cross coupling reaction a bromo or iodo maleimide was desirable. These molecules were synthesised from bromofurandione 257 which was reacted using allylamine in acetic acid giving 90% yield (Scheme 53). The palladium cross coupling reaction was then performed using palladium-tetrakis(triphenylphosphine) in acetonitrile, but no reaction occurred and only starting material was found once the reaction was quenched. 


[bookmark: _Ref143088418]Scheme 53 Using palladium cross coupling
Coleman et al.93 (Scheme 54) used sodium iodide in acetone to convert bromomaleimide 260 to an iodomaleimide 261 in a 94% yield.


[bookmark: _Ref159840179]Scheme 54 Converting the bromide to an iodide
The bromide was then changed to iodide (Scheme 53). This was achieved by refluxing bromomaleimide 258 in acetone with sodium iodine giving 93% yield of iodomaleimide 259. When iodomaleimide 259 was put into the palladium cross coupling reaction using palladium tetrakis(triphenylphosphine) in acetonitrile, the reaction came back with starting material 259. 
[bookmark: _Toc167702672]Reaction 5- Lithium halogen exchange
A method to attach a carbon chain using bromomaleimide 258 or iodomaleimide 259 is a lithium halogen exchange. Bailey et al.94 used halogen exchange (Scheme 55) using different solvents at 0 °C. When the reaction was carried out in pure heptane, no reaction occurred and when the reaction was carried out in pure THF there was 59% yield. The best yield required a 99:1 mixture of heptane: THF which produced 96% yield.


[bookmark: _Ref143088093]Scheme 55 Lithium halogen exchange

For this project nBuLi (Scheme 56) was reacted with both bromomaleimide 258 and iodomaleimide 259 in diethyl ether at -78 °C but the reaction did not proceed for either of these imides. A stronger base sBuLi was also used under the same reaction conditions but the reactions did not proceed either and only returned starting material.
[bookmark: _Ref141527983]Scheme 56 Using cross coupling to attach benzoyl chloride 
[bookmark: _Toc167702673]Reaction 6- Reformatski type of reaction
A Reformatski type of reaction was also carried out (Scheme 57) by reacting iodomaleimide 259 and benzaldehyde with activated zinc in THF. When this reaction was quenched, there was no evidence of the desired product having been formed and the starting material was recovered.


[bookmark: _Ref155354246]Scheme 57 Reformatski type reaction carried out on iodomaleimide 259
[bookmark: _Toc167702674]Reaction 7- Cyclisation reaction on a diester molecule
Description
As the alkylation reactions were not occurring on maleimide or succinic anhydride it was decided to try some cyclisation reactions where the cyclisation product would be imide 241 (Scheme 58). The first cyclisation reaction proposed would begin with an aldol reaction between dicarbonyl 267 and ethyl-2-oxoacetate, followed by the cyclisation reaction between diester 268 and benzylamine to make imide 241. The final step would be Diels-Alder reaction with anthracene to make cycloadduct 269.


[bookmark: _Ref142644757]Scheme 58 Cyclisation method proposed to synthesise the substituted maleimide
Synthesis of the starting material required for the cyclisation reaction
Before the cyclisation could occur, a tricarbonyl molecule is required. There have been previous examples for the synthesis of 1,4-enediones from 1,3-dicarbonyls. 
Zhu et al.95 (Table 9) used a variety of copper catalysts in DMSO to initiate the reaction. A control reaction was tried when a copper catalyst was not present and produced 52% yield of product 272 (entry 2). When using the catalyst Cu(acac)2 the yield decreased to less than 10% (entry 8) and when the reaction was performed using CuI at only 25 °C no product was produced (entry 11). If the reaction was heated to 80 °C, using CuI as the catalyst, the yield was 84% (entry 10). These conditions were used with the substituents on dicarbonyl 270. The phenyl groups on dicarbonyl 270 were swapped for furanyl, triphenyl and benzofuryl which gave yields in 78-88% range. When bromo aryl methyl ketones were used instead of the iodine 271 the yields remained similar. 


[bookmark: _Ref144713071]Table 9 Using coper catalyst to synthesise 1,4-enediones (a= temperature is 80 °C, b= temperature is 25 °C)
	Entry
	Catalyst
	Equivalents
	Time (h)
	Yield (%)

	1
	CuO
	0.5
	12
	72

	2
	none
	0.5
	24
	52

	3
	Cu(OAc)2
	0.5
	12
	80

	4
	CuI
	0.5
	6
	84

	5
	CuBr
	0.5
	12
	65

	6
	CuCl
	0.5
	12
	68

	7
	CuCl2
	0.5
	12
	60

	8
	Cu(acac)2
	0.5
	12
	<10

	9
	CuSO4
	0.5
	12
	78

	10a
	CuI
	0.5
	4
	84

	11b
	CuI
	0.5
	4
	0


Another example is Meng et al.96, who synthesised alkenes 274-277 (Scheme 59) using copper oxide and iodine in DMSO at 70 °C. The reaction produced high yields of alkenes 274-277 (76-88%) with the thermodynamically stable E isomer being the major isomer. The E isomer was isolated via recrystallization from ethanol/petroleum ether. The reaction also tolerated bulky phenyl substituents and still produced high yields. 


[bookmark: _Ref141363826]Scheme 59 Meng et al.96 synthesising alkenes 274-277
Meng et al.96 also used terminal aryl alkenes 278 (Scheme 60) which were reacted with iodine and IBX in DMSO to produce α-iodoketones. These went on to react with ethyl benzoacetate in the presence of copper oxide. This reaction gave good yields in the range of 74-86% with the E isomer being favoured.


[bookmark: _Ref141420178]Scheme 60 Using terminal aryl alkenes to synthesise a tricarbonyl compounds 279-283
[bookmark: _Hlk143003799]Meng et al.96 proposed a domino reaction mechanism as the process for ester 289 synthesis (Scheme 61). It was found that the acetophenone 273 was more reactive towards iodination than ester 287. This meant iodoacetophenone 285 was formed from reacting acetophenone 273 with copper oxide and iodine. Iodoacetophenone 285 was also formed from iodination of alkene 284 followed by oxidation. Iodoacetophenone 285 was oxidised using Kornblum oxidation97 to form phenylglyoxal 286. Phenylglyoxal 286 was then reacted with ester 287 using Knoevenagel condensation to form alkene 289. It was speculated the 1,3-dicarbonyl compounds would trap out small equilibrium amounts of α-ketoaldehydes generated in situ from α-iodoketones and would thus accelerate the equilibrium to the desired products.


[bookmark: _Ref141420192]Scheme 61 Meng et al.96 proposed mechanism
The synthesis proposed by Meng et al.96 used mild conditions whilst producing high yields of the products and had a wide scope for starting material. Notably, all the starting materials used in the substrate scope had at least one of the carbonyls directly attached to an aromatic group or conjugated to an aromatic group.
The use of copper oxide and iodine in DMSO was the most appealing of the reactions reviewed for the condensation reaction mainly because it avoids using the potentially explosive IBX. Some different bases were also used to perform the condensation reaction (Table 10). Simplified ester 267 was tested as the starting material as it could be bought commercially thus reducing the number of synthetic steps required to get to the starting material for the condensation reaction and simplifies the 1H NMR spectrum. All the common bases adopted did not result in a reaction and only starting material was present when the reactions were quenched. The reaction conditions proposed by Meng et al.96 was then tried using copper oxide and iodine in DMSO and heated to 70 °C which made diester 267 in 87% yield. A 1H NMR spectrum of diester 267 showed the formation of one isomer but there was no further investigation into whether the E or Z isomer was formed. 




[bookmark: _Ref141425449]Table 10 Finding reaction conditions for the addition of ethyl-2-oxoacetate
	Entry
	Solvent
	Base
	Additive
	Temperature (°C)
	Yield (%)

	1
	MeCN
	K2CO3
	tert-butyl bromoacetate
	50
	0

	2
	toluene
	NaOEt
	none
	110
	0

	3
	toluene
	Et3N
	none
	110
	0

	4
	MeCN
	none
	none
	82
	0

	5
	DME
	t-BuOK
	none
	30
	0

	6
	DMSO
	CuO
	iodine
	70
	87

	7
	THF
	BF3OEt2
	none
	RT
	0


Widening the substrate scope
To widen the substrate scope, it was decided to further test out the condensation reaction (Scheme 62) where the carbonyls did not have conjugation to aromatic groups. A couple of dicarbonyl compounds with different chain lengths were synthesised during a double deprotonation of acetylacetone 290. The reaction started with sodium hydride being added to acetylacetone 290 solution in THF at 0 °C and then stirred for 1 hour before LDA was added. Bromoalkanes 291 were added after another hour and warmed to room temperature overnight. 


[bookmark: _Ref159763555]Scheme 62 Synthesis of dicarbonyl molecules with alkane chains
Continuing with the experiment, dicarbonyls 292 and 293 were taken forward to the condensation reaction (Scheme 63) with ethyl-2-oxoacetate using iodine and copper oxide in DMSO whilst heating at 70 °C. These reactions were quenched when dicarbonyls 292 and 293 had been fully consumed (as shown by TLC), however the desired compounds 294 and 295 were not synthesised. It was thought that these reactions failed due to the carbonyl groups not being directly attached to an aromatic group thus decreasing the extent of delocalisation that can occur, and therefore decreasing the stability of the enolate intermediate formed.


[bookmark: _Ref143156054]Scheme 63 Condensation reaction
The same reaction conditions were used to synthesise diester 299 (Scheme 64) which had the correct chain that could go on to make berkeleyamide A 8. To start, a double deprotonation was carried out on ethyl acetoacetate 296 using the bases NaH and LDA followed by the addition of benzyloxymethyl chloride 297 to make ester 298 in 78% yield. Ester 298 was taken on to the condensation reaction with ethyl-2-oxoacetate using the same reaction conditions that had worked previously but the desired product 299 was not made. This could be due to the same reasons stated earlier, as a carbonyl group does not have a resonance form with an aromatic group to stabilise the enolate. 


[bookmark: _Ref141429015]Scheme 64 Trying to attach ethyl-2-oxoacetate to the desired molecule
Performing cyclisation reactions on a simplified molecule
Using the simplified compound, alkene 268, (Scheme 65) it was decided to move onto the cyclisation reaction because there have been previous examples of cyclisation reactions between carbonyl molecules. 


[bookmark: _Ref155174617]Scheme 65 Cyclisation of alkene 268
Hall et al.87 used a cyclisation reaction (Scheme 66) to synthesise substituted maleic anhydride 302 from diester 301 using phosphorus pentoxide at 160 °C over five hours. The product was later distilled to make substituted maleic anhydride 302 in 29% yield.


[bookmark: _Ref143149972]Scheme 66 Cyclisation to form substituted maleic anhydride
Fu et al.87 used [PyPS]3PW12O40 to catalyse amidation reactions on a variety of substrates which produced high yields. Of particular note was the amidation reaction between diethyl phthalate 303 and phenethylamine 304 (Scheme 67), which underwent cyclisation when heated to 140 °C in a microwave for 50 minutes and produced phthalimide 305 in 90% yield.


[bookmark: _Ref143165383]Scheme 67 Using solvent free conditions in a microwave reactor to initiate an amidation reaction
These reviews show a wide range of conditions used to initiate the cyclisation reaction. The conditions used in the reviews were used for the cyclisation reaction with simplified diester 268 (Table 11). Although the stereochemistry of diester 268 was unknown it was hoped that the Z isomer had formed due to the bulky phenyl group dissuading the E isomer forming. A variety of bases were used to initiate the aldol reaction but for the majority of bases, when the reactions were quenched, there was only starting material in the reaction mixture. The catalyst [PyPS]3PW12O40 was also used with diester 268 and heated in a microwave for an hour but only starting material 268 remained. Another reaction that was performed involved reacting diester 268 with benzylamine using sodium ethoxide, but this did not cause the desired reaction to occur. To improve the reactivity of the cyclisation, zinc (II) chloride was used (Table 11), whilst heating to 80 °C followed by the addition of hexamethyldisilazane over 40 minutes but again the desired product was not produced.


[bookmark: _Ref141433898]Table 11 Reaction conditions to initiate cyclisation
	Entry
	Conditions
	Results

	1
	[PyPS]3PW12O40, microwave (300 watts), 140 °C
	starting material

	2
	NaOEt, ethanol, reflux
	decomposed

	3
	p-toluene sulfonic acid monohydrate, o-xylenes, 125 °C
	decomposed

	4
	hexamethyldisilazane, ZnCl2, toluene, 80 °C
	decomposed

	5
	DMAP, EtOH
	starting material

	6
	DBU, THF, reflux
	starting material


Attaching the amide before the condensation reaction
As the amide was not reacting with the ester groups during the cyclisation reaction, it was decided to convert ester 267 to an amide before the condensation reaction (Scheme 68). This would mean a cyclisation reaction could be performed between the amide and ester substituents in alkene 307. To perform the amidation reaction benzylamine was refluxed with ester 267 and DMAP in ethanol making amide 306 in 65% yield. Ethyl-2-oxoacetate was then reacted with amide 306 to make alkene 307 but, like the rest of the molecules that have been put under these reaction conditions, the compound decomposed and there was no evidence of desired product 307 or starting material 306 when the reaction was quenched.


[bookmark: _Ref141431153]Scheme 68 Conversion of an ester to an amide
Hydrolysing the ester groups
To make diester 268 more reactive a hydrolysis reaction was performed (Scheme 69) using sodium hydroxide in ethanol. When the reaction was quenched, there was no evidence of starting material 268 and the desired product 308 was not produced.


[bookmark: _Ref141510555]Scheme 69 Hydrolysis of diester 268
Diels-Alder reaction between anthracene 47 and diester 268
It was decided to make the structure more rigid in hopes to improve the cyclisation reaction. To do this, diester 268 was attached to anthracene using a Diels-Alder reaction. The product would have a more rigid structure which would keep the ester groups closer together and improve the cyclisation conditions. Ideally, they would be more likely to interact with each other and cause the reaction to proceed.
When trying the Diels-Alder reaction (Scheme 70) using the same reaction conditions used previously with maleimide (refluxing in toluene overnight) the reaction did not proceed. The reaction was then left refluxing for a week, but the reaction still did not occur. The reason for the reaction failing was potentially due to the energy gap being too large between the HOMO of the diene and LUMO of the dienophile, so a Lewis acid catalyst would be required to decrease the energy gap and promote the Diels-Alder reaction.


[bookmark: _Ref143171767]Scheme 70 Trying a Diels-Alder reaction with diester 268 
There have been previous examples of initiating a Diels-Alder reaction using Lewis acids catalysts. The acids lower the LUMO of the dienophile by increasing its electron deficiency.98 The smaller energy gap between the diene and dienophile means the reaction can also be carried out at lower temperatures. 
Zhang et al.99 initially performed a Diels-Alder reaction by refluxing anthracene 47 and alkene 310 in toluene without a Lewis acid catalyst (Table 12, entry 1), but this reaction failed. To get the reaction to proceed a variety of catalysts were then used. Iron bromide in DCE proceeded with 77% yield and aluminium chloride in DCE which only produced 16% yield. 


[bookmark: _Ref143173520]Table 12 Lewis acid catalysed Diels-Alder reaction
	Entry
	Catalyst
	Solvent
	Yield (%)

	1
	none
	toluene
	0

	2
	InBr3
	DCE
	65

	3
	FeBr3
	DCE
	77

	4
	AlCl3
	DCE
	16

	5
	Ph3CBr
	toluene
	0

	6
	NaBArF
	toluene
	21

	7
	Ph3CBr/ NaBArF
	toluene
	67

	8
	Ph3CBr/ NaBArF
	DCE
	91


The highest yielding reaction used a Ph3CBr/NaBArF mixture in DCE which gave 91% yield (entry 8), the mixture produced [Ph3C][BArF] in situ which catalysed the Diels-Alder reaction. The reaction did not proceed if either Ph3CBr or NaBArF were reacted separately in the Diels-Alder reaction.
Zhang et al.99 hypothesised that the low yield of the metal based Lewis acid catalysts were due to the retro Diels-Alder reaction occurring at the same time. To understand the extent at which the retro Diels-Alder reaction was occurring, an experiment was carried out which required reacting pure product 311 with Lewis acid catalysts (Scheme 71). For the metal based Lewis acids, the retro Diels-Alder reaction occurred to a significant extent with indium bromide yielding 22% and iron bromide yielding 18% of alkene 310. The retro Diels-Alder reaction did not occur with the carbocation Lewis acids (Ph3CBr, Ph3CBArF).


[bookmark: _Ref143173656]Scheme 71 Experiment to see the rate of the retro Diels-Alder reaction occurring
To get the Diels-Alder reaction between diester 268 and anthracene 47 to occur a variety of different solvents were used (Table 13). Xylenes and 1,2-dichloroethane were used due to the stability of the solvent over a long period of time when at reflux (entries 5 and 6). After being left for a week, however, there was still only starting material in the mixture. Due to the reactions not occurring some Lewis acids (AlCl3, FeBr3) were added to the reaction mixture to see if this would help initiate the Diels-Alder reaction (entries 7 and 8). The most favourable conditions for the Diels-Alder reaction between diester 268 and anthracene 47 were found to be refluxing in 1,2-dichloroethane FeBr3 which made the desired product in 72% yield. The stereochemistry of the product was confirmed at this point using an nOe experiment, demonstrating an interaction between the protons on the ethyl ester groups indicating a cis stereochemistry. 




[bookmark: _Ref141431243]Table 13 Finding reaction conditions for the Diels-Alder reaction
	Entry
	Solvent
	Lewis acid
	Time (days)
	Temperature (°C)
	Yield (%)

	1
	DMSO
	none
	1
	150
	0

	2
	DMF
	none
	1
	153
	0

	3
	toluene
	none
	2
	110
	0

	4
	cyclopentyl methyl ether
	none
	0.5
	106
	0

	5
	xylenes
	none
	7
	139
	0

	6
	1,2-dichloroethane
	none
	7
	83
	0

	7
	DCM, EtOH
	AlCl3
	3
	21
	28

	8
	1,2 dichloroethane
	FeBr3
	1
	50
	72


Diels-Alder reaction between anthrone 168 and diester 268
The Diels-Alder reaction was then performed between diester 268 and anthrone 168 using FeBr3 (Scheme 72), but the reaction did not occur. This may potentially have been because anthrone 168 is more electron deficient so there is a larger energy gap between the HOMO and LUMO of the diene and dienophile. The Lewis acid catalyst may not be able to decrease the energy gap enough to get the reaction to occur. The reaction was also tried with AlCl3 to catalyse the reaction in DCM and ethanol at room temperature but again only starting material remained after 3 days. The reaction was heated to reflux in DCM with AlCl3 over 3 days but again no reaction occurred. The same Diels-Alder reactions were performed on BOM protected anthrone 100. To synthesise BOM protected anthrone 100 sodium hydride was stirred with anthrone 168 for 15 minutes before BOMCl was added to give 96% yield. The Diels Alder reactions was carried out but only starting material was found when the reaction was quenched. 


[bookmark: _Ref144732105]Scheme 72 Performing the Diels-Alder reaction on anthrone 168 and BOM protected anthrone 100
Two competition experiments were performed between anthracene 47, diester 268 and either BOM protected anthrone 100 or anthrone 168 (Scheme 73). Theses competition experiments showed the formation of cycloadduct 309 but there was no formation of either cycloadducts 312 or 313. The lack of a Diels-Alder reaction involving either anthrone 168 or BOM protected anthrone 100 added evidence towards a larger energy gap between the HOMO of the diene and LUMO of the dienophile. 


[bookmark: _Ref159840397]Scheme 73 Competition experiment
Cyclisation reaction on cycloadduct 309
As cycloadduct 309 had been synthesised, some cyclisation reactions were performed (Table 14). It was expected with cycloadduct 309 being more rigid than diester 268 the ester groups would be kept closer together and therefore increase the likelihood of them reacting with each other. To test this hypothesis a cyclisation reaction was undertaken involving the heating of polyoxometalate ([PyPS]3PW12O40) with cycloadduct 309 and benzylamine in a microwave at 140 °C for 1 hour. This resulted in no reaction occurring. Another cyclisation reaction was tested by dissolving cycloadduct 309 in o-xylenes and refluxing with p-toluene sulfonic acid monohydrate overnight, however, there was no reaction. Sodium ethoxide in ethanol was refluxed for 1.5 hours with benzylamine and cycloadduct 309. When the reaction was quenched, the molecule had decomposed and there was no evidence of starting material or product. Cycloadduct 309 was also dissolved in toluene and refluxed with benzylamine for 1 hour then ZnCl2 was added, followed by hexamethyldisilazane and refluxed for 4 hours. When the reaction was quenched only starting material was found. 




[bookmark: _Ref141510729]Table 14 Reactions to initiate cyclisation reactions
	Entry
	Conditions
	Result

	1
	[PyPS]3PW12O40, microwave (300 watts), 140 °C
	starting material

	2
	NaOEt, ethanol, reflux
	decomposed

	3
	p-toluene sulfonic acid monohydrate, o-xylenes, 125 °C
	staring material

	4
	[bookmark: _Hlk140492921]hexamethyldisilazane, ZnCl2, toluene, 80 °C
	starting material

	5
	DMAP, EtOH
	starting material


Hydrolysis
As the reactions were not proceeding, it was decided to make the molecule more reactive by converting the ester groups to carboxylic acid groups. To do this the ester groups of cycloadduct 309 were hydrolysed to carboxylic acid groups. A hydrolysis reaction was performed using sodium hydroxide in THF at reflux (Scheme 74). The reaction was quenched when all the starting material had been consumed (as shown by TLC), but the desired product was not isolated and no other products were extracted from the reaction mixture. 


[bookmark: _Ref141510905]Scheme 74 Hydrolysis of the ester groups
To examine if the hydrolysis reaction would occur, a simplified molecule 316 was used (Scheme 75). To prepare ester 316, a Diels-Alder reaction was performed by refluxing alkene 315 and anthracene 47 in 1,2-dichloroethane with the Lewis acid iron (II) bromide which proceeded with 74% yield. Ester 316 was then dissolved in THF and reacted with sodium hydroxide at reflux. During the acid workup, the product remained in the aqueous layer and the reaction solvents were evaporated to isolate carboxylic acid 317 in 92% yield. The same reaction conditions were tested on cycloadduct 309, but the desired product was not isolated.


[bookmark: _Ref141510886]Scheme 75 Hydrolysis reaction of ester group
Cyclisation reaction to make a substituted maleic anhydride
As the cyclisation reactions between benzylamine and diester 268 did not occur and there was no reaction on cycloadduct 309 likely because of steric hindrance, it was decided to cyclise diester 268 without benzylamine. The product would then be reacted with anthracene, followed by benzylamine. 
Evans et al.100 cyclised alkene 318 by heating with phosphorus pentoxide to 160 °C (Scheme 76) producing 73% yield of the substituted maleic anhydride 319. When the temperature was increased to 180 °C the yield did not improve.


[bookmark: _Ref141523290]Scheme 76 Evens et al.100 cyclisation of alkene 318
Due to alkene 318 being similar to diester 268 the same cyclisation reaction as Evens et al.100 carried out was used with diester 268 (Scheme 77). This cyclisation reaction removed the need for benzylamine to react with one of the ester groups hopefully making the reaction more likely to happen. Phosphorus pentoxide and diester 268 was heated at 160 °C, once the reaction was quenched there was only starting material 268 found in the reaction mixture. 


[bookmark: _Ref141700329]Scheme 77 Cyclisation to make a substituted maleic anhydride
[bookmark: _Toc167702675]Reaction 8- Opening a furan ring followed by cyclisation
Description
As the cyclisation of diester 268 and cycloadduct 309 did not occur, it was decided to use another type of cyclisation reaction (Scheme 78). This reaction sequence would involve attaching a furan ring to amide 322,101 followed by opening the furan ring to make tetracarbonyl 324102, 103 and finally, a cyclisation reaction to make maleimide 325.104 To perform this reaction a furan ring had to be attached to the amide. 


[bookmark: _Ref142645809]Scheme 78 Alternative cyclisation reaction using a furan ring
Padwa et al.101 achieved this by using a copper catalysed C-N cross coupling reaction (Scheme 79) between amide derivative 326 and bromofuran. The reaction was carried out using copper iodide, N,N-dimethylethylenediamine and K2CO3 in 1,4-dioxane and the reaction was heated to 110 °C over 24 hours. This reaction was tested on a wide range of substrates, and the yields were very variable with the tert-butyl carbamate gaining 97% yield whereas the benzyl carbamate was only 27% yield.


[bookmark: _Ref143237965]Scheme 79 Testing the substrate scope of copper iodide coupling with bromofuran
Synthesis of a furan containing molecule
To prepare the amide required for the copper catalysed C-N cross coupling reaction, nitrile 321 was partly hydrolysed (Scheme 80) using trimethylsilyl chloride in a water DCM mixture which synthesised amide 322 with 68% yield. The furan ring was attached by refluxing amide 322 with bromofuran in 1,4-dioxane with copper iodide, potassium carbonate and N,N’-dimethylethylenediamine. When the reaction mixture was refluxed for 24 hours, the yield of furan 323 was 50% but when the reaction time was doubled to 48 hours, the yield increased to 57%.


[bookmark: _Ref141510974]Scheme 80 Attaching furan to amide 322
Opening the furan ring
Opening the furan ring can be carried out in two ways, the first one being via oxidation using an oxidising agent. Overman et al.102 dissolved furan 332 in a carbon tetrachloride, acetonitrile and water mixture. The oxidation reagent sodium periodate was added (Scheme 81) and was catalysed by ruthenium trichloride and stirred at room temperature for 2 hours producing ester 333 with 91% yield and 99% ee.


[bookmark: _Ref141524828]Scheme 81 Oxidation of a furan ring
Ozonolysis is another method to open a furan ring (Scheme 82). Sato et al.103opened a variety of furan and substituted furan rings, and found that the rings required 1.6 mol of ozone per mol of furan derivative. An example of this was ozonolysis of furan 334. The decomposition of furan 334 produced amide 335 in 31% yield along with formic acid 336 and acetic acid 337.


[bookmark: _Ref141525841]Scheme 82 Using ozonolysis to open a furan ring
[bookmark: _Hlk140128362]The oxidation conditions proposed by Overman et al.102 were used to open the furan ring (Scheme 83) which involved the use of ruthenium (III) chloride and sodium periodate in a mixture of DCM, acetonitrile and water, however, only starting material 323 was found when the reaction was quenched.


[bookmark: _Ref142647413]Scheme 83 Opening the furan ring
At this point after trying a variety of methods to synthesise substituted maleimides with various levels of success, it was decided to take another approach, plan 3.
[bookmark: _Toc167702676]Plan 3- Performing the retro Diels-Alder reaction followed by an alkylation reaction
[bookmark: _Toc167702677]Plan 3- Overview
As it was proving difficult to synthesise a substituted maleimide, it was decided to perform the aldol reaction after cycloadduct 185 had undergone a retro Diels-Alder reaction (Scheme 84). Cycloadduct 185 was synthesised the same way as before (Scheme 27, section 2.1.4). There are a few ways to initiate a retro Diels-Alder reaction. The most common method requires FVP; another method is thermal retro Diels-Alder and requires refluxing in high boiling point solvents. The final method is an oxyanion initiated retro Diels-Alder reaction. 

[bookmark: _Ref159840478]Scheme 84 Performing a retro Diels-Alder reaction followed by an alkylation reaction
Using FVP to initiate the retro Diels-Alder reaction was avoided because it requires expensive, energy-intensive specialist equipment. A major drawback of using FVP is that only a small amount of starting material can be processed at a time (typically 100 mg to 1 g) as the starting material is required to vaporise. This is not ideal, as during the retro Diels-Alder reaction half the molecular weight of the compound will be discarded (anthracene), it also makes the process troublesome to scale up.
[bookmark: _Toc167702678]Microwave initiated retro Diels-Alder reaction
A microwave reactor is a good alternative as it can be carried out on a larger scale and provides rapid heating which can be carried out in pressure tubes above the boiling point of the solvent. Heating in a microwave reactor relies on the interactions of the electric field with molecular dipoles in the reaction mixture.105 This means that solutes with larger dipole moments heat with greater efficiently and may give some selectivity to the heating.106 
Frasso et al.107 used this logic when performing a retro Diels-Alder reaction on the amide starting material 340 (Scheme 85). The amide starting material 340 has a larger dipole moment than products 341 and 47 so will have a larger interaction with the microwaves’ electric field and heat up quicker. The nonpolar hydrocarbon solvent, tridecane was used as it promotes aggregation of the polar solutes for stronger absorption of the radiation and the heat that is generated would come mainly from the interaction with amide 340. There was additionally a 32% increase in the rate of reaction compared to conventional heating at 200 °C. It was hypothesised that this was due to the selectivity of heating the starting material, rather than the whole reaction mixture with normal heating. 


[bookmark: _Ref141185649]Scheme 85 Retro Diels-Alder reaction initiated by a microwave
As different solvents absorb different amounts of the microwave radiation, a variety of solvents were tried. Solvents like chlorobenzene absorb only a small amount of the radiation and DMSO absorbs a large amount and accelerates the heating the reaction mixture. 
DMSO was found to be the only solvent in which a reaction occurred (Table 15), this is partially because it has a high absorption of the microwave radiation and a high boiling point (189 °C). It was found that a temperature of 240 °C was required to initiate a bond cleavage reaction. This reaction took place relatively quickly and required heating in the microwave for only 10 minutes. Due to overlapping signals of the tertiary carbons in the 1H NMR spectrum, the trans/cis relationship between the isobutyl group and anthracene auxiliary was unable to be determined.




[bookmark: _Ref151384966]Table 15 Retro Diels-Alder using a microwave
	Entry
	Solvent

	Temperature (°C)

	Time (min)
	Additive
	% Starting material 185
	% yield 172
	% yield 342

	1
	tridecane
	200
	10
	none
	100
	0
	0

	2
	1,2-dichlorobenzene
	220
	10
	none
	100
	0
	0

	3
	1,2-dichlorobenzene
	220
	50
	none
	100
	0
	0

	4
	chlorobenzene
	150
	10
	none
	100
	0
	0

	5
	methyl styrene
	170
	10
	none
	100
	0
	0

	6
	DMSO
	240
	10
	none
	22
	0
	78

	7
	DMSO
	240
	10
	scandium (III) triflate
	35
	0
	65



[bookmark: _Toc167702679]Using DSC to find out the temperature the retro Diels-Alder reaction occurs
As none of the reactions carried out resulted in the complete retro Diels-Alder reaction, it was sensible to find the temperature at which the retro Diels-Alder reaction occurred using differential scanning calorimetry (DSC). A DSC graph shows the thermal phase transitions that occur in a compound as a function of temperature. The graph would show the temperature the retro Diels-Alder reaction initiated. 
The DSC graph (Figure 11) has a sharp trough at 179 °C which correlates to the melting point. The next trough had a double minimum and an onset temperature of 222 °C. The first minimum occurred at about 230 °C and the second minimum occurred at 260 °C and the final trough showed the compound decomposing at 300 °C. It was thought the retro Diels-Alder reaction would be initiated at 260 °C but there was no solvent available with a high enough boiling point to test this theory, so the experiment was not attempted. Due to the requirement of such high temperatures to initiate the retro Diels-Alder reaction, it was decided to use another method to lower the energy gap.
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[bookmark: _Ref141532429]Figure 11 DSC graph showing thermal phase transitions of cycloadduct 185
[bookmark: _Toc167702680]Oxyanion retro Diels-Alder reaction using anthrone
A method to lower the activation energy of the retro Diels-Alder reaction uses an oxyanion effect and requires anthrone as the template. 
Bunnage et al.74 used potassium hydride to form alkoxide anion 344 (Scheme 86) which leads to increased conjugative stabilisation and lowers the activation energy of the retro Diels-Alder reaction. The lower activation energy meant the reaction could be carried out in THF at room temperature with 90% yield within 30 minutes. 


[bookmark: _Ref142903691]Scheme 86 Bunnage et al.74 retro Diels-Alder reaction conditions
Diels-Alder
To make use of the oxyanion retro Diels-Alder reaction anthracene had to be replaced with anthrone 168. A Diels-Alder reaction in toluene was performed (Scheme 87) to attach anthrone 168 to 
N-benzyl maleimide 167 producing N-benzyl imide cycloadduct 169 with a yield of 93%. 


[bookmark: _Ref141351125]Scheme 87 Using anthrone to direct the addition of the Grignard reagent
Grignard reaction followed by the reduction of the hydroxyl group
The next step was a Grignard reaction undertaken using two equivalents of the Grignard reagent which were added over three batches and heated to 50 °C overnight. One equivalent of the Grignard reagent would react with the carbonyl group on maleimide to attach the isobutyl group, the other equivalent of the Grignard reagent would deprotonate the hydroxyl group on the benzylic position. This reaction produced hydroxy lactam 170 with 54% yield. The Grignard reagent attacked solely from the least hindered face and was confirmed using nOe which showed an interaction between the bridgehead proton and the CH2 on the iBu group and also showed no interaction between the hydroxyl group and bridgehead proton. 
The reduction of the hydroxyl group was performed using boron trifluoride diethyl etherate and triethylsilane in DCM, but a retro aldol reaction occurred with 78% yield of amide 346. The structure was confirmed using NMR spectroscopy. The structure had an extra carbonyl peak at 
184 ppm and an extra CH2 peak at 42 ppm in the 13C NMR spectrum. Due to overlapping signals in the 1H NMR spectrum, the trans/cis relationship between the isobutyl group and anthracene auxiliary was unable to be determined.

[bookmark: _Toc167702681]Using a BOM protecting group on anthrone
To prevent the unwanted ring opening reactions occurring, the carbonyl on anthrone 168 was protected with a BOM group (Scheme 88). Sodium hydride was added to deprotonate anthrone, followed by the addition of BOMCl producing BOM protected anthrone 100 in 96% yield. 


[bookmark: _Ref141258380]Scheme 88 Using BOM protected anthrone 100 to stop the unwanted bond cleavage reaction occurring
The protecting group on maleimide was also changed to an allyl group to make it easier to individually deprotect the different groups. The allyl protecting group was added by refluxing maleic anhydride 181 with allylamine in acetic acid over 3 days to give the N-allyl maleimide 60 in 90% yield. N-Allyl maleimide 60 was refluxed with BOM protected anthrone 100 in toluene making imide 347 in 94% yield. The Grignard reaction was carried out using one equivalent of Grignard reagent making hydroxy lactam 348 with 50% yield. 
The structure of hydroxy lactam 348 was confirmed using an nOe spectrum demonstrating the isobutyl group was pointing away from the aryl group. The nOe spectrum showed interactions (Figure 12) between the two bridgehead protons (H1 and H3); additionally, there was interactions between bridgehead proton, H1 and H2. It showed no interaction with the bridgehead proton (H1) and the hydroxyl proton indicating a trans relationship between the hydroxyl and bridgehead proton. This was expected because the bulky aryl group would hinder the Grignard reagent from attacking the face closest to the aryl group. 


[bookmark: _Ref144725306]Figure 12 Red arrows indicated observed nOe interactions occurring between the protons in hydroxy lactam 348
[bookmark: _Toc167702682]Improving the Grignard reaction yield
Some additional experiments were undertaken to improve the yield of the Grignard reaction (Table 16). Isobutylmagnesium bromide and chloride were used with the Grignard reagent being added over the course of a day in batches and left stirring overnight. The reason for adding the Grignard reagent in batches, was to decrease the amount of Wurtz coupling occurring between the Grignard reagents, causing them to be deactivated towards the nucleophilic addition. Using isobutylmagnesium bromide gave yields in the range of 50-80%, with the yield increasing with the number of batches that were used. The yield was similar between isobutylmagnesium bromide and chloride when the number of batches were smaller (entries 2 and 8). 
When the number of batches were increased and the overall equivalents of the Grignard reagent remained the same, the yield improved with the chloride Grignard reagent (entries 4, 9 and 5, 12). If isobutylmagnesium chloride was added in only one batch there was very poor conversion with only 10% yield. The number of addition batches of isobutylmagnesium chloride was increased to 7 which increased the yield to 94%. When the time between each batch was decreased from 2 hours to 1 hour the yield decreased from 81% to 75% (entries 9 and 10). The equivalents of the Grignard reagent were increased to 1.4 and were added to the reaction mixture in seven batches (entry 12) causing the yield to increase to 96%. Overall, the greater the number of batches used, the greater the yield of the reaction. 




[bookmark: _Ref141351454]Table 16 Results of Grignard functionalisation
	Entry
	Grignard
	Total overall equivalents of Grignard reagent
	Number of portions the Grignard reagent was added in
	Gap between each batch being added (hour)
	Yield (%)

	1
	iBuMgBr
	1
	1
	0
	50

	2
	iBuMgBr
	1.2
	3
	2
	55

	3
	iBuMgBr
	1.2
	4
	2
	62

	4
	iBuMgBr
	1.2
	5
	2
	69

	5
	iBuMgBr
	1.4
	7
	1
	80

	6
	iBuMgCl
	1.2
	1
	0
	10

	7
	iBuMgCl
	1.5
	3
	2
	59

	8
	iBuMgCl
	1.2
	3
	2
	57

	9
	iBuMgCl
	1.2
	5
	2
	81

	10
	iBuMgCl
	1.2
	5
	1
	75

	11
	iBuMgCl
	1.2
	7
	1
	94

	12
	iBuMgCl
	1.4
	7
	1
	96


[bookmark: _Toc167702683]Reducing the hydroxyl group
The next step towards the synthesis of berkeleyamide A was the reduction of the hydroxyl group. Frasso et al.108 (Scheme 89) used triethylsilane and boron trifluoride diethyl etherate in DCM which resulted in cycloadduct 352 in 89% yield. These conditions have also been successfully used on previous molecules in this project.


[bookmark: _Ref151386365]Scheme 89 Previous work of reducing the hydroxyl group
When using triethylsilane and boron trifluoride diethyl etherate in DCM at -78 °C to reduce the hydroxyl group, an elimination reaction occurred instead (Scheme 88), creating E-alkene in enamide 349 in 89% yield. The acidic conditions of the reaction also caused the BOM protecting group to be removed at the same time. The structure was confirmed using X-ray crystallography with the isobutyl group in a trans orientation to the nitrogen and on the distal carbon (Figure 13).

[image: A structure of a molecule
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[bookmark: _Ref142473718]Figure 13 X-ray crystal structure of enamide 349, crystal formed from slow evaporation of CDCl3
[bookmark: _Toc167702684]Oxyanion retro Diels-Alder reaction
The BOM deprotection signified the compound could undergo an oxyanion retro Diels-Alder reaction initiated by potassium hydride. Using potassium hydride would lower the activation energy allowing the reaction to be initiated at a lower temperature. 
This reaction has previously been attempted by Jones et al.78 (Scheme 90) and had produced inconclusive results. Previous results had detected anthrone 168 in the reaction mixture but there was no evidence of the desired product 167 in the 1H NMR spectrum. 


[bookmark: _Ref143252235]Scheme 90 Retro Diels-Alder reaction previously attempted in the group
Considering the inconclusive results, it was decided to try out reaction conditions on enamide 349 (Scheme 88) in view of the fact there are less steps required to make the compound. 
Initially the retro Diels-Alder reaction was performed on enamide 349 using one equivalent of KH in THF for 30 minutes (Table 17) but the desired product was not produced. When enamide 349 was dissolved in THF and added to one equivalent of KH in THF, the colour changed from yellow to dark red. The reaction was carried out with three equivalents of potassium hydride at room temperature and the reaction occurred within one hour, with a yield of 72% of product 350. Additionally, there was also another colour change from yellow to dark red. When this reaction was left for a longer period of time (1 day) the yield did not improve. 
The retro Diels-Alder reaction proved to be sensitive to the potassium hydride concentration and required at least three equivalents of potassium hydride. If the reaction was carried out with less than three equivalents of potassium hydride, the desired product was not produced (Table 17, entries 1, 2 and 3). The crude reaction mixtures for the reactions that had less than three equivalents of potassium hydride were analysed by 1H NMR spectroscopy. There was no evidence of starting material 349 or desired product 350 but there was evidence that anthrone 168 had been formed. The reactions with less than three equivalents of potassium hydride were also left stirring at room temperature for one day to see if the desired product 350 could be formed but there was no evidence of the desired product 350 (entry 2). 
When the retro Diels-Alder reactions were performed with less than three equivalents of potassium hydride the desired product 350 was not found. The reaction mixture was put back into the retro Diels-Alder reaction with three equivalents of potassium hydride and still no desired product 350 formed indicating that the molecule had decomposed. 
As the reaction proceeded when using 3 equivalents of potassium hydride, the reaction was carried out over 24 hours to see if the yield would improve, after the reaction was quenched; the yield was found to have remained the same at 72% of product 350.  


[bookmark: _Ref143252680]Table 17 Retro Diels-Alder reaction conditions
	Entry
	Equivalents KH
	Time (hours)
	Yield 350 (%)
	Yield 168

	1
	1
	0.5
	0
	60

	2
	1
	24
	0
	65

	3
	2
	12
	0
	65

	4
	3
	1
	72
	80

	5
	3
	24
	72
	87


[bookmark: _Toc167702685]Reduction of the hydroxyl group
Once the retro Diels-Alder reaction had been shown to work, a variety of reaction conditions were tested to try and achieve the reduction of the hydroxyl group instead of the elimination reaction that had occurred. 
Greszler et al.109 used trifluoroacetic acid and triethylsilane in DCM (Scheme 91). Here a tertiary alcohol was reduced with 65% yield. A small amount of silyl ether was formed but was cleaved by the addition of methanol during the workup.


[bookmark: _Ref141262945]Scheme 91 Previous work on reduction of a tertiary alcohol carried out by Greszler et al.109
Hasbullah et al.110 used TFA and triethylsilane in DCM on a similar compound (Scheme 92) resulting in the reduction of the hydroxyl group with 90% yield. These reviews show a variety of methods have been used to reduce tertiary alcohol groups but have not caused the elimination reaction to occur.


[bookmark: _Ref142993656]Scheme 92 Using reducing conditions 
When performing the reaction using Et3SiH and BF3OEt2 in DCM an elimination occurred with 89% yield (Table 18). To try to avoid the double bond forming the reaction was carried out with just BF3OEt2 in DCM but the reaction did not proceed. Hydroxy lactam 348, TFA and triethylsilane were refluxed in DCM but the elimination reaction still occurred in 70% yield. All reaction conditions caused the deprotection of the BOM group with the original conditions of triethylsilane and boron trifluoride diethyl etherate being the highest yielding. 




[bookmark: _Ref141355623]Table 18 Reduction of hydroxyl group
	Entry
	Reaction conditions
	Yield 349 (%)
	Yield 357 (%)
	Yield 358 (%)

	1
	Et3SiH, BF3OEt2, DCM, -78 °C
	89
	0
	0

	2
	BF3OEt2, DCM, -78 °C
	0
	0
	0

	3
	TfOH, acetonitrile, RT
	65
	0
	0

	4
	TFA, Et3SiH, DCM, MeOH
	70
	0
	0

	5
	TFA, Et3SiH, DCM, reflux
	56
	0
	0


[bookmark: _Toc167702686]Reducing the double bond
As the reduction reaction was not occurring, it was decided to take the product of the elimination reaction (enamide 349) and reduce the double bond on the isobutyl group (Scheme 93). Refluxing sodium borohydride with enamide 349 in acetic acid gave imide 357 with a yield of 30%; refluxing sodium triacetoxyborohydride and enamide 349 in acetic acid produced imide 357 in 40% yield. When sodium triacetoxyborohydride and enamide 349 were stirred overnight in acetic acid, it produced 60% yield of imide 357.


[bookmark: _Ref141352390]Scheme 93 Use of different reducing conditions for the isobutyl group
The stereochemistry of the isobutyl group on imide 357 was confirmed using X-ray crystallography (Figure 14) and showed the orientation of the isobutyl group. This was a result of the hydride attacking the maleimide from the less hindered face, furthest away from the aryl substituent. The bridgehead proton (H1, Figure 14) next to the isobutyl group formed a ddd peak at 2.83 ppm. The formation of the doublet is due to coupling between H1, H2, H3 and H4. 
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[bookmark: _Toc167702687]Deprotection of the allyl amide
The next step involved deprotecting the amide in imide 357 (Table 19), a variety of conditions were tried for the deprotection. A few common organometallic catalysts were used, but no deprotection occurred with any of the reactions. This was most likely due to the steric hindrance caused by the aryl group where the catalysts cannot access the reaction site. 


[bookmark: _Ref141532606]Table 19 Different deprotection conditions for the allyl group
	Entry
	Reaction conditions
	% Conversion

	1
	Pd(OAc)2, H2O, TFA, 80 °C
	0

	2
	RuCl3, EtOH, reflux
	0

	3
	triphenylphosphine, Pd(OAc)2, formic acid, reflux
	0

	4
	Pd/C, acetic acid, H2O, reflux
	0

	5
	BF3OEt2, Pd/C, EtOH, reflux
	0

	6
	(1,5-cyclooctadiene)bis(methyldiphenyl-phosphine)iridium(I) hexafluorophosphate, H2, THF
	0


[bookmark: _Toc167702688]Synthesis of the common intermediate with a literature synthesis
As the deprotection was not working, it was decided to deprotect the amide after the retro Diels-Alder reaction (Scheme 94) when there would be less steric hindrance. The retro Diels-Alder reaction was performed on imide 357 using three equivalents of potassium hydride in THF for 1 hour at room temperature. The reaction mixture was taken straight onto the reduction reaction using sodium borohydride in acetic acid, giving product 360 in 74% yield over the two steps. The allyl protecting group was removed using palladium (II) acetate in trifluoracetic acid and water producing amide 121 in 92% yield. Continuing on, it was protected with the Boc protecting group to make a common compound 122 with Brimble et al.29. 
[bookmark: _Hlk156487287]Following the synthesis carried out by Brimble et al.29, Boc protected lactam 122 could be used to continue to make berkeleyamide A 8. The synthesis that Brimble et al.29 used to make Boc protected lactam 122 had an overall yield of 22% in 6 steps. The synthesis proposed in this report made Boc protected lactam 122 in 8 steps with an overall yield of 27%, albeit racemic. 


[bookmark: _Ref141357600]Scheme 94 Making the final compound 122 that merges with literature
[bookmark: _Toc167702689]Using a Boc protecting group
To reduce the number of steps required to synthesise the common intermediate, it was decided to use N-Boc maleimide 361 from the start (Scheme 95). To synthesise N-Boc maleimide 361, maleimide 67 was dissolved in ethyl acetate and DMAP was added followed by the addition of Boc2O producing N-Boc maleimide 361 in 86% yield. N-Boc maleimide 361 was refluxed with BOM protected anthrone 100 in toluene. The next step was the Grignard reaction, which was carried out using isobutylmagnesium chloride in THF, but the reaction did not occur. This could be as a result of the Boc protecting group being more sterically encumbered than the previous amide protecting groups (allyl and benzyl). Furthermore, the steric hindrance caused by the bulky aryl group hindered the Grignard reagent from accessing the carbonyl group to react. 


[bookmark: _Ref144876811]Scheme 95 Using a Boc protected maleimide
[bookmark: _Toc167702690]Using a tosyl protecting group
To merge with the other literature method that Chakor et al.111 proposed to make berkeleyamide A 8, the lactam needed to be protected with a tosyl group. To achieve this lactam 121 was dissolved in ethyl acetate followed by the addition of DMAP tosyl chloride but, this reaction did not proceed (Scheme 96). Another reaction was then tried where lactam 121 was dissolved in DCM followed by the addition of triethylamine, DMAP and tosyl chloride. The reaction was quenched after 12 hours but only starting material 121 was found. 


[bookmark: _Ref141269048]Scheme 96 Reaction conditions used to attempt to protect lactam 121 with a tosyl group 
Following this a stronger base, sodium hydride, was used (Scheme 96) but again only starting material 121 was found when the reaction was quenched. It was thought that this reaction was not occurring because of steric hindrance.
To try and synthesise amide 146 with a tosyl protecting group, it was proposed to protect the amide from the start (Scheme 97). To achieve this a Diels-Alder reaction was performed between maleimide 67 and BOM protected anthrone 100 to give imide cycloadduct 364 in 95% yield. Imide cycloadduct 364 was reacted with p-toluene sulfonyl chloride to form cycloadduct 365 in 63% yield. When isobutylmagnesium chloride was added, the reaction failed with starting material being recovered. It was thought the reaction failed as there were too many sterically bulky groups near the reaction site (aryl group and the tosyl protecting group), thus preventing the Grignard reagent being able to access the reaction site.


[bookmark: _Ref141718001]Scheme 97 Protecting with a tosyl protecting group
[bookmark: _Toc167702691]Making disulfide aldehyde 162
To make aldehyde 162 (Scheme 98), Chakor et al.111 started by reacting dithiane 159 with bromoacetaldehyde diethyl acetal 160 using nBuLi gaining 78% yield of acetal 161. Following this, acetal 161 was deprotected to gain aldehyde 162 in 97% yield.


[bookmark: _Ref159840708]Scheme 98 Synthesis of aldehyde 162 performed by Chakor et al.111
Initially 1,3-dithiane was reacted with benzyl bromide using nBuLi in THF (Scheme 99) gaining 92% yield of dithiane 159. The next step was to react dithiane 159 with bromoacetaldehyde diethyl acetal 160, but after the reaction was quenched, only starting material 159 remained.


[bookmark: _Ref159840735]Scheme 99 Failed synthesis of acetal 161
Initially to make bromoacetaldehyde diethyl acetal 160 more reactive it was decided to substitute the bromide substituent to an iodide. This was carried out by reacting bromoacetaldehyde diethyl acetal 160 with TBAI in THF and adding the mixture to the nBuLi dithiane 159 mixture, but this reaction did not proceed (Scheme 100).
Hexamethylphosphoramide (HMPA) was also used to improve the lithiation step. HMPA was added at the same time as nBuLi and reacted with dithiane 159 for 1 hour followed by the addition of the bromoacetaldehyde diethyl acetal 160 and TBAI mixture, however, only starting material 159 was found when the reaction was quenched.



[bookmark: _Ref155356968]Scheme 100 Two different approaches attempted to increase the reactive of the substituents
When this did not work, a mixture of sodium tert-butoxide and nBuLi in THF was used (Scheme 101). This mixture will increase the basicity of nBuLi by forming a LiOtBu and NaBu mixture. The mixture was added to dithiane 159 and nBuLi in THF and stirred for an hour. The final step was the addition of the tetrabutylammonium iodide (TBAI) and bromoacetaldehyde diethyl acetal 160 in THF. This reaction proceeded smoothly and gained a 91% yield of acetal 161. The next step was deprotection of the carbonyl using pTsOH in an acetone water mixture, gaining 93% yield of aldehyde 162.

[bookmark: _Ref159840776]Scheme 101 Synthesis of aldehyde 162
[bookmark: _Toc167702692]Aldol reaction using aldehyde 162
Chakor et al.111 performed an aldol reaction (Scheme 102) between lactam 146 and aldehyde 162 using LiHMDS gaining alcohol 163 with 75% yield and a dr of 19:1. 


[bookmark: _Ref142735867]Scheme 102 Aldol reaction performed by Chakor et al.111
The same reaction conditions that Chakor et al.111 reported were used between lactam 359 and aldehyde 162 (Scheme 103) but only starting material was returned when the reaction was quenched. The reaction was repeated at 0 °C but there was no evidence of the desired product having been formed. 


[bookmark: _Ref155358938]Scheme 103 Performing the aldol reaction between lactam 359 and aldehyde 162
A few different varieties of the base HMDS were used with different associated cations (Table 20) including NaHMDS, KHMDS but only starting material was returned. LDA was also used but the desired product was not formed. 

Table 20 Using different bases
	Entry
	Base
	Additive
	% conversion

	1
	NaHMDS
	none
	0

	2
	KHMDS
	none
	0

	3
	LDA
	none
	0

	4
	LiHMDS
	BF3OEt2
	0


[bookmark: _Toc167702693]Using a different electrophile
To confirm the alkylation reaction would occur on lactam 359, the same reaction conditions that Chakor et al.111 proposed were utilised. An acylation reaction was performed on lactam 359 (Scheme 104) using the commercially available benzoyl chloride as the electrophiles. The alkylation reaction occurred twice on lactam 359 making doubly substituted amide 368 in 37% yield. 


[bookmark: _Ref151373167]Scheme 104 Performing an alkylation reaction
[bookmark: _Toc167702694]Synthesising an acid chloride from aldehyde 162
Initially a Pinnick oxidation (Scheme 105) was performed by dissolving aldehyde 162 in tert-butyl alcohol and water. 2-Methyl-2-butene was added followed by the addition of disodium phosphate and sodium chlorite. When the reaction was quenched aldehyde 162 had decomposed.


[bookmark: _Ref157436977]Scheme 105 Pinnick oxidation on aldehyde 162
As a result of aldehyde 162 being unstable to the Pinnick oxidation reaction conditions, it was sensible to try another route to access the desired acid chloride (Scheme 106). This new route involved using the same reaction conditions as earlier to attach ethyl bromoacetate and dithiane 159, but when this reaction was quenched only starting material 159 remained. 


[bookmark: _Ref159840818]Scheme 106 Another route to synthesis carboxylic acid 369 by attaching an ester followed by hydrolysis
[bookmark: _Toc167702695]Using chiral protecting groups
To gain selectivity of the reactions on maleimide an external chiral directing group was attached to the maleimide. It was hypothesised a chiral directing group would influence the diastereoselectivity of the Diels-Alder reaction which, in turn, ought to affect the diastereoselectivity of subsequent functionalisation. For this method to work, the Diels-Alder reaction would have to be performed with high diastereoselectivity.
Baldwin et al. 112 have shown how a chiral directing group attached to maleimide can increase the diastereoselectivity of a Diels-Alder reaction (Scheme 107). N-α-Methylbenzylmaleimide 371 and 1,3-butadiene 372 underwent a Diels-Alder reaction in DCM at room temperature producing two diastereoisomers 374 and 375 in a ratio of 71:29. The reaction was assumed to go through the endo transition state 373 with the bulky phenyl ring directed away from the diene. 


[bookmark: _Ref141271674]Scheme 107 Previous Diels-Alder reaction with a chiral maleimide
To prepare N-α-methylbenzylmaleimide 371, R-(+)-α-methylbenzylamine 376 and maleic anhydride 181 were stirred in diethyl ether for 1 hour, resulting in a precipitate being formed (Scheme 108). The precipitate was collected and reacted with sodium acetate in acetic anhydride at 70 °C for 6 hours, gaining N-α-methylbenzylmaleimide 371 with 64% yield. 
The next reaction was a Diels-Alder reaction which was performed between N-α-methylbenzylmaleimide 371 and BOM protected anthrone 100 (Scheme 108). The products 377 and 378 were formed in 50% yield as an inseparable mixture of diastereoisomers. The reaction had no selectivity between the diastereoisomers 377 and 378 and formed them in a ratio of 53:47. Considering the lack of diastereoselectivity of the reaction the products 377 and 378 were not taken forward for further functionalisation.


[bookmark: _Ref141271108]Scheme 108 Using chiral protecting groups
[bookmark: _Toc167702696]Improving selectivity of the Diels-Alder reaction
As there was no selectivity between the diastereoisomers produced in the Diels-Alder reaction, the chiral protecting group on maleimide had no effect on the selectivity of the reaction. There are some ways to improve diastereoselectivity of the reaction which involve the use of chiral catalysts and bases.
Yamamoto113 (Scheme 109) used a chiral pyrrolidine catalyst to get the Diels-Alder products 379 and 380 in 90% yield with 80% de. They also found the more polar the solvent, the lower the diastereoselectivity in the products.


[bookmark: _Ref141532737]Scheme 109 Using a chiral catalyst to improve diastereoselectivity
Zea et al.114 used (R,R)-Takemoto’s catalyst (Scheme 110) which produced the diastereoisomers 379 and 380 in 80% yield with 72:28 dr. When the Diels-Alder reaction was promoted using DACBO instead of (R,R)-Takemoto’s catalyst the reaction proceeded with minimal selectivity in a dr of 42:58 and a yield of 85%.


[bookmark: _Ref141532757]Scheme 110 Using (R,R)-Takemoto’s catalyst to improve diastereoselectivity
These catalytic Diels-Alder reactions are providing reasonable stereoselectivity but require expensive catalysts, so this route was not taken any further.
[bookmark: _Toc167702697]Chiral sulfoxide protecting groups
Unsaturated sulfoxides can be used to control the stereochemistry formed in chiral reactions. They have a pyramidal structure with a sulphur atom at the centre attached to oxygen, a lone pair of electrons and two different carbon groups. Sulfoxides are also very stable and are able to coordinate with Lewis acids.115, 116 Chiral sulfoxides are relatively easy to synthesise and subsequently remove once the reaction is complete.117
Carreão et al.115 performed stereoselective reactions using sulfoxide groups in Diels-Alder reactions in the synthesis of 5-epi-Shikimate (Scheme 111). An asymmetric Diels-Alder reaction was performed between the sulfoxide 381 and furan catalysed by Et2AlCl. The Lewis acid chelates with the carbonyl and sulfonyl groups causing the pyridine group to block one face of the sulfoxide. The steric crowding allows furan to attack from the other face, producing the major endo isomer 382.118
With cycloadduct 382 the sulfoxide was reduced followed by a dihydroxylation reaction. The newly formed hydroxides were protected resulting in dimethylacetal 383. Next the carboxylate was reduced, and the sulphur group removed followed by reoxidation and methylation giving ester 384 in 58% yield. Cleavage of the oxide bridge gives alkene 385 in 58% yield with an ee of more than 96%. This was followed by deprotection making the final product 386.


[bookmark: _Ref141334686]Scheme 111 Asymmetric Diels-Alder reaction using a chiral sulfoxide
Sharpless et al.43 synthesised diastereomeric sulfinate ester from sulfonyl chloride (Scheme 112). The route Sharpless et al.43 proposed involved deoxygenating sulfonyl chloride 387 using trimethyl phosphite to produce sulfinyl chloride intermediate 388. Menthol was attached using triethylamine to make the sulfinate ester as diastereoisomers (S)389 and (R)389 with a dr of 58:42. The mixture was purified by recrystallisation with acetone at -20 °C which afforded the less soluble (S)-sulfinate ester (S)389. 


[bookmark: _Ref159840899]Scheme 112 Synthesis of chiral sulfinate ester performed by Sharpless et al.43
The synthetic route followed to make sulfinate esters (S)389 and (R)389 (Scheme 113) involved deoxygenation of sulfonyl chloride 387 using trimethyl phosphite. L-Menthol subsequently attacks the deoxygenated intermediate in the presence of triethylamine to make the sulfinate esters as a mixture of diastereomers (S)389 and (R)389. To save time, separation of diastereomers (S)389 and (R)389 by recrystallisation was not carried out and the mixture of diastereomers (S)389 and (R)389 was taken straight onto the protection reaction.

[bookmark: _Ref156391293]Scheme 113 Synthesis of chiral sulfinate ester
To attach the chiral sulfinate ester 389, maleimide 67 was deprotonated using nBuLi at 0 °C followed by the addition of the sulfinate ester 389 but the starting material did not react (Scheme 114). To make maleimide more reactive towards sulfinate ester 389, a Diels-Alder reaction was performed between anthracene and maleimide 67 which produced cycloadduct 391 in 70% yield (Scheme 114). Cycloadduct 391 was relatively insoluble and would only partially dissolve in THF. This meant that when it came to deprotonation of the amide using nBuLi in THF only a small amount of cycloadduct 391 was dissolved in the reaction mixture. Hence the cycloadduct 391 was unable to interact with nBuLi and the reaction did not occur. 


[bookmark: _Ref141342015]Scheme 114 Reacting sulfinate ester with amides
Another approach to improve the solubility (Scheme 114) was attempted and involved using sodium hydride as the base. This allowed the reaction to be carried out in a DMSO/THF mixture which would let cycloadduct 391 fully dissolve. When the reaction was quenched, only starting material 391 was present. To increase the basicity of sodium hydride a small amount of 18-crown-6 was added. The oxygen atoms in 18-crown-6 act as electron donors forming dative bonds with the sodium ion. Sodium hydride and 18-crown-6 were dissolved in THF, cycloadduct 391 in a DMSO/THF mixture was added, followed by the addition of the sulfinate ester. When the reaction was quenched only starting material 391 was observed in the mixture. It was thought these reactions did not proceed as a result of the succinimide 67 and cycloadduct 391 being weak nucleophiles trying to attack a weak electrophile 389, thus making the reaction less likely to occur.
Another approach was taken, due to being unable to attach the chiral sulfoxide protecting groups to succinimide 67 and cycloadduct 391. Kishikawa et al.119 used a two-step condensation mechanism (Scheme 115) to attach amine 393 to maleic anhydride 181. To begin maleic anhydride 181 and amine 393 were dissolved in acetic acid and stirred for one hour, followed by the addition of HMDS and zinc bromide in benzene and refluxed for three hours.


[bookmark: _Ref144731033]Scheme 115 Reacting maleic anhydride 181 with an amine 393
Succinic anhydride 233 was refluxed in toluene with the chiral sulfinamide 395 for 1 hour in hopes of making intermediate 396 (Scheme 116). To close the ring on intermediate 396, zinc (II) chloride was added and heated to 80 °C, followed by the addition of HMDS over 40 minutes and refluxed for two hours. The desired product, however, was not produced.


[bookmark: _Ref141335344]Scheme 116 Chiral sulfone protecting group
[bookmark: _Toc167702698] Widening substrate scope
[bookmark: _Toc167702699]Grignard reaction
To highlight some of the versatility of the approach detailed in this report over other approaches to make berkeleyamide A 8 it was decided to use two different Grignard reagents, vinyl and isopropyl magnesium chloride (Scheme 117). The Grignard reactions proceeded with yields of 89% for vinyl 398 and 95% for isopropyl 399, and the structures were confirmed using nOe spectroscopy. The nOe spectrums showed no evidence of interactions between the hydroxyl groups and the bridgehead protons, which suggests that the hydroxyl group is more likely to be in a trans orientation to the bridgehead proton. 


[bookmark: _Ref155622742]Scheme 117 Grignard reaction
[bookmark: _Toc167702700]Reduction of the hydroxyl group
The next reaction was the reduction of the hydroxyl group using boron trifluoride diethyl etherate and triethylsilane in DCM. For the reduction of hydroxy isopropyl 399 (Scheme 118) there was a mixture of reduction and elimination products (400 and 401) formed. The eliminated product was isolated and reduced using sodium triacetoxyborohydride in acetic acid, with 47% yield of isopropyl 400.


[bookmark: _Ref155879250]Scheme 118 Reduction of the hydroxyl group in hydroxy isopropyl 399
When the reduction conditions were used on hydroxyl vinyl 398 a conjugate reaction occurred producing ethyl 402 with 89% yield (Scheme 119).


[bookmark: _Ref159840943]Scheme 119 Reduction of the hydroxyl group, red arrows show interactions between the protons
The relationship between the bridgehead proton and the proton on the tertiary stereogenic centre was confirmed using 1H NMR spectroscopy. The peak of interest corresponds to the bridgehead proton proximal to the R group and appeared around 3.00 ppm as a ddd. The ddd forms due to the coupling between H1 and H2, H3 and H4 (Scheme 119). The Karplus equation specifies that a larger coupling constant (8-10 Hz) indicates a smaller dihedral angle, thus a cis orientation between the two protons. The coupling constant of interest for isopropyl 400 was 7.3 Hz, and for ethyl 402 was 7.8 Hz which indicated a cis orientation between the two protons.
[bookmark: _Toc167702701]Retro Diels-Alder reaction
The final step was the retro Diels-Alder reaction (Scheme 120) which was carried out with 3 equivalents of potassium hydride at room temperature. The reaction proceeded and gained 95% yield of amide 403 and 92% yield of amide 404.


[bookmark: _Ref156900714]Scheme 120 Retro Diels-Alder reaction


[bookmark: _Toc167702702]Conclusion 
The aim of this work was to find a new flexible synthetic route to produce berkeleyamide A 8 which does not involve the use of L-leucine 118 and a chiral pool strategy (Scheme 121). The synthetic method found used 8 steps to synthesise the common intermediate 122 with 27% yield. The use of anthrone as a template to perform stereoselective reactions allowed increased flexibility in the type of reactions that could be performed and the substituents that could be reacted. 


[bookmark: _Ref146182973]Scheme 121 Synthesis of common intermediate 122 for the total synthesis of berkeleyamide A 8
The initial synthetic routes used anthracene 47 and an unprotected anthrone 168 as templates (Scheme 122) to hinder molecules from attacking from a certain face during the functionalisation reactions. When anthracene 47 was used as the template cycloadduct 185 was produced in four steps and an overall yield of 37%. A retro Diels-Alder reaction was attempted on cycloadduct 185 using a microwave reactor, but an elimination reaction occurred instead. Investigations were carried out using DSC to find the temperature at which the retro Diels-Alder reaction was initiated, and it was found to be about 260 °C. This temperature was too high to perform the retro Diels-Alder reaction because the available solvents had boiling points that were too low. 
When anthrone was used as the template (Scheme 122) the Diels-Alder and Grignard reactions were carried out with an overall yield of 50%. This was followed by the reduction reaction but a ring opening reaction occurred instead making amide 346 in 78% yield.



[bookmark: _Ref159841127]Scheme 122 Using anthracene and anthrone as templates
Reactions were also undertaken to synthesise a substituted maleimide α to one of the carbonyl groups (section 2.2). These reactions included aldol reactions, Baylis-Hillman reactions, palladium cross coupling, lithium halogen exchange and cyclisation reactions but the desired products could not be synthesised.
A couple of methods were used to perform a retro Diels-Alder reaction that avoided using FVP (Scheme 123). The use of a microwave initiated reaction only caused an elimination reaction to occur; this was due to being unable to perform the reaction at high enough temperatures. Potassium hydride was utilised to initiate an oxyanion retro Diels-Alder reaction which proceeded relatively quickly (within one hour) at room temperature with high yields. 


[bookmark: _Ref147314155]Scheme 123 Conditions that lead to partial or full retro Diels-Alder reactions
The final synthetic route (Scheme 124) in this report is to produce the common intermediate 122. This involves a Diels-Alder reaction between BOM protected anthrone 100 and N-allyl maleimide 60, followed by a Grignard reaction and elimination of the hydroxyl group to make enamide 349. The next step was the reduction of the double bond on the isobutyl group. The retro Diels-Alder reaction was initiated by potassium hydride and the newly formed double bond was reduced. The protecting group on lactam 360 was changed to a Boc group to merge with a previous literature synthesis. From this point the literature synthesis77 details a further four more steps that could be followed to produce berkeleyamide A 8.



[bookmark: _Ref146265376]Scheme 124 Overall synthesis to make the common intermediate 122
The synthetic route detailed in this report made the common intermediate 122 in 27% yield using a more flexible route that importantly does not rely on a chiral pool approach. A couple of derivatives were made by changing the Grignard reagent (Scheme 125) gaining overall yields of 75% when the R group is ethyl and 31% when the R group is isopropyl.



[bookmark: _Ref160692315]Scheme 125 Expanding substrate scope
When protecting groups on maleimide were changed it was found that they had a large effect on the functionalisation ability of the maleimide which was probably due to the additional steric hindrance they caused. Chiral protecting groups were also attached to maleimide with the aim of achieving selectivity of the functionalisation reactions. The chiral maleimide molecules were reacted with BOM protected anthrone 100 (Scheme 126) and an inseparable mixture of diastereoisomers were formed in 50% yield and a ratio of 53:47.


[bookmark: _Ref155878451]Scheme 126 Diels-Alder reaction between BOM protected anthrone 100 and chiral maleimide 371


[bookmark: _Toc167702703]Future work
Future work could investigate the retro Diels-Alder reaction performed in a microwave reactor using ionic liquids as the solvent (Figure 15). Ionic liquids can reach higher temperatures faster.120,121 Examples of ionic liquids are dialkylimidazoliums 406-410 which can reach temperatures of 300 °C in 15 seconds with negligible vapour pressure.122 This temperature is above the temperature shown by DCS for the initiation of the retro Diels-Alder reaction on cycloadduct 185.


[bookmark: _Ref161137208]Figure 15 Ionic liquid examples
Work ought to be carried out into increasing the diastereoselectivity of the Diels-Alder reaction between maleimide and anthrone, followed by further diastereoselective functionalisation of maleimide. This could be achieved by using chiral groups on anthrone (Figure 16) or the use of chiral protecting groups on maleimide, with further work into the use of chiral catalysts (eg R,R-Takemoto’s catalyst) during the Diels-Alder reaction. 


[bookmark: _Ref156201588][bookmark: _Ref156201568]Figure 16 Chiral group on anthrone
Improvements in the understanding of the biological interactions of berkeleyamide A 8 ought to be determined using berkeleyamide A 8 and other derivatives as probes to improve the biological response. This could be achieved out by synthesising a range of derivatives with slight differences in structure (eg changing the R group, Scheme 127) and testing to establish if the differences refine the biological activity of the molecule. 


[bookmark: _Ref161137023]Scheme 127 Synthesis of derivatives
[bookmark: _Toc167702704]Experimental
All solvents were obtained dry from The University of Sheffield, Department of Chemistry’s Grubbs dry solvent system. The glassware flame dried and cooled under vacuum before use. All dry reactions were carried out under nitrogen or argon. Reactions that were performed at 0 °C used water/ice baths, and reactions at -50 °C and -78 °C used acetone/dry ice baths. TLC was carried out using Merck aluminium TLC sheets (silica gel 60 F254), visualisation of TLC plates was performed using a UV lamp or by dipping in KMnO4 then exposure to heat. Flash column chromatography was carried out with Geduran® silica gel 40-63 μm 60Å (Merck). Melting points were measured on a Gallenkamp apparatus and are uncorrected. 1H and 13C NMR spectra were measured using CDCl3 as solvent unless otherwise stated, on a Bruker 400 MHz machine with an automated sample changer (unless otherwise stated). Chemical shifts for carbon and hydrogen are given on the δ scale, relative to tetramethylsilane (TMS, δ = 0 ppm). Coupling constants were measured in Hz and analysed using TopSpin. 13C NMR spectra were recorded using the DEPT method. Specific rotations were performed on an Optical Activity Ltd. AA-10 automatic polarimeter at 589 nm (Na D-line), measured at 20 °C unless otherwise stated and [α]D values are given in 10-1 deg cm2 g-1. Infrared spectra were recorded on a Perkin-Elmer Spectrum 100 FT-IR spectrometer using attenuated total reflectance (ATR) diamond tip, or as a thin film on KBr discs. Mass spectra were recorded on an Agilent Technologies Q-TOF LC-MS instrument using electrospray ionisation (ESI+) unless otherwise stated. Commercial compounds were obtained from Sigma-Aldrich, Alfa Aesar or Fluorochem and used as received without further purification Where compounds have been previously reported in the literature citing full analytical data, only 1H, 13C NMR data and melting points are recorded. Where diastereoisomers have been inseparable the data have been reported as a mixture, quoting the 1H NMR data for the major and minor isomers separately. Microwave reactions were conducted using a Smith Creator unit with personal chemistry software. The machine had a continuous microwave power delivery system with a power output of 0 – 300 W and a pressure of 0.2 mm Hg. All microwave reactions were performed in 10 mL glass vessels sealed with a septum.


9,10-Dihydro-9,10-ethano-anthracene-11,12-dicarboxylic acid anhydride 182


[bookmark: _Hlk145414255]Anthracene (20.0 g, 112 mmol) and maleic anhydride (11.0 g, 112 mmol) were heated at reflux in toluene (500 mL) for 7 hours. Once cooled to room temperature, the solvent was removed giving a white powder. This was purified by recrystallisation from DCM: hexane which gave anhydride cycloadduct 182 as a white solid (20.1 g, 65%). Mpt. 256-259 °C (lit.123 257-258 °C); 1H NMR (400 MHz, CDCl3) δ 7.21-7.43 (8H, m, ArCH), 4.86 (2H, s, 2 x CH), 3.56 (2H, s, 2 x CH); 13C NMR (101 MHz, CDCl3) δ 170.5 (2 x CO), 140.6 (2 x ArC), 138.1 (2 x ArC), 127.8 (2 x ArCH), 127.2 (2 x ArCH), 125.2 (2 x ArCH), 124.2 (2 x ArCH) 48.0 (2 x CH), 45.4 (2 x CH). All data are in accordance with the literature.123
N-(Benzyl)-9,10-dihydro-9,10-ethanoanthracene-1’,2’-dicarboximide 183


Anhydride cycloadduct 182 (175 mL) then N-benzylamine (5.93 mL, 54.4 mmol) was added and mixture was heated at reflux for 17 hours. The reaction mixture was then cooled to room temperature and added to an ice water mixture (200 mL) and stirred vigorously. The white precipitate formed was collected and required no further purification imide cycloadduct 183 as a white solid (15.7 g, 79%). Mpt. 234-237 °C (lit.124 236–238 °C); 1H NMR (400 MHz, CDCl3) δ 7.45 – 7.33 (3H, m, ArCH), 7.32 – 7.19 (2H, m, ArCH), 7.23 – 7.16 (2H, m, ArCH), 7.19 – 7.10 (2H, m, ArCH), 7.02 (2H, dd, J = 5.4, 3.1 Hz, ArCH), 6.73 – 6.67 (2H, m, 2 x ArCH), 4.80 (2H, m, 2 x CH), 4.30 (2H, s, NCH2), 3.26 (2H, m, 2 x CH); 13C NMR (101 MHz, CDCl3) δ 176.5 (2 x CO), 141.7 (2 x ArC), 138.5 (2 x ArC), 134.9 (ArC), 128.4 (2 x ArCH), 127.7 (2 x ArCH), 127.3 (ArCH), 127.1 (2 x ArCH), 126.7 (2 x ArCH), 124.9 (2 x ArCH), 124.2 (2 x ArCH), 46.9 (2 x CH), 45.4 (2 x CH), 42.1 (NCH2). All data are in accordance with the literature.124


[bookmark: _Hlk144881896](±)(9R,10S,11R,14S,15S)-13-Benzyl-14-hydroxy-14-isobutyl-9,10-dihydro-9,10-[3,4]epipyrroloanthracen-12-one 184


Isobutylmagnesium bromide (2M in THF, 4.7 mL, 9.4 mmol) was added to a solution of imide cycloadduct 183 (1.46 g, 4.00 mmol) in dry THF (40 mL), under nitrogen and stirred at room temperature for 16 hours. The solvent was removed under reduced pressure, and the crude product was purified by flash column chromatography on silica gel eluting with AcOEt: hexane (1:9) to give hydroxy lactam 184 as a white solid (1.52 g, 90%). Mpt. 209-211 °C; 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.15 (3H, m, ArCH), 7.31 – 6.81 (9H, m, ArCH), 6.37 – 6.27 (2H, m, ArCH), 4.75 (1H, d, J = 3.7 Hz, CH), 4.52 – 4.44 (2H, m, CH2), 3.68 (1H, d, J = 15.4 Hz, CH), 3.10 – 3.00 (1H, m, CH), 2.71 (1H, dd, J = 10.1, 2.8 Hz, CH), 2.23 (1H, s, OH), 1.76 – 1.65 (1H, m, CHH), 1.59 (1H, m, CH), 1.48 – 1.39 (1H, m, CHH), 0.88 (3H, d, J = 6.6 Hz, CH3), 0.78 (3H, d, J = 6.6 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 171.9 (CO), 143.6 (ArC), 142.6 (ArC), 142.0 (ArC), 140.4 (ArC), 138.1 (ArC), 128.4 (2 x ArCH), 127.4 (2 x ArCH), 126.8 (ArCH), 126.6 (2 x ArCH), 126.4 (ArCH), 124.4 (2 x ArCH), 124.2 (ArCH), 123.5 (2 x ArCH), 92.8 (COH), 49.1 (CH), 47.8 (CH2), 47.1 (CH), 45.8 (CH), 45.2 (CH), 42.8 (CH2), 24.7 (CH), 23.7 (CH3), 23.6 (CH3); νmax (ATR)/cm-1 3445, 2956, 2928, 1694, 1432; m/z (TOF MS ES+) calcd for C29H30NO2 424.2271 [M+H+] found 424.2309.
(±)(3R,3aS,9aR)-2,3,3a,4,9,9a-Tetrahydro-3-isobutyl-2-benzyl-4,9[1’,2’]-benzeno-1Hbenz[f]isoindol-1-one 185


Hydroxy lactam 184 (120 mg, 0.284 mmol) was dissolved in DCM (5 mL) at -78 °C. BF3OEt2 (0.100 mL, 0.816 mmol) and then Et3SiH (0.440 mL, 2.76 mmol) were added dropwise and the reaction mixture stirred 15 hours. The reaction was then quenched with saturated NaHCO3 (aq.) (5 mL) and extracted with DCM (3 × 10 mL), dried (Na2SO4), filtered and concentrated to give a pale yellow solid. Purification via flash column chromatography on silica gel eluting with AcOEt: hexane (1:9) gave cycloadduct 185 as a white solid (92.5 mg, 80%). Mpt. 176-180 °C; 1H NMR (400 MHz, CDCl3) δ 7.42 (6H, m, ArCH), 7.31 – 7.09 (5H, m, ArCH), 6.30 (2H, dd, J = 7.4, 1.8 Hz, ArCH), 4.93 – 4.81 (2H, m, NCHH, CH), 4.56 (1H, d, J = 3.5 Hz, CH), 4.38 – 4.30 (1H, m, CH), 3.93 (1H, d, J = 15.9 Hz, NCHH), 3.47 (1H, ddd, J = 9.7, 6.5, 1.8 Hz, CH), 3.26 (1H, dd, J = 9.7, 3.5 Hz, CH), 2.83 (1H, ddd, J = 10.2, 6.5, 3.0 Hz, CH), 1.41 – 1.28 (2H, m, CH2), 1.19 (3H, d, J = 6.6 Hz, CH3), 1.05 (3H, d, J = 6.6 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 176.2 (CO), 141.8 (2 x ArC), 138.6 (2 x ArC), 135.0 (ArC), 128.4 (2 x ArCH), 127.7 (2 x ArCH), 127.3 (ArCH), 127.1 (2 x ArCH), 126.7 (2 x ArCH), 124.8 (2 x ArCH), 124.2 (2 x ArCH), 68.5 (CH), 60.4 (CH2), 48.8 (CH), 48.5 (CH), 46.8 (CH), 45.6 (CH), 42.5 (CH2), 21.1 (CH), 14.2 (2 x CH3); νmax (ATR)/cm-1 3485, 2953, 2924, 2854, 1463; m/z (TOF MS ES+) calcd for C29H30NO 408.2322 [M+H+] found 408.2338.
[bookmark: _Hlk149314560]3-(4-Methoxyphenylmethyloxy)-1-propanol 206



NaH (60%, 51.9 mg) was added to a solution of 1,3-propanediol (3.50 mL, 48.4 mmol) in DMF (30 mL) at 0 °C. After stirring for 30 minutes at 0 °C, a solution of PMBCl (1.47 mL, 10.8 mmol) in DMF (25 mL) was added and stirred for 140 minutes at 0 °C. The reaction was then quenched using NH4Cl(aq.) (5 mL) and extracted with AcOEt (3 x 5 mL), dried (Na2SO4), filtered and concentrated. The crude product was purified using flash column chromatography on silica gel eluting with AcOEt: hexane (1:3) giving alcohol 206 as a yellow oil (6.93 g, 73%). 1H NMR (400 MHz, CDCl3) δ 7.26-7.22 (2H, m, ArCH), 6.91 (2H, m, ArCH), 4.47 (2H, s, CH2), 3.78-3.82 (5H, m, CH3, CH2), 3.66 (2H, t, J = 6.0 Hz, CH2), 1.87 (2H, quint, J = 5.7, CH2), 1.28 (1H, t, J = 5.7 Hz, OH); 13C NMR (101 MHz, CDCl3) δ 162.0 (ArC), 138.4 (ArC), 129.3 (2 x ArCH), 113.9 (2 x ArCH), 73.0 (CH2), 69.3 (CH2), 60.4 (CH2), 55.3 (CH3), 32.0 (CH2). All data are in accordance with the literature.125
3-(4-Methoxyphenylmethyloxy)-1-propanal 148



Et3N (3.50 mL, 25.1 mmol), DMSO (2.50 mL, 35.2 mmol) and SO3·Py (2.40 g, 15.1 mmol) was added to a solution of alcohol 206 (1.00 g, 5.09 mmol) in DCM (2.50 mL) at 0 °C and stirred for 15 minutes. The reaction was quenched with water (5 mL) and extracted using AcOEt (3 x 5 mL). The organic phase was washed with brine (5 mL), dried (Na2SO4), filtered, and the solvent removed. The crude product was purified by flash column chromatography on silica gel eluting with AcOEt: hexane (1:3) gave aldehyde 148 as a yellow oil (0.742 g, 75%). 1H NMR (400 MHz, CDCl3) δ 9.81 (1H, t, J = 1.6 Hz, CHO), 7.27 (2H, d, J = 8.8 Hz, ArCH), 6.91 (2H, d, J = 8.8 Hz, ArCH), 4.49 (2H, s, CH2), 3.79-3.83 (5H, m, CH3, CH2), 2.71 (2H, t, J = 1.6 Hz, CH2); 13C NMR (101 MHz, CDCl3) δ 201.4 (CO), 159.2 (ArC), 129.6 (ArC), 129.4 (2 x ArCH2), 113.7 (2 x ArCH), 73.1 (CH2), 63.5 (CH2), 55.4 (CH3), 43.8 (CH2). All data are in accordance with the literature.125
(±)(3R,3aS,9aR)-2,3,3a,4,9,9a-Tetrahydro-3-isobutyl-2-benzyl-5-d-4,9[1’,2’]-benzeno-1Hbenz[f]isoindol-1-one 185-d



LDA was prepared by adding BuLi (1.16 mL, 12.5 mmol) to a solution of diisopropylamine (0.310 mL, 2.21 mmol) in THF (5 mL), at –78 °C under an N2 atmosphere. The solution was stirred 15 minutes at 0 °C and then cooled again to –78 °C. Cycloadduct 185 (0.500 g, 1.23 mmol) was added to the solution of freshly prepared LDA (0.230 mL, 2.21 mmol) in THF (3 mL) at 0 °C and stirred for 1 hour at 0 °C then stirred at room temperature for 1 hour. D2O (2 mL) was added to quench the reaction followed by the addition of water (5 mL) and extracted using diethyl ether (3 x 5 mL), dried (Na2SO4), filtered and concentrated. Purification via flash column chromatography on silica gel eluting with AcOEt: hexane (1:9) gave deuterated cycloadduct 185-d as a white solid (0.41 g, 82%). Mpt. 174-179 °C; 1H NMR (400 MHz, CDCl3) δ 7.42 (6H, m ArCH), 7.31 – 7.09 (5H, m, ArCH), 6.30 (2H, dd, J = 7.4, 1.9 Hz, ArCH), 4.93 – 4.81 (2H, m, NCHH, CH), 4.38 – 4.30 (1H, m, CH), 3.93 (1H, d, J = 15.9 Hz, NCHH), 3.47 (1H, ddd, J = 9.7, 3.0, 1.8 Hz, CH), 2.80 (1H, dd, J = 10.2, 6.5 Hz, CH), 1.41 – 1.28 (2H, m, CH2), 1.19 (3H, d, J = 6.6 Hz, CH3), 1.05 (3H, d, J = 6.5 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 176.2 (CO), 141.8 (2 x ArC), 138.6 (2 x ArC), 135.0 (ArC), 128.4 (2 x ArCH), 127.7 (2 x ArCH), 127.3 (ArCH), 127.1 (2 x ArCH), 126.7 (2 x ArCH), 124.8 (2 x ArCH), 124.2 (2 x ArCH), 68.5 (CH), 60.4 (CH2), 48.8 (CH), 48.5 (CH), 46.4 (t, J = 23 Hz, CD), 45.6 (CH), 42.5 (CH2), 21.1 (CH), 14.2 (2 x CH3); νmax (ATR)/cm-1 3485, 2953, 2924, 2854, 1463; m/z (TOF MS ES+) calcd for C29H29DNO+ 409.2385 [M+H+] found 409.2374.
3-(4-Methoxybenzyloxy)propanoic acid 233


NaH2PO4 (480 mg, 4.00 mmol) in water (4 mL) and NaClO2 (217 mg, 2.40 mmol) in water (4 mL) were added to a solution of aldehyde 148 (140 mg, 0.721 mmol), 2-methyl-2-butene (561 mg, 8.00 mmol) in tBuOH (9 mL) and water (4 mL) at 0 °C, and the mixture was stirred at room temperature for 1 hours. The reaction mixture was quenched with water (5 mL) and extracted with AcOEt (3 x 5 mL), then dried over Na2SO4 filtered and concentrated then purified using flash column chromatography on silica gel eluting with AcOEt: hexane (2:3) to give carboxylic acid 233 as a colourless oil (109 mg, 72%). 1H NMR (400 MHz, CDCl3) δ 10.52 (1H, s, OH), 7.27 [2H, (AX)2, J = 8.5, CH2, ArCH], 6.91 [2H, (AX)2, J = 8.5, ArCH]. 4.58 (2H, s, CH2), 3.82 (3H, s, CH3), 3.79 (2H, t, J = 6.8 Hz, CH2), 2.68 (2H, t, J = 7.0 Hz, CH2); 13C NMR (101 MHz, CDCl3) δ 177.5 (COOH), 159.3 (ArC), 130.2 (ArC), 129.5 (2 x ArCH), 114.1 (2 x ArCH), 72.9 (CH2), 64.8 (CH2), 55.0 (CH3), 34.75 (CH2). All data are in accordance with the literature.126
3-(Benzyloxy)propan-1-ol 225


1,3-Propanediol (1.05 mL, 13.2 mmol) was added dropwise to a suspension of NaH (526 mg, 13.2 mmol, of a 60% dispersion in mineral oil) in dry DMF (20 mL) under nitrogen at 0 °C. The solution was stirred at 0 °C for 30 minutes and room temperature for 30 minutes. The solution was then cooled to 0 °C and benzylbromide (0.500 mL, 4.40 mmol) in dry DMF (5 mL) was added dropwise. The mixture was then stirred at 0 °C for 2 hours and to warmed to room temperature for 16 hours. The mixture was diluted with water (2 mL), neutralized (pH 7) with conc. HCl (3 mL) and extracted with DCM (3 x 5 mL), dried (Na2SO4), filtered and concentrated. Purification by flash column chromatography on silica gel eluting with AcOEt: hexane (2:5) gave alcohol 225 as a colourless oil (2.02 g, 92%). 1H NMR (400 MHz, CDCl3) δ 7.42 – 7.27 (5H, m, ArCH), 4.55 (2H, s, CH2), 3.82 (2H, td, J = 5.7, 1.2 Hz, CH2), 3.70 (2H, td, J = 5.7, 0.9 Hz, CH2), 1.90 (2H, p, J = 5.7 Hz, CH2).1.23 (1H, t, J = 5.7 Hz, OH); 13C NMR (101 MHz, CDCl3) δ 138.1 (ArC), 128.5 (2 x ArCH), 127.7 8 (2 x ArCH), 127.7 (ArCH), 73.3 (CH2), 69.5 (CH2), 62.0 (CH2OH), 32.1 (CH2). All data are in accordance with the literature.127
3-(Benzyloxy)propan-1-al 226


Et3N (3.50 mL, 25.1 mmol), DMSO (2.50 mL, 35.2 mmol) and SO3·Py (2.40 g, 15.1 mmol) was added to a solution of alcohol 225 (1.00 g, 5.09 mmol) in DCM (2.50 mL) at 0 °C and stirred for 15 minutes. The reaction was quenched with water (5 mL) and extracted using AcOEt (3 x 5 mL). The organic phase was washed with brine (5 mL), dried (Na2SO4), filtered, concentrated. The crude product was purified by flash column chromatography on silica gel eluting with AcOEt: hexane (1:6) gave aldehyde 226 a yellow oil (0.693 g, 83%). 1H NMR (400 MHz, CDCl3) δ 9.81 (1H, t, J = 1.7 Hz, CHO), 7.27 (5H, m, ArCH), 4.56 (2H, s, CH2), 3.84 (2H, t, J = 6.2, CH2), 2.71 (2H, dt, J = 6.2, 1.7 Hz, CH2); δC (100 MHz; CDCl3); 13C NMR (101 MHz, CDCl3) δ 200.7 (CO), 138.3 (ArC), 128.4 (2 x ArCH), 127.8 (2 x ArCH), 127.6 (ArCH), 73.3 (CH2), 65.7 (CH2), 43.9 (CH2). All data are in accordance with the literature.128
3-(Benzyloxy)propanoic acid 227


Jones reagent (1.26 M) was prepared by dissolving potassium dichromate (6.15 g, 39.3 mmol) in a mixture of water (12.5 mL) and H2SO4 (6.25 mL) at 0 °C, additional water was added (12.5 mL) and the orange solution stirred at 0 °C for one hour. 
Jones Reagent (2.43 mL, 1.26 M solution) was added to a solution of alcohol 225 (510 mg, 3.08 mmol) in acetone (5 mL) at 0 °C and stirred for 2 hours at 0 °C. The green/blue precipitate was filtered off and the dark orange solution concentrated. The residue was diluted with EtOAc (5 mL) and washed with water (5 mL) and brine (5 mL), dried (Na2SO4), filtered and concentrated. purification by flash column chromatography on silica gel eluting with EtOAc: hexane (2:9) gave carboxylic acid 227 as a colourless oil (0.516 g, 93%). 1H NMR (400 MHz, CDCl3) δ 11.01 (1H, br s, OH) 7.29-7.35 (5H, m, ArCH), 4.58 (2H, s, CH2), 3.79 (2H, t, J = 6.8 Hz, CH2), 2.70 (2H, t, J = 6.8 Hz, CH2); 13C NMR (101 MHz, CDCl3) δ 176.7 (COOH), 137.8 (ArC), 128.5 (2 x ArCH), 127.7 (2 x ArCH), 73.2 (CH2), 65.2 (CH2), 24.9 (CH2). All data are in accordance with the literature.127
Ethyl 3-(benzyloxy)propanoate 228


Conc. H2SO4 (1 drop) was added to a solution of carboxylic acid 227 (500 mg, 2.77 mmol) in ethanol (1 mL) and the solution heated at reflux for 16 hours. The solution was cooled to room temperature and concentrated. The yellow residue was dissolved in EtOAc (5 mL) and washed with NaHCO3 (aq.) (5 mL) and brine (5 mL), dried (Na2SO4), filtered and concentrated to give the title compound as a colourless oil. The crude product was purified using flash column chromatography on silica gel eluting with EtOAc: hexane (1:9) gave ester 228 as a colourless oil (0.547 g, 95%). 1H NMR (400 MHz, CDCl3) δ 7.28-7.37 (5H, m, ArCH), 4.56 (2H, s, CH2), 4.18 (2H, q, J = 6.8 Hz, CH2) 3.78 (2H, t, J = 6.2 Hz, CH2), 2.63 (2H, t, J = 6.2 Hz, CH2), 1.28 (3H, t, J = 6.8 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 171.7 (CO), 138.1 (ArC), 128.4 ( ArCH), 127.7 (2 x ArCH), 127.6 (2 x ArCH), 73.1 (CH2), 65.7 (CH2), 60.6 (CH2), 35.2 (CH2), 14.2 (CH3). All data are in accordance with the literature.127



N-Benzylsuccinimide 229



Succinimide (1.98 g, 20.0 mmol) and anhydrous potassium carbonate (3.32 g, 24.0 mmol) were dissolved in acetone (40 mL). Benzyl bromide (2.60 mL, 22.0 mmol) was then added, and the mixture was heated at reflux for 3 h, where a white precipitate was formed. After cooling to room temperature, the mixture was filtered and concentrated to give a pale orange solid which was recrystallised from DCM: hexane to give N-benzylsuccinimide 229 as white crystals (3.55 g, 94%). Mpt. 97-100 °C (lit.129 96-98 °C); 1H NMR (400 MHz, CDCl3) δ 7.29-7.43 (5H, m, ArCH), 4.69 (2H, s, NCH2), 2.74 (4H, s, 2 x CH2); 13C NMR (101 MHz, CDCl3) δ 176.9 (2 x CO), 137.5 (ArC), 129.0 (ArCH), 128.7 (2 x ArCH), 128.0 (2 x ArCH), 42.4 (CH2), 28.2 (2 x CH2). All data are in accordance with the literature.129 

γ,2,5-Trioxo-N,1-bis[benzyl]-3-pyrrolidinebutanamide 232





LiHMDS (1 M in THF, 8.12 mL, 8.12 mmol) was added to a stirred solution of N-benzylsuccinimide 229 (1.55 g, 8.12 mmol) in THF (40 mL) at 0 °C and stirred for 3 hours. NH4Cl(aq.) (150 mL) was added and the mixture was extracted with DCM (3 x 30 mL), dried (Na2SO4), filtered, and concentrated. The residue was purified by flash column chromatography on silica gel eluting with EtOAc: hexane (3:7) to give amide 232 as dark orange crystals (2.64 g, 86%). Mpt. 176-178 °C, 1H NMR (400 MHz, CDCl3) δ 7.45 – 7.18 (10H, m, ArCH), 5.83 (1H, s, NH), 4.67 (1H, d, J = 14.2 Hz, NCHH), 4.62 (1H, d, J = 14.2 Hz, NCHH), 4.44 (2H, d, J = 5.7 Hz, CH2), 4.08 (1H, dd, J = 9.0, 4.4 Hz, CH), 3.41 – 3.14 (4H, m, 2 x CH2), 3.14 – 3.06 (2H, m, CH2); 13C NMR (101 MHz, CDCl3) δ 192.4 (CO), 175.2 (CO), 172.4 (CO), 171.0 (CO), 137.8 (ArC), 136.9 (ArC), 128.7 (2 x ArCH), 128.7 (2 x ArCH), 128.7 (ArCH), 128.1 (2 x ArCH), 127.7 (2 x ArCH), 127.6 (ArCH), 53.2 (CH), 43.8 (CH2), 42.8 (CH2), 37.8 (CH2), 30.0 (CH2), 29.9 (CH2); νmax (ATR)/cm-1 3295, 3059, 3028, 3001, 2930, 1770, 1697, 1643; m/z (TOF MS ES+) calcd for C22H22N2O4Na+ 401.1472 [M+Na+] found 401.1511.
N-Allyl succinimide 234



A solution of N-allylamine (1.82 g, 31.3 mmol) and maleic anhydride (5.58 g, 56.3 mmol) in glacial acetic acid (60 mL) was heated at reflux for 3 days. Acetic acid was removed under reduced pressure. Water (20 mL) was added and extracted using DCM (3 x 10 mL), dried (Na2SO4), filtered, and concentrated. The residue was purified by flash column chromatography on silica gel eluting with EtOAc: hexane (1:3) gave N-allyl succinimide 234 as a white solid (3.91 g, 90%). Mtp. 45-68 °C (lit.130 44-46 °C); 1H NMR (400 MHz, CDCl3) δ 5.81 (1H, ddt, J = 16.6, 10.2, 6.0 Hz, CH), 5.26 – 5.16 (2H, m, CH2), 4.14 (2H, dt, J = 6.0, 1.5 Hz, NCH2), 2.75 (4H, s, 2 x CH2); 13C NMR (101 MHz, CDCl3) δ 176.7 (CO), 176.8 (CO), 130.7 (CH), 118.4 (CH2), 40.9 (CH2), 28.4 (CH2), 28.2 (CH2); m/z (TOF MS ES+) calcd for C7H10NO2H+ 140.0706 [M+H+] found 140.0705. All data are in accordance with the literature.130
(±)3-Benzoyl-1-allyl-1H-pyrrole-2,5-dione 235




LiHMDS (1 M in THF, 8.12 mL, 8.12 mmol) was added to solution of N-allyl succinimide 234 (1.00 g, 6.76 mmol) in THF (40 mL) at –78 °C. The reaction mixture was stirred for 45 minutes, then benzoyl chloride (0.950 g, 6.76 mmol) in THF (16 mL) was added dropwise at –78 °C. The resulting reaction mixture was stirred for 3 hours. Sat.NH4Cl(aq.) (150 mL) was added, and the aqueous phase was extracted with DCM (3 x 30 mL), dried (Na2SO4), filtered, and concentrated. The residue was purified by flash column chromatography on silica gel eluting with EtOAc: hexane (3:5) gave substituted succinimide 235 as a white solid (1.02 g, 62%). Mpt. 99-102 °C; 1H NMR (400 MHz, CDCl3) δ 8.19 – 8.11 (2H, m, ArCH), 7.78 – 7.64 (1H, m, ArCH), 7.61 – 7.46 (2H, m, ArCH), 5.79 (1H, ddt, J = 17.1, 10.2, 5.8 Hz, CH), 5.30 – 5.17 (2H, m, NCH2), 4.90 (1H, dd, J = 8.9, 3.9 Hz, CH), 4.91 (1H, d, J = 3.9 Hz, CHH), 4.88 (1H, d, J = 3.9 Hz, CHH), 3.43 (1H, dd, J = 18.2, 3.9 Hz, CHH), 2.91 (1H, dd, J = 18.2, 8.9 Hz, CHH); 13C NMR (101 MHz, CDCl3) δ 192.4 (CO), 175.6 (CO), 172.5 (CO), 135.4 (ArC), 134.3 (CH), 130.1 (ArCH), 129.8 (2 x ArCH), 128.7 (2 x ArCH), 118.5 (CH2), 48.4 (CH), 42.6 (CH2), 31.7 (CH2); νmax (ATR)/cm-1 3023, 2988, 1778, 1704, 1673; m/z (TOF MS ES+) calcd for C14H14NO5H+ 244.0968 [M+H+] found 244.0981.
(±)3-Benzoyl-3-(iodobenzoate)-1-allyl-1H-pyrrole-2,5-dione 236


Substituted succinimide 235 (0.500 g, 2.06 mmol) was dissolved in DMSO (15 mL) and was stirred at room temperature followed by the addition of IBX (3.36 g, 12.0 mmol). The reaction mixture was heated to 80 °C for 2 days, then cooled to room temperature. Water (20 mL) was added to the reaction mixture, followed by filtration, and extraction with Et2O (3 x 20 mL). The combined organic extracts were washed with 5% aqueous NaHCO3 (3 × 20 mL) and water (3 × 20 mL), then dried (MgSO4), filtered and concentrated. The crude product was purified by flash column chromatography on silica gel eluting with EtOAc: hexane (2:5) gave doubly substituted imide 236 as a yellow solid (0.733 g, 75%). Mpt. 167-170°C; 1H NMR (400 MHz, CDCl3) δ 8.06 (2H, m, ArCH), 7.88 – 7.77 (2H, m, ArCH), 7.70 – 7.61 (1H, m, ArCH), 7.61 – 7.36 (3H, m, ArCH), 7.22 (1H, td, J = 7.7, 1.7 Hz, ArCH), 5.90 (1H, ddt, J = 17.1, 10.2, 6.0 Hz, CH), 5.40 (1H, d, J = 10.3 Hz, NCHH), 5.32 (1H, d, J = 10.3, NCHH), 4.30 – 4.27 (2H, m, CH2), 3.30 (1H, d, J = 18.6 Hz, CHH), 3.03 (1H, d, J = 18.6 Hz, CHH); 13C NMR (101 MHz, CDCl3) δ 195.5 (CO), 174.9 (CO), 173.0 (CO), 170.5 (CO), 141.9 (ArC), 134.5 (ArC), 133.5 (ArCH), 133.4 (CH), 133.1 (ArCH) 132.0 (ArCH), 131.8 (ArCH), 129.1 (2 x ArCH), 129.1 (2 x ArCH), 128.0 (ArCH), 119.7 (CH2), 94.70 (ArCI), 80.2 (C), 42.1 (CH2), 41.6 (CH2); νmax (ATR)/cm-1 3055, 2989, 1715; m/z (TOF MS ES+) calcd for C21H16INO5NH4+ 507.0411 [M+NH4+] found 507.0413.
3-Chloro-1-allyl-3-benzoyl-2,5-pyrrolidinedione 240




Imide 235 (1.20 g, 4.94 mmol) and anhydrous copper(II) chloride (1.34 g, 10.0 mmol) was heated at reflux in acetonitrile (10 mL) for 1-2 hours. The reaction mixture was cooled to room temperature and poured into ice and the precipitate was filtered and washed with 10% hydrochloric acid solution (10 mL), then purified by flash column chromatography on silica gel eluting with EtOAc: hexane (2:5) to give imide 240 as a dark red solid (0.999 g, 73%). Mpt. 115-117 °C; 1H NMR (400 MHz, CDCl3) δ 8.25 – 8.17 (2H, m, ArCH), 7.74 – 7.60 (1H, m, ArCH), 7.59 – 7.47 (2H, m, ArCH), 5.82 (1H, ddt, J = 17.2, 10.3, 5.8 Hz, CH), 5.33 – 5.21 (2H, m, CH2), 4.22 (2H, dt, J = 5.8, 1.5 Hz, NCH2), 4.02 (1H, d, J = 18.4 Hz, CHH), 3.23 (1H, d, J = 18.4 Hz, CHH); 13C NMR (101 MHz, CDCl3) δ 190.9 (CO), 171.3 (CO), 170.5 (CO), 134.2 (ArC), 132.4 (ArCH), 130.6 (2 x ArCH), 129.4 (CH), 128.3 (2 x ArCH), 119.0 (CH2), 66.8 (CCl), 44.2 (CH2), 41.9 (CH2); νmax (ATR)/cm-1 3059, 2983, 2772, 1716; m/z (TOF MS ES+) calcd for C14H13Cl37NO3+ 278.0578 [M+H+] found 278.0580; m/z (TOF MS ES+) calcd C14H13Cl35NO3+ 280.0578 [M+H+] found 280.0561.
1-(Phenylmethyl)-1H-pyrrole-2,5-dione 167




Maleimide (1.98 g, 20.0 mmol) and K2CO3 (3.32 g, 24.1 mmol) were dissolved in acetone (40 mL). Benzyl bromide (3.40 g, 20.0 mmol) was then added, and the reaction mixture was heated at reflux for 3 hours. The resulting solution was then allowed to cool to room temperature, filtered and concentrated. Purification by flash column chromatography on silica gel eluting with EtOAc: hexane (1:3) gave N-benzyl maleimide 167 as a white solid (3.59 g, 96%). Mpt. 67-71 °C (lit.131 70-72 °C); 1H NMR (400 MHz, CDCl3) δ 7.27-7.43 (5H, m, ArCH), 6.71 (2H, s, 2 x CH), 4.69 (2H, s, NCH2); 13C NMR (101 MHz, CDCl3) δ 170.4 (2 x CO), 136.2 (ArC), 134.2 (2 x CH), 128.7 (2 x ArCH), 128.4 (ArCH), 127.9 (2 x ArCH), 41.4 (CH2). All data are in accordance with the literature.131
(±)-3-Methoxy-1-(phenylmethyl)-2,5-pyrrolidinedione 251





N-benzyl maleimide 167 (3.00 g, 18.3 mmol), and triethylamine (2.00 g, 19.8 mmol) were reacted in methanol (20 mL) and the reaction mixture was stirred for 30 minutes. Chloroform (20 mL) and brine (5 mL) were added, and the mixture was stirred for another 20 minutes. The organic phase was separated, and the aqueous phase extracted with chloroform (3 x 10 mL), dried (MgSO4), filtered and concentrated then purified using flash column chromatography on silica gel eluting with EtOAc: hexane (1:20) to give methoxy 251 as a colourless oil (2.28 g, 57%). Mpt. 80-84 °C; 1H NMR (400 MHz, CDCl3) δ 7.20-7.33 (5H, m, ArCH), 4.66 (2H, s, NCH2), 4.23 (1H, dd, J = 8.2, 4.1 Hz, CH), 3.63 (3H, s, CH3), 3.00 (1H, dd, J = 18.3, 8.2, CHH), 2.64 (1H, dd, J = 18.3, 4.1 Hz, CHH); 13C NMR (101 MHz, CDCl3) δ 175.9 (CO), 174.2 (CO), 136.4 (ArC), 128.8 (2 x ArCH), 128.7 (2 x ArCH), 128.1 (ArCH), 74.8 (CH), 58.9 (CH3), 42.3 (CH2), 36.0 (CH2). All data are in accordance with the literature.132

3-Bromo-1-(2-propen-1-yl)-1H-pyrrole-2,5-dione 258


A solution of N-allylamine (1.82 g, 31.3 mmol) and 3-bromo-2,5-furandione (10.0 g, 56.3 mmol) in glacial acetic acid (60 mL) was heated at reflux for 3 days. Acetic acid was removed under reduced pressure. Water (20 mL) was added, and the aqueous phase was extracted using DCM (3 x 10 mL), dried (Na2SO4), filtered, and concentrated. The residue was purified by flash column chromatography on silica gel eluting with EtOAc: hexane (1:10), to give bromomaleimide 258 (6.08 g, 90%). Mpt. 101-104 °C; 1H NMR (400 MHz, CDCl3) δ 6.89 (1H, s, CH), 5.84 – 5.69 (1H, m, CH), 5.23 – 5.12 (2H, m, CH2), 4.13 (2H, dt, J = 5.8, 1.4 Hz, NCH2); 13C NMR (101 MHz, CDCl3) δ 168.0 (CO), 164.8 (CO), 131.8 (CH), 131.6 (CBr), 131.3 (CH) 117.8 (CH2), 40.5 (CH2); νmax (ATR)/cm-1 3081, 1849, 1776, 1709, 1589; m/z (TOF MS ES+) calcd for C7H7NO2Br+ 215.9655 [M+H+] found 215.9638.
3-Iodo-1-(2-propen-1-yl)-1H-pyrrole-2,5-dione 259


A solution of NaI (18.3 g, 122 mmol) and bromomaleimide 258 (6.20 g, 20.3 mmol) in acetone (20 mL) was heated at reflux for 12 hours. The reaction mixture was cooled to room temperature and filtered. The filtrate was concentrated to afford a brown solid. Purification by flash chromatography on silica gel eluting with EtOAc: hexane (1:20) gave iodomaleimide 259 (4.97 g, 93%). Mpt. 109-112 °C; 1H NMR (400 MHz, CDCl3) δ 7.20 (1H, s, CH), 5.79 (1H, m, CH) 5.26 – 5.15 (2H, m, CH2), 4.17 (2H, dt, J = 5.8, 1.5 Hz, NCH2); 13C NMR (101 MHz, CDCl3) δ 169.3 (CO), 166.2 (CO), 140.5 (CH), 130.9 (CH), 118.8 (CH2), 107.4 (CI), 41.0 (CH2); νmax (ATR)/cm-1 m/z 3071, 1853, 1770, 1698, 1568; m/z (TOF MS ES+) calcd for C7H7NO2I+ 263.9516 [M+H+] found 263.9526.


1,4-Diethyl (2Z)-2-benzoyl-2-butenedioate 268





A tube was charged with ethyl benzoylacetate (1.00 g, 4.85 mmol), ethyl glyoxylate (0.510 g, 5.00 mmol), iodine (1.40 g, 5.52 mmol) and CuO (0.440 g, 5.50 mmol) at room temperature, and then solvent DMSO (10 mL) was added. The resulting mixture was stirred at 70 °C in microwave (300 watts) for 4 hours, followed by the addition of water (20 mL), then extracted with ethyl acetate (3 x 10 mL). The extract was washed with 10% Na2S2O3 solution (10 mL), dried (Na2SO4), filtered and concentrated. The residue was purified by flash column chromatography on silica gel eluting with EtOAc: hexane (2:5) to give diester 268 as dark orange crystals (1.20 g, 87%). Mpt. 87-89 °C, 1H NMR (400 MHz, CDCl3) δ 7.85 – 7.78 (2H, m, ArCH), 7.57 – 7.49 (1H, m, ArCH) 7.46 – 7.37 (2H, m, ArCH), 7.00 (1H, s, CH), 4.18 (2H, q, J = 7.1 Hz, CH2), 4.00 (2H, q, J = 7.1 Hz, CH2), 1.14 (3H, t, J = 7.1 Hz, CH3), 1.00 (3H, t, J = 7.1 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 192.2 (CO), 163.7 (CO), 163.2 (CO), 145.1 (C), 135.7 (ArC), 133.7 (ArCH), 130.6 (2 x ArCH), 128.7 (2 x ArCH), 128.7 (CH), 62.4 (CH2), 61.7 (CH2), 13.9 (CH3), 13.6 (CH3); νmax (ATR)/cm-1 2983, 1719, 1680; m/z (TOF MS ES+) calcd for C15H17O5H+ 277.1071 [M+H+] found 277.2076.

2,4-Decanedione 295


Acetyl acetate (1.76 g, 20 mmol) was added to NaH (4.00 mg, 5.21 mmol, of a 60% dispersion in mineral oil) in THF (7.5 mL) at 0 °C and stirred for 10 minutes, then n-BuLi (2.5 M in hexanes, 8.80 mL, 22 mmol) was added dropwise. After being stirred for 10 minutes bromohexane (2.64 g, 16 mmol) was added dropwise. The mixture was warm to room temperature and stirred for 30 minutes, after which the reaction mixture was quenched by the addition of 6 N aqueous HCl until pH 2-3 was reached. The organic phase was extracted with ethyl acetate (3 x 10 mL), dried (Na2SO4), filtered, concentrated and purified using flash column chromatography eluting with EtOAc: hexane (1:20) to give decanedione 295 as a colourless oil (2.85 g, 84%). 1H NMR (400 MHz, CDCl3) δ 5.46 (1H, s, OH enol form), 3.58 (0.5H, s, CH2 keto form), 2.51 ( 0.5H, t, J = 7.4 Hz, CH2 keto form), 2.33 – 2.24 (2H, t, J = 7.9 Hz CH2 enol form), 2.26 (0.5H, s, CH3 keto form), 2.08 (3H, s, CH3 enol form), 1.68 – 1.56 (2H, m, CH2), 1.41 – 1.25 (6H, m, 3 x CH2), 0.95 – 0.86 (3H, m, CH3). 13C NMR (101 MHz, CDCl3) δ 194.6 (CO), 191.0 (CO), 99.5 (CH enol form), 57.9 (CH2 keto form), 43.8 (CH2 keto form), 38.1 (CH2 enol form), 31.6 (CH2), 29.4 (CH2), 25.8 (CH2), 25.0 (CH3),22.7 (CH2) 14.0 (CH3). All data are in accordance with the literature.133

Pentadecane-2,4-dione 296


Acetyl acetate (1.76 g, 20 mmol) was added to NaH (4.00 mg, 5.21 mmol, of a 60% dispersion in mineral oil) in THF (7.5 mL) at 0 °C and stirred for 10 minutes, then n-BuLi (2.5 M in hexanes, 8.80 mL, 22 mmol) was added dropwise. After being stirred for 10 minutes bromodecane (3.98 g, 16 mmol) was added dropwise. The mixture was warm to room temperature and stirred for 30 minutes, quenched by the addition of 6 N aqueous HCl until pH 2-3 was reached and extracted with ethyl acetate (3 x 10 mL), dried (Na2SO4), filtered, and concentrated, purified using flash column chromatography on silica gel eluting with EtOAc: hexane (1:20) to give pentadecanedione 296 as a colourless oil (2.75 g, 76%). 1H NMR (400 MHz, CDCl3) δ 5.51 (1H, s, OH enol form), 2.43 – 2.36 (2H, t, J = 7.9 Hz CH2 enol form), 2.32 – 2.24 (2H, m, CH2), 2.08 (3H, s, CH3), 1.66 – 1.56 (2H, m, CH2), 1.36 – 1.17 (14H, m, 7 x CH2), 0.94 – 0.86 (3H, m, CH3); 13C NMR (101 MHz, CDCl3) δ 194.6 (CO), 191.0 (CO), 99.5 (CH enol form), 77.2 (CH2) 44.3 (CH2 keto form), 38.4 (CH2), 31.6 (CH2), 29.4 (CH2), 29.3 (CH2), 29.3 (CH2), 25.9 (CH2), 25.0 (CH3), 23.5 (CH2), 22.7 (CH2) 14.0 (CH3). All data are in accordance with the literature.134
Ethyl 3-oxo-5-(phenylmethoxy)pentanoate 298




Ethyl acetoacetate (26.0 g, 200 mmol) was added dropwise to a suspension of NaH (1.25 g, 52.1 mmol, of a 60% dispersion in mineral oil) in THF (75 mL) at 0 °C and stirred for 10 minutes, then n-BuLi (2.5 M in hexanes, 88.0 mL, 220 mmol) was added dropwise. After being stirred for 10 minutes benzyl chloromethyl ether (25.0 g, 160 mmol) was added dropwise. The mixture was warm to room temperature and stirred for 30 minutes, quenched by the addition of 6 N aqueous HCl until pH 2-3 was reached and extracted with ethyl acetate (3 x 10 mL), dried (Na2SO4), filtered, and concentrated, purified using flash column chromatography on silica gel eluting with EtOAc: hexane (1:10) to give ester 298 as a yellow oil (31.2 g, 78%). 1H NMR (400 MHz, CDCl3) δ 7.29-7.39 (5H, m, ArCH), 4.53 (2H, s, CH2), 4.18 (2H, q, J = 7.2 Hz, CH2), 3.77 (2H, t, J = 6.2 Hz, CH2), 3.50 (2H, s, CH2), 2.85 (2H, t, J = 6.2 Hz, CH2), 1.26 (3H, t, J = 7.2 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 201.1 (CO), 175.3 (CO), 137.9 (ArC), 128.5 (ArCH), 128.4 (ArCH), 127.7 (ArCH), 127.6 (ArCH), 127.0 (ArCH), 73.3 (CH2), 65.4 (CH2), 61.5 (CH2), 50.1 (CH2), 43.1 (CH2), 21.0 (CH3). All data are in accordance with the literature.127

1-(3-Sulfopropyl)pyridinium phosphotungstate ([PyPS]3PW12O40)


1,3-Propane sulfone (12.2 mg, 0.100 mmol) was dissolved in toluene (0.03 mL) then pyridine (8.70 mg, 0.110 mmol) was added and stirred at 50 °C for 24 hours under nitrogen. A white precipitate (PyPS) was formed and filtered then washed with diethyl ether and drying in a vacuum. To an aqueous solution of H3PW12O40 (86.4 mg, 0.0248 mmol) was added PyPS (18.1 mg, 0.09 mmol) and stirred for 24 h. Finally, the reaction mixture was concentrated which gave the title compound as a white solid without further need for purification (86.2 g, 99%). Mpt. 144-149 °C (lit.135 142.5-145.8 °C); 1H NMR (400 MHz, D2O) δ 8.8 (2H, brs, ArCH), 8.5 (1H, brs, ArCH), 8.1 (2H, brs, ArCH), 4.7 (2H, brs, CH2), 2.9 (2H, brs, CH2), 2.4 (2H, brs, CH2) . All data are in accordance with literature.135
β-Oxo-N-(phenylmethyl)benzenepropanamide 306


Ethyl 3-oxo-3-phenylpropanoate (1.7 mL, 8.03 mmol), benzylamine (1.30 mL, 11.9 mmol) and DMAP (0.400 g, 3.28 mmol) were dissolved in EtOH (20 mL), and then the mixture was heated at 78 °C for 24 hours. The resulting mixture was poured into ice-water (30 mL) under stirring and extracted with DCM, dried (MgSO4) and concentrated. The crude product was purified by flash chromatography on silica gel eluting with EtOAc: hexane (1:9) gave imide 306 as a pale yellow solid (1.32 g, 65%). H1 NMR (400 MHz, CDCl3) δ 8.06 – 7.99 (2H, m, ArCH), 7.69 – 7.60 (1H, m, NH), 7.57 – 7.40 (3H, m, ArCH), 7.40 – 7.25 (5H, m, ArCH), 4.54 (2H, d, J = 5.7 Hz, NCH2), 4.04 (2H, s, CH2). 13C NMR (101 MHz, CDCl3) δ 196.0 (CO), 165.6 (CO), 138.0 (ArC), 136.1 (ArC), 128.9 (2 x ArCH), 128.7 (2 x ArCH), 128.6 (3 x ArCH), 127.7 (2 x ArCH), 127.5 (2 x ArCH), 45.2 (CH2), 43.6 (CH2). All data are in accordance with the literature.136
Ethyl 12-benzoyl-9,10-dihydro-9,10-ethanoanthracene-(11R,12S)-carboxylate 309


Diester 268 (155 mg, 0.560 mmol) and anthracene (100 mg, 0.561 mmol) were added to a mixture of FeBr3 (5.27 mg, 0.0150 mmol, 5 mol%) in 1,2-dichloroethane (1 mL) then stirred for 24 hours at 50 °C. The reaction mixture was then concentrated and purified by flash column chromatography on silica gel eluting with hexane: DCM (2:1) to give cycloadduct 309 as a yellow solid (0.183 g, 72%). Mpt. 158-161 °C; 1H NMR (400 MHz, CDCl3) δ 7.85 (2H, dd, J = 8.3, 1.2 Hz, ArCH), 7.70 (1H, d, J = 7.3 Hz, ArCH), 7.66 – 7.56 (1H, m, ArCH), 7.54 – 7.42 (2H, m, ArCH), 7.36 (1H, dd, J = 7.4, 1.1 Hz, ArCH), 7.29 – 7.07 (4H, m, ArCH), 6.89 (1H, td, J = 7.5, 1.2 Hz, ArCH), 6.49 – 6.42 (1H, m, ArCH), 5.23 (1H, s, CH), 4.72 (1H, d, J = 2.9 Hz, CH), 4.67 (1H, d, J = 2.9 Hz, CH), 4.21 – 3.95 (4H, m, 2 x CH2), 1.26 (3H, t, J = 7.1 Hz, CH3), 1.06 (3H, t, J = 7.1, Hz, CH3). 13C NMR (101 MHz, CDCl3) δ 192.8 (CO), 171.6 (CO), 170.9 (CO), 142.2 (ArC), 141.3 (ArC), 139.9 (ArC), 138.8 (ArC), 136.7 (ArC), 132.7 (ArCH), 128.9 (2 x ArCH), 128.4 (2 x ArCH), 127.3 (ArCH), 126.9 (ArCH), 126.3 (ArCH), 126.2 (ArCH), 125.8 (ArCH), 124.9 (ArCH), 124.2 (ArCH), 123.9 (ArCH), 66.4 (C), 61.6 (CH2), 61.1 (CH2), 51.3 (CH), 50.3 (CH), 48.4 (CH), 14.2 (CH3), 13.6 (CH3). νmax (ATR)/cm-1 2981, 2253, 1742, 1683; m/z (TOF MS ES+) calcd for C29H26O5Na+ 477.1672 [M+Na+] found 477.1690.
[bookmark: _Hlk144961421]Ethyl (12R)-benzoyl-9,10-dihydro-9,10-ethanoanthracene-(11R)-carboxylate 316

[bookmark: _Toc157693138][bookmark: _Toc157693278][bookmark: _Toc157693485][bookmark: _Toc157693736][bookmark: _Toc158120491][bookmark: _Toc158731868][bookmark: _Toc159742467][bookmark: _Toc159742654][bookmark: _Toc159742721][bookmark: _Toc159848411][bookmark: _Toc159848483][bookmark: _Toc161053984][bookmark: _Toc161054053][bookmark: _Toc161054124][bookmark: _Toc161054194][bookmark: _Toc161295361][bookmark: _Toc161305243][bookmark: _Toc161388732][bookmark: _Toc161388802][bookmark: _Toc161388873][bookmark: _Toc161389619][bookmark: _Toc161390508][bookmark: _Toc161390629][bookmark: _Toc161390701][bookmark: _Toc161390801][bookmark: _Toc161398859][bookmark: _Toc161398945][bookmark: _Toc161399017][bookmark: _Toc161399104][bookmark: _Toc161399176][bookmark: _Toc161641254][bookmark: _Toc161641420][bookmark: _Toc161727888][bookmark: _Toc161993646][bookmark: _Toc167684657][bookmark: _Toc167702705]


Ethyl 3-benzoylacrylate (120.0 mg, 0.588 mmol) and anthracene (100 mg, 0.561 mmol) were added to a mixture of FeBr3 (5.27 mg, 0.0150 mmol, 5 mol%) in 1,2-dichloroethane (1 mL) then stirred for 24 h at 50 °C. The reaction mixture was concentrated and purified by flash column chromatography on silica gel eluting with hexane: DCM (2:1) to give ester 316 as a yellow solid (0.214 g, 74%). Mpt. 143-146 °C;  1H NMR (400 MHz, CDCl3) δ 8.01 (2H, d, J = 5.8, ArCH), 7.71 – 7.62 (1H, m, ArCH), 7.57 (2H, td, J = 7.5, 1.6 Hz, ArCH), 7.47 – 7.33 (3H, m, ArCH), 7.26 – 7.15 (3H, m, ArCH), 7.09 (1H, t, J = 7.5, ArCH), 6.99 – 6.92 (1H, m, ArCH), 4.92 – 4.85 (1H, m, CH), 4.61 – 4.59 (1H, m, CH), 4.40 (1H, m, CH), 4.23 – 4.02 (2H, m, CHH, CH), 3.79 – 3.70 (1H, m, CHH), 1.27 (3H, t, J = 7.1 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 198.8 (CO), 173.0 (CO), 142.4 (ArC), 142.1 (ArC), 140.7 (ArC), 139.2 (ArC), 136.5 (ArC), 133.1 (ArCH), 128.9 (2 x ArCH), 128.5 (2 x ArCH), 126.6 (ArCH), 126.4 (ArCH), 126.4 (ArCH), 126.2 (ArCH), 125.0 (ArCH), 124.6 (ArCH), 123.7 (ArCH) 123.4 (ArCH), 60.9 (CH2), 50.8 (CH), 48.1 (CH), 46.8 (CH), 46.5 (CH), 14.3 (CH3); νmax (ATR)/cm-1 2976, 1725, 1683, 1596; m/z (TOF MS ES+) calcd for C26H22O3Na+ 382.1148 [M+Na+] found 382.1150.
(12R)-Benzoyl-9,10-dihydro-9,10-ethanoanthracene-(11R)-carboxylate 317


Ester 316 (1.00 g, 2.61 mmol) and NaOH (0.190 g, 4.75 mmol) were heated at reflux in THF (10 ml) for 16 hours. The reaction mixture was then cooled to room temperature and concentrated which gave carboxylic acid 317 as a white solid (0.924, 92%). Mpt. 136-140 °C; 1H NMR (400 MHz, CDCl3) δ 11.89 (1H, s, OH), 7.97 – 7.90 (2H, m, ArCH), 7.69 – 7.60 (1H, m, ArCH), 7.55 (2H, t, J = 7.6 Hz, ArCH), 7.39 – 7.21 (3H, m, ArCH), 7.09 – 6.99 (3H, m, ArCH), 6.94 (1H, d, J = 7.4, 1.3 Hz, ArCH), 6.88 (1H, d, J = 7.3, 1.4 Hz, ArCH), 4.80 (1H, d, J = 2.4 Hz, CH), 4.45 (1H, d, J = 2.1 Hz, CH), 4.32 (1H, dd, J = 5.6, 2.1 Hz, CH), 3.02 (1H, dd, J = 5.6, 2.4 Hz, CH), 13C NMR (101 MHz, CDCl3) δ 199.7 (COOH), 175.4 (CO), 144.8 (ArC), 143.5 (ArC), 142.6 (ArC), 140.4 (ArC), 136.9 (ArC), 132.9 (ArCH), 129.0 (2 x ArCH), 128.2 (2 x ArCH), 125.7 (ArCH), 125.6 (ArCH), 125.3 (ArCH), 125.2 (ArCH), 125.1 (ArCH) 124.5 (ArCH), 123.0 (ArCH), 129.9 (ArCH), 51.2 (CH), 49.1 (CH), 47.7 (CH), 47.2 (CH); νmax (ATR)/cm-1 3021, 1720,1678, 1577, m/z (TOF MS ES+) calcd for C24H18O3Na+ 354.1248 [M+Na+] found 354.1240.

Ethyl malonate monoamide 322

Trimethylsilyl chloride (24.2 g, 222 mmol) was added to an ice-cold ethyl cyanoacetate (12.5 g, 111 mmol) and DCM (4ml). Water (4.00 g) was added dropwise and warmed to room temperature. The reaction mixture was neutralised with NaHCO3 (aq.) (3 mL) at 0 °C and extracted with dichloromethane (3 x 5 mL), dried (Na2SO4), filtered and concentrated. Purification using flash column chromatography on silica gel eluting with EtOAc: hexane (2:3) gave amide 322 as a brown oil (9.89 g, 68%). 1H NMR (400 MHz, CDCl3) δ 7.13 (1H, bs, NHH), 5.92 (1H, bs, NHH),4.21 (2H, q, J = 7.2, CH2); 3.33 (2H, s, CH2), 1.28 (3H, t, J = 7.2, CH3), 13C NMR (101 MHz, CDCl3) δ167.9 (CO), 161.6 (CO), 61.1 (CH2), 41.6 (CH2), 13.5 (CH3). All data are in accordance with the literature.137



Oxo-N-3-furan-β-alanine 323


Amide 322 (9 mg, 0.102 mmol, 10 mol%), 3-bromofuran (1.46 g, 10.0 mmol), and ethyl malonate monoamide (1.15 g, 8.78 mmol) were added to a solution of CuI (19.0 mg, 0.100 mmol, 10 mol%) and K2CO3 (59.0 mg, 0.427 mmol) in 1,4-dioxane (3 mL) under argon. The reaction mixture was heated at 110 °C for 48 hours, then cooled to room temperature, diluted with DCM (5 mL), filtered through a short plug of silica gel, and concentrated. Purification by flash chromatography on silica gel eluted with hexane: EtOAc (10:1) gave furan 323 as a yellow oil (0.85 g, 57%). Mpt. 68-70 °C; 1H NMR (400 MHz, CDCl3) δ 9.16 (1H, s, NH), 8.04 (1H, m, ArCH), 7.35 – 7.26 (1H, m, ArCH), 6.38 (1H, dd, J = 2.1, 0.9 Hz, ArCH), 4.27 (2H, q, J = 7.1 Hz, CH2), 3.48 (2H, s, CH2), 1.34 (3H, t, J = 7.1 Hz,CH3); 13C NMR (101 MHz, CDCl3) δ 170.7 (CO), 161.9 (CO), 141.5 (ArCH), 132.8 (ArCH), 123.8 (ArC), 104.7 (ArCH), 62.19 (CH2), 41.1 (CH2), 14.0 (CH3); νmax (ATR)/cm-1 3431, 3334, 3201, 2984, 2941, 1729, 1667, 1615; m/z (TOF MS ES+) calcd for C9H11NO4K+ 236.0320 [M+K+] found 236.0322.
5-(2-Methylpropyl)-4-(9-anthracenyl)- 1-benzyl-2-pyrrolidinone 342


[bookmark: _Hlk144966614]Cycloadduct 185 (0.1 g, 0.246 mmol) was dissolved in DMSO (1 mL) and placed in a microwave reactor and irradiated at 240 °C for 10 minutes. Water (5 mL) was added to the reaction mixture and the mixture was extracted with ethyl acetate (3 x 5 mL), dried (Na2SO4), filtered and concentrated. Purification by flash column chromatography on silica gel eluting with hexane: EtOAc (7:1) gave anthracene 342 as a white solid (83.0 mg, 83%). Mpt. 227-230 °C; 1H NMR (400 MHz, CDCl3) δ 7.59 (2H, d, J = 8.2 Hz, ArCH), 7.44 – 7.35 (3H, m, ArCH), 7.28 – 7.19 (3H, m, ArCH), 7.19 – 7.15 (2H, m, ArCH), 7.15 – 7.05 (4H, m, ArCH), 4.79 (1H, d, J = 12.6, NCHH), 4.29 (1H, d, J = 12.6, NCHH), 4.21 – 4.12 (2H, m, 2 x CH), 2.76 (1H, dd, J = 13.6, 5.4 Hz, CHH), 2.54 (1H, dd, J = 13.6, 5.4 Hz, CHH), 1.76 – 1.56 (2H, m, CH, CHH), 1.54-1.29 (1H, m, CHH), 0.91 (3H, d, J = 6.6 Hz, CH3), 0.81 (3H, d, J = 6.5 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 174.7 (CO), 144.4 (ArC), 141.1 (2 x ArC), 140.6 (2 x ArC), 140.0 (ArC), 128.8 (2 x ArCH), 128.5 (2 x ArCH), 128.3 (ArCH), 127.8 (2 x ArCH),127.7 (2 x ArCH), 127.3 (2 x ArCH), 126.5 (2 x ArCH), 124.4 (ArCH), 53.5 (CH), 47.5 (CH2) 42.2 (CH2), 42.0 (CH2), 39.8 (CH), 24.8 (CH), 21.1 (2 x CH3); νmax (ATR)/cm-1 2499, 2957, 1763, 1664; m/z (TOF MS ES+) calcd for C29H29NOK+ 446.1881 [M+K+] found 446.1884. 
3a,4,9,9a-Tetrahydro-4-hydroxy-2-(phenylmethyl)-4,9-[1',2']-benzeno-1H-benz[f]isoindol 1,3-(2H)-dione 169


[bookmark: _Hlk139466080]N-benzyl maleimide 167 (21.0 g, 112 mmol) and anthrone (22.0 g, 112 mmol) were heated at reflux in toluene (500 mL) for 7 hours. The reaction mixture was then cooled to room temperature and concentrated giving a white powder. This was purified by recrystallisation from DCM: hexane to give N-benzyl imide cycloadduct 169 as a white solid (42.7 g, 93%). Mpt. 212-215 °C (lit.138 211-213 °C); 1H NMR (400 MHz, CDCl3) δ 7.69 (1H, dd, J = 7.4, 1.3 Hz, ArCH), 7.42 (1H, dd, J = 7.5, 1.3 Hz, ArCH), 7.37 (1H, dd, J = 7.3, 1.3 Hz, ArCH), 7.32 – 7.06 (7H, m, ArCH), 7.02 (1H, td, J = 7.5, 1.3 Hz, ArCH), 6.78 – 6.70 (2H, m, ArCH), 4.74 (1H, d, J = 3.5 Hz, CH), 4.43 (1H, s, OH), 4.31 (1H, d, J = 14.5 Hz, NCHH), 4.27 (1H, d, J = 14.5 Hz, NCHH), 3.36 (1H, dd, J = 8.8, 3.5 Hz, CH), 3.16 (1H, d, J = 8.8 Hz, CH); 13C NMR (101 MHz, CDCl3) δ 177.8 (CO), 176.2 (CO), 155.8 (COH), 142.8 (ArC), 140.2 (ArC), 139.4 (ArC), 136.5 (ArC), 134.6 (ArC), 128.4 (2 x ArCH), 127.8 (2 x ArCH), 127.5 (ArCH), 127.3 (ArCH), 127.1 (ArCH), 126.8 (ArCH), 126.7 (ArCH), 124.4 (ArCH), 123.6 (ArCH), 120.8 (ArCH), 120.7 (ArCH), 50.5 (CH), 47.5 (CH), 44.3 (CH), 42.3 (CH2); νmax (ATR)/cm-1 3353, 1765, 1680; m/z (TOF MS ES+) calcd for C25H19NO3H+ 382.1438 [M+H+] found 382.1441. 
(±)(9R,10S,11R,14S,15S)-2,3,3a,4,9,9a-Hexahydro-3-hydroxy-3-isobutyl-9-hydroxy-2-benzyl-4,9[1’,2’]-benzeno-1Hbenz[f]isoindol-1-one 170





N-Benzyl imide cycloadduct 169 (0.350 g, 0.92 mmol) was dissolved in dry THF (15 mL) under argon. IsoButylmagnesium chloride (2M in Et2O, 1.38 mL, 2.75 mmol) was added dropwise and the solution was stirred at room temperature for 2 hours. The second equivalent of Grignard reagent (0.46 mL, 0.92 mmol) was added and the solution was stirred at room temperature for 2 hours. The third equivalent of Grignard reagent (0.46 mL, 0.92 mmol) was added and the solution was stirred at room temperature for 2 hours. The solution was then heated at 50 °C for 17 h. The reaction mixture was cooled to room temperature, quenched with water (20 mL) and extracted into DCM (3 × 20 mL). The combined organic extracts were dried (Na2SO4), filtered and concentrated in vacuo to give a pale yellow solid. Purification via flash column chromatography, eluting with 1:9 EtOAc: hexane gave hydroxy lactam 170 (0.218 g, 54%). Mpt. 212- 214 °C; 1H NMR (400 MHz, CDCl3) δ 7.59 (1H, d, J 7.4, ArCH); 7.45 (1H, d, J = 7.0, ArCH), 7.32-7.39 (2H, m, ArCH), 7.19-7.25 (2H, m, ArCH), 7.04-7.19 (5H, m, ArCH), 6.41 (2H, d, J = 7.2, ArCH), 4.81 (1H, d, J = 3.7 Hz, CH), 4.77 – 4.69 (m, 2H, CHH, OH), 3.73 (1H, d, J = 15.5, CHH), 3.24 (1H, dd, J = 10.3, 3.7, CH), 2.82 (1H, d, J = 10.3, CH), 2.03 (1H, s, OH), 1.87 (1H, dd, J = 13.9, 4.5 Hz, CH), 1.79 – 1.60 (2H, m, CH2), 1.01 (3H, d, J = 6.5 Hz, CH3), 0.89 (3H, d, J = 6.5 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ, 171.8 (CO),144.1 (ArC), 142.5 (ArC), 140.0 (ArC), 139.6 (ArC), 137.8 (ArC), 132.2 (ArCH), 128.7 (ArCH), 128.5 (ArCH), 127.9 (ArCH), 127.8 (ArCH), 126.9 (ArCH), 126.7 (ArCH), 126.6 (ArCH), 126.3 (ArCH), 125.7 (ArCH), 123.6 (ArCH), 120.6 (ArCH), 120.3 (ArCH), 94.0 (C), 77.9 (C), 50.4 (CH), 50.1 (CH), 48. (CH2), 44.5 (CH), 42.7 (CH2), 24.8 (CH), 23.5 (CH3), 23.3 (CH3); νmax (ATR)/cm-1 3478, 2960, 1702, 1656; m/z (TOF MS ES+) calcd for C29H29NO3Na+ 462.2040 [M+Na+] found 462.2064.
(±)-3-(9.10-Dihydro-10-oxo-9-anthracenyl)-3-isobutyl -1-benzyl-2,5-pyrrolidinone 355



Hydroxy lactam 170 (120 mg, 0.284 mmol) was dissolved in DCM (5 mL) at -78 °C. BF3OEt2 (0.100 mL, 0.816 mmol) and then Et3SiH (0.440 mL, 2.76 mmol) were added dropwise and the reaction mixture was stirred for 15 hours. The reaction was then quenched with saturated NaHCO3 (aq.) (5 mL) and the mixture was extracted with DCM (3 × 10 mL), dried (Na2SO4), filtered and concentrated to give a pale yellow solid. Purification via flash column chromatography on silica gel eluting with AcOEt: hexane (1:9) gave imide 356 as a white solid (93.7 mg, 78%). Mpt. 220-224 °C; 1H NMR (400 MHz, CDCl3) δ 8.36 – 8.25 (2H, m, ArCH), 7.74 – 7.41 (6H, m, ArCH), 7.34 – 7.21 (3H, m, ArCH), 7.17 (2H, dd, J = 8.1, 1.6 Hz, ArCH), 5.18 (1H, t, J = 2.9 Hz, CH), 4.89 (1H, d, J = 14.9 Hz, NCHH), 3.97 (1H, d, J = 14.9 Hz, NCHH), 3.24 – 3.06 (2H, m, 2 x CH), 1.66 – 1.53 (1H, m, CHH), 1.22 – 1.04 (2H, m, CHH, CHH), 0.73 (1H, ddd, J = 13.2, 8.8, 6.8 Hz, CH), 0.62 (3H, d, J = 6.8 Hz, CH3), 0.50 (3H, d, J = 6.8 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 184.6 (CO), 174.1 (CO), 174.4 (ArC), 140.7 (ArC), 136.4 (ArC), 133.6 (ArC), 13.4 (ArC), 133.6 (ArC), 133.6 (2 x ArCH), 133.06 (2 x ArCH), 132.5 (ArC), 129.2 (2 x ArCH), 128.5 (ArCH), 128.0 (ArCH), 127.9 (ArCH), 127.7 (ArCH), 127.5 (ArCH), 127.3 (ArCH), 127.2 (ArCH), 127.1 (ArCH), 53.5 (CH), 52.8 (CH), 44.6 (CH2), 42.0 (CH), 41.9 (CH2), 24.3 (CH2), 23.9 (CH), 23.8 (2 x CH3); νmax (ATR)/cm-1 2499, 2957, 1763, 1664; m/z (TOF MS ES+) calcd for C29H29NO2Na+ 446.2091 [M+Na+] found 446.2098.

9-[(Phenylmethoxy)methoxy]-anthracene 100




Anthrone (3.00 g, 15.4 mmol) in dry THF (40 mL) was added to a solution of NaH (0.680 g, 17.0 mmol, of a 60% dispersion in mineral oil) in dry THF (10 mL) and stirred at room temperature for 15 minutes. Benzyloxymethyl chloride (2.40 mL, 17.0 mmol) was added dropwise and was stirred for 21 hours. The reaction was quenched with water (10 mL) and extracted with diethyl ether (3 x 5 mL), dried (MgSO4), filtered and concentrated giving an orange solid. Purified by recrystallisation from DCM: hexane gave BOM protected anthrone 100 as long orange needles (4.64 g, 96%). Mpt. 107-110 °C (lit.139 105-110 °C) 1H NMR (400 MHz, CDCl3) δ 8.43 – 8.35 (2H, m, ArCH), 8.29 (1H, s, ArCH), 8.02 (2H, m, ArCH), 7.50 (4H, m, ArCH), 7.39 (4H, m, ArCH), 7.29 (1H, s, ArCH), 5.54 (2H, s, CH2), 5.02 (2H, s, CH2); 13C NMR (101 MHz, CDCl3) δ 149.8 (ArC), 137.4 (ArC), 132.4 (2 x ArC), 128.5 (2 x ArCH), 128.4 (2 x ArCH), 127.9 (2 x ArCH), 125.6 (2 x ArCH), 125.4 (2 x ArCH), 125.1 (2 x ArCH), 122.8 (2 x ArCH), 122.7 (2 x ArCH), 99.1 (CH2), 72.1 (CH2); m/z (TOF MS ES+) calcd for C22H19O2+ 382.1438 [M+H+] found 382.1368. All data are in accordance with the literature.139

[bookmark: _Hlk144969343]N-Allyl maleimide 60


Maleic anhydride (4.00 g, 20.6 mmol) and allylamine (1.52 mL, 20.4 mmol) were dissolved in glacial acetic acid (25 mL) and heated at reflux for 3 days. The reaction mixture was cooled to room temperature and concentrated. The residue was washed with water (30 mL) and extracted with DCM (3 x 10 mL), dried (Na2SO4), filtered and concentrated. Purification using flash column chromatography on silica gel eluting with hexane: EtOAc (7:3) gave N-allyl maleimide 60 as a white solid (2.54 g, 90%). Mpt. 40-43 °C (lit.140 42-44 °C); 1H NMR (400 MHz, CDCl3) δ 6.71 (2H, s, 2 x CH), 5.78 (1H, ddt, J = 17.2, 10.2, 5.6, CH), 5.15 – 5.19 (1H, m, CHH), 5.14 – 5.17 (1H, m, CHH), 4.11 (2H, dt, J = 5.6, 1.3, CH2); 13C NMR (101 MHz, CDCl3) δ 170.3 (2 x CO), 134.2 (2 x CH), 131.5 (CH), 117.6 (CH2), 39.9 (NCH2). All data are in accordance with the literature.140 
rel-(3aR,9aR)-3a,4,9,9a-Tetrahydro-4-[(phenylmethoxy)methoxy]-2-(allyl)- 4,9-[1',2']- benzeno-1H-benz[f]isoindole-1,3-(2H)-dione 347


[bookmark: _Hlk117254070]N-Allyl maleimide 60 (15.0 g, 109 mmol) and BOM protected anthrone 100 (35 g, 111 mmol) were heated at reflux in toluene (500 mL) for 7 hours. The reaction mixture was then cooled to room temperature and concentrated giving a yellow powder. This was purified by flash column chromatography on silica gel eluting with hexane: EtOAc (9:1) to give imide 347 as a white solid (46.2 g, 94%). Mpt. 231-235 °C; 1H NMR (400 MHz, CDCl3) δ 7.82 – 7.60 (2H, m, ArCH), 7.58 – 7.51 (2H, m, ArCH), 7.47 – 7.31 (3H, m, ArCH), 7.30 – 7.21 (4H, m, ArCH), 7.21 – 7.11 (2H, m, ArCH), 5.74 (1H, d, J = 5.5 Hz, CHH), 5.66 (1H, d, J = 5.5 Hz, CHH), 5.23 (1H, d, J = 10.4 Hz, CHH), 5.05 (1H, d, J = 10.4 Hz, CHH), 5.02 – 4.92 (1H, m, CH), 4.84 (1H, dq, J = 10.4, 1.5 Hz, CHH), 4.74 (1H, d, J = 3.3 Hz, CH), 4.60 (1H, dq, J = 17.0, 1.5 Hz, CHH), 3.80 – 3.69 (2H, m, CH2), 3.50 (1H, d, J = 8.6 Hz, CH), 3.36 (1H, dd, J = 8.6, 3.3 Hz, CH); 13C NMR (101 MHz, CDCl3) δ 175.7 (CO), 173.0 (CO), 141.7 (ArC), 140.5 (ArC), 140.0 (ArC) 137.9 (ArC), 136.7 (ArC), 130.0 (CH), 128.5 (2 x ArCH), 128.2 (2 x ArCH), 127.8 (2 x ArCH), 127.1 (ArCH), 127.0 (ArCH), 126.6 (ArCH), 124.6 (ArCH), 124.0 (ArCH), 122.4 (ArCH), 122.0 (ArCH), 117.7 (CH2) 92.1 (CH2), 80.8 (C), 71.4 (CH2), 47.3 (CH), 44.6 (CH), 44.6 (CH). 40.6 (NCH2); νmax (ATR)/cm-1 3888,2954, 1774, 1699, 1674; m/z (TOF MS ES+) calcd for C29H26NO4H+ 474.1676 [M+H+] found 474.1687. 


[bookmark: _Hlk144971204]rel-(3aR,9aR)- (9R,10S,11R,14S,15S)-Tetrahydro-4-[(phenylmethoxy)methoxy]-2-(allyl)- 4,9-[1',2']- benzeno-1H-benz[f]isoindole-1-one 348 



Imide 347 (0.410 g, 0.909 mmol) was dissolved in dry THF (15 mL ) under argon. Isobutylmagnesium chloride (2 M in THF 0.100 mL, 0.200 mmol) was added dropwise and the solution was stirred at room temperature for 1 hour. Isobutylmagnesium chloride (2M in THF, 0.100 mL, 0.200 mmol) was added and stirred for 1 hour. The addition was repeated 5 more times. The reaction mixture was quenched with water (20 mL) and extracted with DCM (3 x 10 mL), dried (Na2SO4), filtered and concentrated. Purification via flash column chromatography on silica gel eluting with hexane: EtOAc (9:1) gave hydroxy lactam 348 as a white solid (0.444 g, 96%). Mpt. 239-242 °C; 1H NMR (400 MHz, CDCl3) δ 7.83 – 7.65 (2H, m, ArCH), 7.61 – 7.49 (3H, m, ArCH), 7.47 – 7.11 (8H, m, ArCH), 5.71 (2H, m, CH2), 5.27 (1H, d, J = 12.0 Hz, OCHHO), 5.16 – 5.04 (1H, m, CH), 5.00 (1H, d, J = 12.0 Hz, OCHHO), 4.92 – 4.68 (1H, m, CH), 4.58 (1H, d, J = 2.6 Hz, OCHHAr), 3.82 (1H, ddt, J = 15.5, 4.6, 1.8 Hz, OCHHAr), 3.43 – 3.22 (3H, m, CH2, CH), 2.93 (1H, dd, J = 9.9, 2.6 Hz, CH), 2.41 (1H, s, OH), 1.82 – 1.65 (2H, m, CHH CHMe2, CH), 1.42 (1H, ddd, J = 14.0, 6.4, 1.3 Hz, CHHCHMe2), 1.01 (3H, d, J = 6.5 Hz, CH3), 0.88 (3H, d, J = 6.5 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 133.9 (CO), 143.2 (ArC),142.5 (ArC), 141.8 (ArC), 138.4 (ArC) 138.3 (ArC),133.9 (CH), 128.4 (2 x ArCH) 128.0 (2 x ArCH), 127.6 (ArCH), 127.1 (ArCH), 126.9 (ArCH), 126.6 (ArCH), 126.4 (ArCH), 126.3 (ArCH), 123.6 (ArCH), 123.3 (ArCH), 123.1 (ArCH), 122.4 (ArCH), 115.4 (CH2), 92.2 (CH2), 91.5 (COH), 82.8 (C), 71.6 (CH2), 48.4 (CH), 48.3 (CH), 48.0 (CH2), 43.9 (CH), 41.4 (CH2), 24.7 (CH), 23.7 (2 x CH3); νmax (ATR)/cm-1 3462, 3026, 2951, 2925,2866, 1697, 1672, 1653; m/z (TOF MS ES+) calcd for C33H35NO4+ 510.2639[M+H+] found 510.2645. 


(3E)-(3aR,9aR)-2,3,3a,4,9,9a-Hexahydro-9-hydroxyl-3-(2-methylpropylidene) -2-(2-propen-1-yl)-4,9[1′,2′]-benzeno-1H-benz[f]isoindol-1-one 349


Hydroxy lactam 348 (0.140 g, 0.275 mmol) was dissolved in DCM (5 mL) at -78 °C. BF3OEt2 (0.100 mL, 0.816 mmol) and then Et3SiH (0.440 mL, 2.76 mmol) were added dropwise to the solution. The reaction mixture was warmed to room temperature overnight. The reaction was then quenched with saturated NaHCO3(aq.) (5 mL) and extracted with DCM (3 x 5 mL), dried (Na2SO4), filtered and concentrated gave alkene 349 as a white solid with no need for further purification (0.075 g, 65%). Mpt. 243-244 °C; 1H NMR (400 MHz, CDCl3) δ 7.70 (1H, dd, J = 7.4, 1.3 Hz, ArCH), 7.58 – 7.51 (1H, m, ArCH), 7.44 – 7.34 (1H, m, ArCH), 7.31 – 7.08 (5H, m, ArCH), 5.14 (1H, s, OH), 4.92 – 4.70 (1H, m, CH), 4.56 – 4.43 (2H, m, CH2), 4.46 – 4.36 (1H, m, CH), 4.04 – 3.92 (2H, m, 2 x CH), 3.49 (1H, ddd, J = 9.6, 3.3, 1.8 Hz, NCHH), 3.46 – 3.32 (1H, m, NCHH), 2.99 (1H, d, J = 9.6 Hz, CH), 2.81 (1H, hept, J = 6.6 Hz, CH), 1.31 (3H, d, J = 6.6 Hz, CH3), 1.07 (3H, d, J = 6.6 Hz, CH3).13C NMR (101 MHz, CDCl3) δ 173.4 (CO), 143.1 (C), 142.2 (ArC), 140.0 (ArC), 137.3 (ArC), 136.4 (ArC), 130.5 (CH), 126.5 (2 x ArCH), 126.3 (ArCH), 126.2 (ArCH), 124.5 (ArCH), 123.5 (ArCH), 121.0 (ArCH), 120.5 (ArCH), 116.6 (CH2), 112.5 (CH), 71.2 (COH), 51.0 (CH), 47.4 (CH) , 41.8 (CH), 41.4 (CH2), 27.1 (CH), 24.2 (CH3), 24.0 (CH3); νmax (ATR)/cm-1 3462, 3026, 2925, 2951, 2866; m/z (TOF MS ES+) calcd for C25H26NO2+ 372.1958 [M+H+] found 372.1966.

(5E)-1,5-Dihydro-4-methyl-5-(2-methylpropylidene)-1-(allyl)-2H-pyrrol-2-one 350



A suspension of KH (130 mg, 3.30 mmol, of a 30% dispersion in mineral oil) in dry THF (12 mL) was placed under an Ar atmosphere and cooled to 0 °C. A solution of alkene 349 (0.410 g, 1.10 mmol) in anhydrous THF (12 mL) was added dropwise and stirred at room temperature for 1 hour. The reaction was quenched by the addition of 2 N HCl (1 mL) plus 5 N HCl (0.5 mL) under an Ar atmosphere, extracted with DCM (3 x 5 mL), dried (MgSO4), filtered and concentrated. Purification via by flash column chromatography on silica gel eluting with DCM: MeOH (95:5) gave amide 350 as a brown solid (0.140 g, 72%). Mpt. 67-69 °C; 1H NMR (400 MHz, CDCl3) δ 7.36 – 7.23 (1H, m, CH), 6.18 (1H, dd, J = 5.9, 1.7 Hz, CH), 5.78 (1H, ddt, J = 17.0, 10.1, 4.9 Hz, CH), 5.25 (1H, dd, J = 10.3, 1.8 Hz, CH), 5.13 (1H, dq, J = 10.1, 1.6 Hz, CHH), 5.04 (1H, dq, J = 17.0, 1.8 Hz, CHH), 4.23 (2H, dt, J = 4.9, 1.8 Hz, NCH2), 2.81 (1H, dhept, J = 10.1, 6.6 Hz, CH), 1.09 (6H, d, J = 6.7 Hz, 2 x CH3); 13C NMR (101 MHz, CDCl3) δ 169.5 (CO), 137.4 (C), 133.0 (CH), 132.5 (CH), 124.0 (CH), 123.3 (CH), 116.0 (CH2), 41.2 (NCH2), 27.6 (CH), 23.8 (2 x CH3); νmax (ATR)/cm-13388, 3029, 2955, 1774, 1702, 1673; m/z (TOF MS ES+) calcd for C11H16NOH+ 178.1226 [M+H+] found 178.1228.
(±)(3R,3aS,9aR)- 3a,4,9,9a-Tetrahydro-3-isobutyl-9-hydroxy-2-allyl-4,9[1’,2’]-benzeno-1Hbenz[f]isoindol-1-one 357


Alkene 349 (14.5 g, 39.0 mmol) was dissolved in acetic acid (150 ml) then sodium triacetoxyborohydride (8.23 g, 39.0 mmol) was added and stirred at room temperature overnight. NaHCO3 (aq.) (30 mL) was added, and the mixture extracted with DCM (3 x 10 mL), dried (MgSO4), filtered and concentrated. The crude mixture was purified by flash column chromatography on silica gel eluting with hexane: AcOEt (9:1) to give imide 357 as a white solid (8.72 g, 60%). Mpt. 210-213 °C; 1H NMR (400 MHz, CDCl3) δ 7.74 – 7.62 (1H, m, ArCH), 7.58 (1H, dd, J = 7.2, 1.6 Hz, ArCH), 7.32 – 7.06 (6H, m, ArCH), 5.33 (1H, s, OH), 5.29 (1H, ddt, J = 17.3, 10.4, 5.1 Hz, CH), 4.85 (1H, dt, J = 10.4, 1.5 Hz, CHH), 4.38 (1H, d, J = 2.4 Hz, CH), 4.34 (1H, dt, J = 17.3, 1.6 Hz, CHH), 3.75 (1H, m, CH), 3.58 (1H, ddt, J = 16.2, 5.1, 1.5 Hz, CHH), 3.47 (1H ddt, J = 16.2, 5.1, 1.5 Hz, CHH), 3.03 (1H, d, J = 10.1 Hz, CH), 2.83 (1H, ddd, J = 10.1, 7.8, 2.4 Hz, CH), 2.01 – 1.85 (2H, m, CHH, CH), 1.36 – 1.25 (1H, m, CHH), 1.20 (3H, d, J = 6.5 Hz, CH3), 1.01 (3H, d, J = 6.4 Hz, CH3).13C NMR (101 MHz, CDCl3) δ 174.4 (CO), 144.0 (ArC), 143.3 (ArC), 141.7 (ArC), 138.4 (ArC), 132.2 (CH), 126.3 (2 x ArCH), 126.1 (ArCH), 125.9 (ArCH), 125.2 (ArCH), 122.7 (ArCH), 121.6 (ArCH), 120.6 (ArCH), 116.5 (CH2), 76.2 (COH), 58.4 (CH), 52.4 (CH), 44.5 (CH), 43.2 (NCH2), 41.2 (CH), 36.0 (CH2), 25.5 (CH), 24.0 (CH3), 21.9 (CH3); νmax (ATR)/cm-1 3416, 2954, 1731, 1698, 1670; m/z (TOF MS ES+) calcd for C25H29NO2+ 374.2115 [M+H+] found 374.2136.



(±)1-Allyl-5-(isobutyl)-2H-pyrrol-2-one 360



A suspension of KH (130 mg, 3.30 mmol, of a 30% dispersion in mineral oil) in dry THF (12 mL) was placed under an Ar atmosphere and cooled to 0 °C. A solution of imide 357 (0.410 g, 1.10 mmol) in anhydrous THF (12 mL) was added dropwise and stirred at room temperature for 1 hour. The reaction was quenched by the addition of 2 N HCl (1 mL) plus 5 N HCl (0.5 mL) under an Ar atmosphere, extracted with DCM (3 x 5 mL), dried (MgSO4), filtered and concentrated. 
Sodium borohydride (83.0 mg, 2.20 mmol) was added to the unpurified mixture (247 mg, 1.10 mmol) in acetic acid (15 mL) and stirred for 2 hours. NaOH (125 mL) was added and extracted with DCM (3 x 30 mL), dried (Na2SO4), filtered and concentrated. The mixture was purified by flash column chromatography on silica gel eluting with DCM: MeOH (95:5) to give lactam 360 as a white solid (0.147 g, 74%). Mpt. 94-97 °C; 1H NMR (400 MHz, CDCl3) δ 5.81 – 5.66 (1H, m, CH), 5.25 – 5.15 (2H, m, CH2), 4.32 (1H, ddt, J = 15.5, 4.7, 1.7 Hz, NCHH), 3.69 – 3.57 (1H, m, NCHH), 3.57 – 3.47 (m, 1H, CH), 2.53 – 2.30 (2H, m, CH2), 2.24 – 2.07 (1H, m, COCHH), 1.75 – 1.50 (3H, m, COCHH, CHHCHiBu, CH), 1.24 (1H, ddd, J = 12.9, 10.6, 3.9 Hz, CHHCHiBu), 0.97 (3H, d, J = 6.5 Hz, CH3), 0.91 (3H, d, J = 6.5 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 180.3 (CO), 130.1 (CH), 117.6 (CH2), 55.2 (CH) 43.0 (CH2), 42.2 (CH2), 30.1 (CH2), 24.6 (CH2), 26.6 (CH), 23.3 (CH3), 21.9 (CH3); νmax (ATR)/cm-1 2956, 1681; m/z (TOF MS ES+) calcd for C11H19NO2H+ 182.1539 [M+H+] found 182.1539. 

(±)5-(Isobutyl)-2H-pyrrol-2-one 121


Pd(OAc)2 (344 mg, 1.54 mmol) was added to a solution lactam 360 (5.54 g, 30.6 mmol) in H2O (15 ml) and TFA (15 ml). The resulting mixture was stirred for 16 hours at 80 °C. The reaction mixture was concentrated and purified by flash column chromatography on silica gel eluting with hexane: EtOAc (5:1) to give amide 121 as a white solid (3.96 g, 92%). Mpt. 61-63 °C (lit.141 63-65 °C); 1H NMR (400 MHz, CDCl3) δ 6.24 (1H, s, NH), 3.73 (1H, p, J = 6.8 Hz, CH), 2.43 – 2.30 (2H, m, CH2), 2.30 – 2.16 (2H, m, CH2), 1.77 – 1.54 (1H, m, CH), 1.47 (1H, dt, J = 14.0, 7.1 Hz, CHH), 1.39 – 1.21 (1H, m, CHH), 0.94 (6H, d, J = 6.6 Hz, CH3, CH3); 13C NMR (101 MHz, CDCl3) δ 178.1 (CO), 52.6 (CH), 45.7 (CH2), 29.9 (CH2), 28.2 (CH2), 25.3 (CH), 22.9 (CH3), 22.4 (CH3); m/z (TOF MS ES+) calcd for C8H16NOH+ 142.1226 [M+H+] found 142.1221. All data are in accordance with the literature.142
(±)1-Boc-1,5-dihydro-5-(isobutyl)-2H-pyrrol-2-one 122


Dimethylaminopyridine (0.240 g, 1.97 mmol) and ditert-butyl dicarbonate (6.54 g, 30.0 mmol) was added dropwise to a solution of amide 121 (2.00 g, 14.2 mmol) in ethyl acetate (100 mL) at 0 °C then stirred at room temperature for 1 day. The reaction mixture was quenched by addition of water (1 x 30 mL). The aqueous layer was extracted with DCM (3 x 10 mL), dried (Na2SO4), filtered and concentrated. The resulting crude mixture was purified by flash column chromatography on silica gel eluting with hexane: EtOAc (3:1) to give Boc protected lactam 122 as a white solid (3.21 g, 94%). Mpt. 30-33 °C (lit.143 32-33 °C); 1H NMR (400 MHz, CDCl3) δ 4.23 – 4.09 (1H, m, NCH), 2.61 (1H, ddd, J = 17.7, 11.4, 9.0 Hz, CHH), 2.43 (1H, ddd, J = 17.7, 9.4, 2.3 Hz, CHH), 2.18 –2.03 (1H, m, CHH), 1.67 – 1.57 (1H, m, CHH), 1.55 (9H, s, 3 x CH3), 1.53 – 1.38 (2H, m, CH, CHH), 1.34 – 1.16 (1H, m, CHH), 0.98 (6H, d, J = 6.2 Hz , 2 x CH3); 13C NMR (101 MHz, CDCl3) δ 174.5 (CO), 149.8 (CO), 82.71 (C), 50.9 (CH), 42.4 (CH2), 31.6 (CH2), 28.2 (3 x CH3), 23.9 (CH), 21.4 (2 x CH3); m/z (TOF MS ES+) calcd for C13H24NO3H+ 264.1360 [M+H+] found 264.1573. All data are in accordance with the literature.143

1,1-Dimethylethyl 2,5-dihydro-2,5-dioxo-1H-pyrrole-1-carboxylate 361


Dimethylaminopyridine (0.240 g, 1.97 mmol) and ditert-butyl dicarbonate (6.54 g, 30.0 mmol) was added dropwise to a solution of maleimide (2.00 g, 20.6 mmol) in ethyl acetate (100 mL) at 0 °C then stirred at room temperature for 1 day. The reaction mixture was quenched by addition of water (5 mL). The aqueous layer was extracted with DCM (3 x 5 mL), dried (Na2SO4), filtered and concentrated. The resulting crude mixture was purified by flash column chromatography on silica gel eluting with hexane: EtOAc (4:1) to give Boc protected maleimide 361 as a white solid (3.17 g, 86%). Mpt. 63-64 °C. (lit. 144 62.5 °C); 1H NMR (400 MHz, CDCl3) δ 6.78 (2H, s, 2 x CH), 1.55 (9H, d, J = 1.9 Hz, 3 x CH3); 13C NMR (101 MHz, CDCl3) δ 166.1 (2 x CO), 145.8 (CO), 135.0 (2 x CH), 85.2 (C), 27.8 (3 x CH3). All data are in accordance with the literature.144
3a,4,9,9a-Tetrahydro-4-[(phenylmethoxy)methoxy]-2-(1,1-Dimethylethyl 2,5-dihydro-2,5-dioxo)- 4,9-[1',2']- benzeno-1H-benz[f]isoindole-1,3-(2H)-dione 362


Boc protected maleimide 361 (38.3 g, 112 mmol) were heated at reflux in toluene (500 mL) for 7 hours. Once cooled to room temperature, the reaction mixture was concentrated giving a yellow powder. This was purified by flash column chromatography on silica gel eluting with hexane: EtOAc (9:1) to give cycloadduct 362 as a white solid (45.2 g, 79%). Mpt. 143-146 °C; 1H NMR (400 MHz, CDCl3) δ 7.76 (2H, m, ArCH), 7.57 (2H, d, J = 7.3 Hz, ArCH), 7.48 – 7.15 (9H, m, ArCH), 5.72 (1H, d, J = 5.6 Hz, CHH), 5.63 (1H, d, J = 5.6 Hz, CHH), 5.23 (1H, d, J = 11.8 Hz, CHH), 5.08 (1H, d, J = 11.8 Hz, CHH), 4.85 – 4.73 (1H, m, CH), 3.59 – 3.47 (1H, m, CH), 3.36 (1H, dd, J = 8.9, 3.1 Hz, CH), 1.44 (9H, s, J = 5.0 Hz, 3 x CH3); 13C NMR (101 MHz, CDCl3) δ 172.1 (CO), 169.2 (CO), 145.6 (CO), 141.2 (ArC), 140.1 (ArC), 139.5 (ArC), 137.8 (ArC), 136.1 (ArC), 128.5 (2 x ArCH), 128.2 (2 x ArCH), 127.2 (ArCH), 127.1 (2 x ArCH), 126.7 (2 x ArCH), 124.4 (ArCH), 124.1 (ArCH), 122.5 (ArCH), 122.1 (ArCH), 91.9 (CH2), 85.6 (CH2), 81.9 (C), 71.4 (C), 48.0 (CH), 47.6 (CH), 44.8 (CH), 27.5 (3 x CH3); νmax (ATR)/cm-1 2981, 1801, 1762, 1720, 1678; m/z (TOF MS ES+) calcd for C31H29NO6Na+ 534.1887 [M+Na+] found 534.1904.
(±)2-(3aR,9aR)-3a,4,9,9a-Tetrahydro-4-[(phenylmethoxy)methoxy]-4,9[1′,2′]-benzeno-1H-benz[f]isoindole-1,3(2H)-dione 364


Maleimide (11.0 g, 112 mmol) and BOM protected anthrone 100 (35.0 g, 112 mmol) were heated at reflux in toluene (500 mL) for 7 hours where a white precipitate formed. Once cooled to room temperature the reaction mixture was concentrated. The product was purified using flash column chromatography on silica gel eluting with hexane: EtOAc (5:3) to give imide cycloadduct 364 as a white solid (43.7 g, 95%). Mpt. 278-281 °C; 1H NMR (400 MHz, CDCl3) δ 8.26 (1H, s, NH), 7.77 – 7.69 (2H, m, ArCH), 7.57 (2H, d, J = 7.1 Hz, ArCH), 7.49 – 7.38 (4H, m, ArCH), 7.37 (1H, d, J = 7.4 Hz, ArCH), 7.31 – 7.12 (4H, m, ArCH), 5.68 (1H, d, J = 5.6 Hz, CHH), 5.62 (1H, d, J = 5.6 Hz, CHH), 5.20 (1H, d, J = 11.8 Hz, CHH), 5.07 (1H, d, J = 11.8 Hz, CHH), 4.70 (1H, d, J = 3.3 Hz, CH), 3.49 (1H, d, J = 8.7 Hz, CH), 3.32 (1H, dd, J = 8.7, 3.3 Hz, CH); 13C NMR (101 MHz, CDCl3) δ 176.6 (CO), 174.4 (CO), 141.6 (ArC), 140.4 (ArC), 139.9 (ArC), 137.9 (ArC), 136.4 (ArC), 128.5 (2 x ArCH), 128.5 (2 x ArCH), 128.0 (ArCH), 127.8 (2 x ArCH), 127.1 (ArCH), 124.6 (ArCH), 124.0 (ArCH), 122.3 (2 x ArCH), 122.0 (ArCH), 92.6 (CH2), 81.1 (CH2) 71.4 (C), 49.0 (CH), 48.5 (CH), 44.4 (CH); νmax (ATR)/cm-1 3198, 3068, 2930, 1775, 1707; m/z (TOF MS ES+) calcd for C26H21NO4Na+ 434.1363 [M+Na+] found 434.1366. 
(±)2-(3aR,9aR)-3a,4,9,9a-Tetrahydro-4-[(phenylmethoxy)methoxy]-2-(4-methylphenyl)sulfonyl)- 4,9-[1',2']- benzeno-1H-benz[f]isoindole-1,3-(2H)-dione 365


Imide cycloadduct 364 (1.23 g, 3.00 mmol) and DMAP (0.100 g, 0.820 mmol) were dissolved in DCM (5 ml) at 0 °C. Et3N (0.6 g, 5.94 mmol) was added then p-toluenesulfonyl chloride (0.855 g, 4.50 mmol) in THF (2 mL) was added dropwise to the mixture. The reaction mixture was stirred at room temperature overnight. 2N HCl (5 mL) was added and the mixture was extracted with DCM (3 x 5 mL) then washed with a brine solution (5 mL). The organic layer was dried (MgSO4), filtered and concentrated. Purification by flash column chromatography on silica gel eluting with hexane: DCM (1:9) gave cycloadduct 365 as a white solid (1.07 g, 63%). Mpt. 145-146 °C;  1H NMR (400 MHz, CDCl3) δ 7.75 – 7.66 (1H, m, ArCH), 7.66 – 7.57 (2H, m, ArCH), 7.57 – 7.45 (3H, m, ArCH), 7.45 – 7.32 (4H, m, ArCH), 7.32 – 7.14 (4H, m, ArCH), 7.09 – 7.00 (1H, m, ArCH), 7.00 – 6.79 (2H, m, ArCH), 5.74 – 5.63 (1H, m, CHH), 5.57 (1H, d, J = 5.6 Hz, CHH), 5.20 (1H, d, J = 11.7 Hz, CHH), 5.05 (1H, d, J = 11.7 Hz, CHH), 4.68 (1H, d, J = 3.3 Hz, CH), 3.61 – 3.49 (1H, m, CH), 3.41 – 3.32 (1H, m, CH), 2.49 (3H, s, CH3); 13C NMR (101 MHz, CDCl3) δ 171.1 (2 x CO), 168.7 (ArC), 141.1 (ArC), 139.9 (ArC), 139.4 (ArC), 137.8 (ArC), 135.8 (ArC), 134.0 (ArC), 129.7 (2 x ArCH), 128.5 (2 x ArCH), 128.4 (2 x ArCH), 128.4 (2 x ArCH),127.9 (2 x ArCH), 127.1 (ArCH), 126.9 (ArCH), 126.7 (ArCH),124.2 (ArCH), 124.0 (ArCH), 122.4 (ArCH), 121.8 (ArCH), 92.8 (CH2), 71.5 (C), 70.2 (CH2), 47.8 (CH), 47.2 (CH), 44.5 (CH), 21.8 (CH3); νmax (ATR)/cm-1 2918, 1734; m/z (TOF MS ES+) calcd for C31H19NO6SNa+ 588.1461 [M+Na+] found 588.1475. 


[bookmark: _Hlk155702600]2-Benzyl-1,3-dithiane 159


1,3-Dithiane (0.78 g, 6.50 mmol) was disolved in THF (12 mL) and cooled to -78 ˚C under argon. nBuLi (2.5 M in hexanes, 2.6 mL, 6.50 mmol) was added dropwise to the solution. The solution was stirred for 1.5 h at –22 ˚C and then cooled to -78 ˚C. After benzyl bromide (0.77 mL, 6.5 mmol) was added, the reaction mixture was allowed to warm to room temperature at slowly. After 19 h, water (20 mL) was added and the resulting mixture was extracted with EtOAc (3 x 10 mL). The organic layer was dried (MgSO4), filtered and concentrated. Purification by flash column chromatography on silica gel eluting with hexane: EtOAc (95:5) gave dithiane 159 as a yellow oil (1.26 g, 92%). 1H NMR (400 MHz, CDCl3) δ 7.42 – 7.24 (5H, m, ArCH), 4.27 (1H, t, J = 7.3 Hz, CH), 3.05 (2H, d, J = 7.3 Hz, CH2), 2.94 – 2.80 (4H, m, 2 x CH2), 2.22 – 2.08 (1H, m, CHH), 1.96 – 1.81 1H, (m, CHH); 13C NMR (101 MHz, CDCl3) δ 137.4 (ArC), 129.2 (2 x ArCH), 128.3 (2 x ArCH), 127.0 (ArCH), 48. 7 (CH), 41.8 (CH2), 30.9 (2 x CH2), 25.9 (CH2). All data are in accordance with the literature.145
2-Benzyl-2-(2,2-diethoxyethyl)-1,3-dithiane 161


nBuLi (2.5 M in hexanes, 1 mL, 2.5 mmol) was added to a mixture of NaO-t-Bu (0.27 g, 2.8 mmol) in THF (6 mL) at 0 °C and stirred 1h then 1h at room temperature followed by cooling to -78 °C. In a separate flask nBuLi (2.5 M in heptane, 3.96 mL, 9.89 mmol) was added dropwise to a solution of dithiane 159 (2.08 g, 9.90 mmol) in THF (45 mL) stirred at –78 °C for 15 min. The alkoxide slurry was then added to the 2-benzyl-1,3-dithiane mixture and was sirred for 1 h. A mixture of bromoacetaldehyde diethyl acetal (1.48 mL, 9.89 mmol) and TBAI (0.4 g, 1.08 mmol) in THF (1 ml) was added dropwise to the solution. When TLC showed completion of the reaction ice water (5 mL) was added and extracted with diethyl ether (3 x 10 mL). The organic layer was dried (MgSO4), filtered and concentrated. Purification by flash column chromatography on silica gel eluting with hexane: EtOAc (94:6) gave acetal 161 as a yellow oil (2.93 g, 91%). 1H NMR (400 MHz, CDCl3) δ 7.49 – 7.41 (2H, m, ArCH), 7.38 – 7.23 (3H, m, ArCH), 4.90 (1H, t, J = 4.8 Hz, CH), 3.78 – 3.67 (2H, m, 2 x CH), 3.62 (2H, dq, J = 9.3, 7.1 Hz, 2 x CH), 3.30 (s, 2H, CH2), 2.93 (2H, m, 2 x SCH), 2.87 – 2.75 (2H, m, 2 x SCH), 2.27 (2H, d, J = 4.8 Hz, CH2), 2.11 – 1.85 (2H,m, CH2), 1.27 (6H, t, J = 7.1 Hz, 2 x CH3); 13C NMR (101 MHz, CDCl3) δ 131.6 (ArC), 131.2 (ArCH), 128.1 (ArCH), 127.7 (ArCH), 127.5 (ArCH), 126.9 (ArCH), 101.5 (CH), 61.7 (CH2), 58.4 (CH2), 49.2 (C), 46.3 (CH2), 45.2 (CH2), 40.2 (CH2), 26.4 (CH2), 24.4 (CH2), 15.4 (2 x CH3). All data are in accordance with the literature.77
2-(2-Benzyl-1,3-dithian-2-yl)acetaldehyde 162


A solution of acetal 161 (1.35 g, 4.13 mmol) and pTsOH (157 mg, 0.82 mmol) in acetone/water (10:1, 23 mL) was heated to reflux with stirring until TLC showed completion of the reaction. The solvent was removed by rotary evaporation. Saturated aqueous NaHCO3 (10 mL) was added and residue was extracted with diethyl ether (3 x 10 mL) then washed with water (10 mL). The organic layer was dried (Na2SO4), filtered, and concentrated. Purification by flash column chromatography on silica gel eluting with hexane: EtOAc (92:8) gave aldehyde 162 as a yellow oil (0.914 g, 93%). 1H NMR (400 MHz, CDCl3) δ 9.74 (1H, t, J = 2.7 Hz, CHO), 7.39 – 7.27 (5H, m, ArCH), 3.37 (2H, s, CH2), 3.01 – 2.86 (4H, m, 2 x CH2), 2.83 (2H, d, J = 2.7 Hz, CH2), 2.13 – 1.96 (2H, m, CH2); 13C NMR (101 MHz, CDCl3) δ 199.6 (CO), 134.6 (ArC), 131.1 (2 x ArCH), 128.1 (2 x ArCH), 127.5 (ArCH), 49.2 (C), 46.4 (CH2), 26.4 (2 x CH2), 24.4 (CH2). All data are in accordance with the literature.77
(±)3-(1-Allyl-5-oxo-4,4-dibenzoyl-2-isobutyl)-2,4-pentanedione 368


Lactam 359 (1.00 g, 5.52 mmol) in THF (10 mL) was added LiHMDS (1 M in THF, 8.12 mL, 8.12 mmol) and stirred for 30 minutes at -78 °C then benzoyl chloride (0.773 g, 5.52 mmol) was added and the mixture was stirred at -78 °C for 3 hours. Water (30 mL) was added to quench the reaction and the mixture was extracted with DCM (3 x 10 mL), dried (MgSO4), filtered and concentrated. The crude mixture was purified using flash column chromatography eluting on silica gel with hexane: EtOAc (10:1) to give amide 368 as a yellow oil (0.794 g, 37%). 1H NMR (400 MHz, CDCl3) δ 7.96 – 7.90 (3H, m, ArCH), 7.53 – 7.26 (m, 7H, ArCH), 5.80 (1H, dddd, J = 17.4, 10.2, 7.3, 4.5 Hz, CH), 5.37 – 5.18 (2H, m, CH2), 4.39 (1H, ddt, J = 15.6, 4.5, 1.8 Hz, CHH), 3.79 (1H, dtd, J = 10.3, 7.3, 3.0 Hz, CH), 3.67 (1H, dd, J = 15.6, 7.3 Hz, CHH), 3.04 (1H, dd, J = 13.3, 7.3 Hz, CHH), 2.74 (1H, dd, J = 13.3, 7.3 Hz, CHH), 1.82 – 1.64 (2H, m, CH, CHH), 1.44 – 1.31 (1H, m, CHH), 0.99 (3H, d, J = 6.2 Hz, CH3), 0.92 (3H, d, J = 6.1 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 194.9 (2 x CO), 167.7 (CO), 135.6 (ArC),134.9 (ArC), 133.4 (ArCH), 133.3 (ArCH), 132.0 (CH), 130.0 (2 x ArCH), 129.8 (2 x ArCH) 128.5 (2 x ArCH), 128.4 (2 x ArCH), 118.7 (CH2) 72.9 (C), 53.2 (CH), 43.9 (NCH2), 42.7 (CH2), 35.0 (CH2), 24.6 (CH), 21.4 (2 x CH3); νmax (ATR)/cm-13098, 2978, 2927, 1701, 1676, 1663; m/z (TOF MS ES+) calcd for C25H27NO3+ 390.2064 [M+H+] found 390.2076. 

1-[(1S)-1-Phenylethyl]-1H-pyrrole-2,5-dione 371



Maleic anhydride (0.800 g, 8.26 mmol) was dissolved in anhydrous diethyl ether (10 mL) at 0 °C, and a solution of (S)-(+)-α-methylbenzylamine (1.00 g, 8.26 mmol) in anhydrous diethyl ether (15 mL) was added dropwise then stir for 1 hour where a precipitate formed. This was filtered and washed with diethyl ether (5 mL). The filtrate was dissolved in acetic anhydride (1.60 mL) and sodium acetate (0.340 g, 4.15 mmol) was added. The reaction mixture was heated to 70 °C for 6 hours. The reaction mixture was then cooled to room temperature. Na2CO3 (2 M, 5 mL) was added and extracted with DCM (3 x 5 mL), dried (Na2SO4), filtered and concentrated. The residue was purified by flash column chromatography on silica gel eluting with hexane: EtOAc (9:1) gave maleimide 371 as a pale yellow oil (1.06 g, 64%). [α]25D -78.3 (c 1.29, CHCl3) (lit.146 -89.3, c 1.29, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.40 (2H, m, ArCH), 7.40 – 7.24 (3H, m, ArCH), 6.36 (2H, s, 2 x CH), 5.38(1H, q, J = 7.5 Hz, CH), 1.85 (3H, d, J = 7.5 Hz, CH3). 13C NMR (101 MHz, CDCl3) δ 170.1 (CO), 139.6 (ArC), 134.0 (2 x CH), 128.5 (ArCH), 127.7 (2 x ArCH), 127.2 (2 x ArCH), 49.6 (CH), 17.6 (CH3); m/z (TOF MS ES+) calcd for C12H12NO2+ 202.0863 [M+H+] found 202.0870. All data are in accordance with the literature.146,147


(S,S)-3a,4,9,9a-Tetrahydro-4-[(phenylmethoxy)methoxy]-2-[(S)-1-phenylethyl]-4,9[1’,2’]-benzeno-1H-benz[f]isoindole-1,3-(2H)-dione 377 and (R,R)-3a,4,9,9a-tetrahydro-4-[(phenylmethoxy)methoxy]-2-[(S)-1-phenylethyl]-4,9[1’,2’]-benzeno-1H-benz[f]isoindole1,3-(2H)-dione 378


Maleimide 371 (0.180 g, 0.573 mmol) and 1-[(1S)-1-phenylethyl]-1H-pyrrole-2,5-dione (0.115 g, 0.573 mmol) were dissolved in toluene (20 mL) and heated at reflux for 17 hours. The solution was cooled to room temperature and the solvent was removed. Purification by flash column chromatography on silica gel eluting with hexane: EtOAc (1:4) gave cycloadducts 377 and 378 as a pale yellow solid (0.147 g, 50%). The diastereoisomers were an inseparable mixture and had a ratio of (S,R,R):(S,S,S) in a 56:44 mixture. [α]25D +30.0 (c 1.00, CHCl3); νmax (ATR)/cm-1 3055, 2987, 2306, 1704; m/z (TOF MS ES+) calcd for C34H29NO4Na+ 538.1989 [M+Na+] found 538.2004.
Data for major isomer: 1H NMR (400 MHz, CDCl3) δ 7.73-7.79 (1H, m, ArCH), 7.68 (1H, d, J = 7.5, ArCH), 7.49-7.56 (2H, m, ArCH), 7.31-7.45 (4H, m, ArCH), 7.07-7.30 (8H, m, ArCH), 6.97-7.06 (2H, m, ArCH), 5.69 (1H, d, J = 5.6, CHH), 5.61 (1H, d, J = 5.6, CHH), 5.19 (1H, d, J = 6.8, CHH), 4.97-5.07 (2H, m, NCH, CHH), 4.69 (1H, d, J = 3.3, CH), 3.38 (1H, d, J = 8.7, CH), 3.28 (1H, dd, J = 8.7, 3.3, CH), 1.22 (3H, d, J = 7.2, CH3); 13C NMR (101 MHz, CDCl3) δ 175.9 (CO), 173.7 (CO), 141.8 (ArC), 140.5 (ArC), 140.15 (ArC), 138.7 (ArC), 138.0 (ArC), 136.5 (ArC), 128.5 (2 x ArCH), 128.3 (ArCH), 128.2 (2 × ArCH), 127.8 (ArCH), 127.4 (ArCH), 127.2 (2 x ArCH), 127.1 (2 x ArCH), 127.0 (ArCH), 126.9 (ArCH), 126.6 (ArCH), 124.5 (ArCH), 124.0 (ArCH), 122.4 (ArCH), 122.0 (ArCH), 92.2 (CH2), 81.8 (C), 71.5 (CH2), 49.6 (CH), 47.4 (CH), 46.9 (CH), 44.6 (CH), 15.7 (CH3). 
Data for minor isomer: 1H NMR (400 MHz, CDCl3) δ 7.73-7.79 (1H, m, ArCH), 7.62 (1H, d, J = 7.1, ArCH), 7.49-7.56 (2H, m, ArCH), 7.31-7.45 (4H, m, ArCH), 7.07-7.30 (8H, m, ArCH), 6.97-7.06 (2H, m, ArCH), 5.71 (1H, d, J = 5.6, CHH), 5.63 (1H, d, J = 5.6, CHH), 5.21 (1H, d, J = 6.8, CHH), 4.97-5.07 (2H, m, NCH, CHH), 4.70 (1H, d, J = 3.3, CH), 3.42 (1H, d, J = 8.7, CH), 3.23 (1H, dd, J = 8.7, 3.3, CH), 1.24 (3H, d, J = 7.5, CH3); 13C NMR (101 MHz, CDCl3) δ 175.92 (CO), 173.8 (CO), 141.8 (ArC), 140.5 (ArC), 140.04 (ArC), 138.8 (ArC), 138.0 (ArC), 136.6 (ArC), 128.5 (2 x ArCH), 128.3 (ArCH), 128.2 (2 x ArCH), 127.8 (ArCH), 127.4 (ArCH), 127.2 (2 x ArCH), 127.1 (2 x ArCH), 127.0 (ArCH), 126.9 (ArCH), 126.6 (ArCH), 124.6 (ArCH), 124.0 (ArCH), 122.3 (ArCH), 122.0 (ArCH), 92.1 (CH2), 81.8 (C), 71.5 (CH2), 49.8 (CH), 47.4 (CH), 46.7 (CH), 44.6 (CH), 15.9 (CH3).
9,10-Dihydro-9,10-ethanoanthracene-1’,2’-dicarboximide 391


Maleimide (11.0 g, 110 mmol) and anthracene (20.0 g, 110 mmol) were heated at reflux in toluene (500 mL) for 6 hours. Once cooled to room temperature, the solvent was removed in vacuo to yield a white powder. This was purified by recrystallisation from DCM: hexane gave cycloadduct 391 as a white solid (21 g,70%). Mpt. 299-102 °C; 1H NMR (400 MHz, DMSO) δ 10.7 (1H, bs, NH), 7.11-7.54 (8H, m, ArCH), 4.72 (2H, s, 2 x CH), 3.18 (2H, s, 2 x CH); 13C NMR (101 MHz, DMSO) δ 178.5 (2 x CO), 142.5 (2 x ArC), 134.0 (2 x ArC), 128.7 (2 x ArCH), 127.0 (2 x ArCH), 126.6 (4 x ArCH), 48.1 (2 x CH), 44.9 (2 x CH). All data are in accordance with the literature.123 
(1R,2S,5R)-(-)-Menthyl (S)-p-toluene sulfinate and (1S,2R,5S)-(+)-Menthyl (R)-p-toluenesulfinate 388


p-Toluenesulfonyl chloride (0.570 g, 3.00 mmol) was added to a solution of L-menthol (0.310 g, 2.00 mmol) in DCM (10 mL). Et3N (0.300 g, 3.00 mmol) was added dropwise followed by trimethyl phosphite (0.490 g, 4.00 mmol) and heated at reflux for 1 day. The reaction mixture was cooled to room temperature then added to a mixture of Et2O (20 mL) and 1 N HCl (10 mL) with vigorous stirring. The organic layer was separated, washed with saturated NaHCO3 (10 mL), brine (10 mL), dried (MgSO4), filtered and concentrated. The crude product was purified by flash column chromatography on silica gel eluting with hexane: Et2O (1:9), to give sulfinate esters 388 as white crystals (0.600 g, 65%), in a ratio of 1:1.44 of the diastereoisomers. Mpt. 108-110 °C (lit.148 106- 107 °C). 
Major isomer 1H NMR (400 MHz, CDCl3) δ 7.62 (2H, d, J = 8.0, ArCH), 7.34 (2H, d, J = 8.0, ArCH), 4.13 (1H, td, J = 16.1, 4.5, OCH), 2.44 (3H, s, CH3), 2.23-2.35 (1H, m, CH), 2.15 (1H, m, CH), 1.71 (2H, br d, J = 11.7, CH, CH), 1.45 – 1.57 (1H, m, CHH), 1.32 – 1.42 (1H, m, CHH), 1.24 (1H, dd, J = 13.9, 12.0, CHH), 1.00 – 1.12 (1H, m, CHH), 0.98 (3H, d, J = 6.5, CH3), 0.81 – 0.95 (1H, m, CH), 0.89 (3H, d, J = 6.9, CH3), 0.74 (3H, d, J = 6.9, CH3); 13C NMR (101 MHz, CDCl3) δ 143.3 (ArCS). 142.4 (ArC), 129.6 (2 x ArCH), 125.0 (2 x ArCH), 80.1 (OCH), 47.9 (CH), 43.0 (CH2), 34.0 (CH2), 31.7 (CH), 25.2 (CH), 23.2 (CH2), 22.1 (CH3), 21.5 (CH3), 20.8 (CH3), 15.5 (CH3).
Minor isomer 1H NMR (400 MHz, CDCl3) δ 7.62 (2H, d, J = 8.0, ArCH), 7.34 (2H, d, J = 8.0, ArCH), 4.21 (1H, td, J = 16.1, 4.5, OCH), 2.44 (3H, s, CH3), 2.23-2.35 (1H, m, CH), 2.15 (1H, m, CH), 1.71 (2H, br d, J = 11.7, CH, CH), 1.45 – 1.57 (1H, m, CHH), 1.32 – 1.42 (1H, m, CHH), 1.24 (1H, dd, J = 13.9, 12.0, CHH), 1.00 – 1.12 (1H, m, CHH), 0.98 (3H, d, J = 6.5 CH3), 0.81 – 0.95 (1H, m, CH), 0.89 (3H, d, J = 6.9, CH3), 0.74 (3H, d, J = 6.9, CH3); 13C NMR (101 MHz, CDCl3) δ 143.3 (ArCS). 142.6 (ArC), 129.6 (2 x ArCH), 124.5 (2 x ArCH), 82.0 (OCH), 48.2 (CH), 43.6 (CH2), 33.9 (CH2), 31.8 (CH), 25.4 (CH), 23.0 (CH2), 21.9 (CH3), 21.5 (CH3), 20.9 (CH3), 15.4 (CH3). All data are in accordance with the literature.148
[bookmark: _Hlk155691763]rel-(3aR,9aR)- (9R,10S,11R,14S,15S)-Tetrahydro-4-[(phenylmethoxy)methoxy]-2-(vinyl)- 4,9-[1',2']- benzeno-1H-benz[f]isoindole-1,3-(2H)-dione398


Imide 347 (0.410 g, 0.909 mmol) was dissolved in dry THF (15 mL ) under argon. Vinylmagnesium chloride (1.6 M in THF 0.125 mL, 0.200 mmol) was added dropwise and the solution was stirred at room temperature for 1 hour. Vinyl chloride (2M in THF, 0.100 mL, 0.200 mmol) was added and stirred for 1 hour. The addition was repeated 5 more times. The reaction mixture was cooled to room temperature, quenched with water (20 mL) and extracted with DCM (3 x 10 mL), dried (Na2SO4), filtered and concentrated. Purification via flash column chromatography on silica gel eluting with hexane: EtOAc (9:1) gave hydroxy lactam 398 as a white solid (0.399 g, 89%). Mpt. 99-106 °C; νmax (ATR)/cm-1 1694, 1682; 1H NMR (400 MHz, CDCl3) δ 7.72 – 7.63 (2H, m, ArCH), 7.48 – 7.40 (2H, m, ArCH), 7.32 – 7.03 (9H, m, ArCH), 5.66 – 5.61 (2H, m, CH2), 5.61 – 5.51 (1H, m, CH), 5.25 – 4.99 (4H, m, CHH, CH2, CHH, CH), 4.91 (1H, d, J = 11.9 Hz, CHH), 4.72 (1H, d, J = 11.9 Hz, CHH), 4.53 (1H, d, J = 2.7 Hz, CH), 4.27 (1H, d, J = 17.2, CHH), 3.75 (1H, ddt, J = 15.8, 4.2, 1.6 Hz, NCHH), 3.35 (1H, d, J = 9.9 Hz, CH), 3.10 (1H, dd, J = 15.8, 6.4 Hz, NCHH), 2.80 (1H, dd, J = 9.9, 2.7 Hz, CH), 2.42 (1H, s, OH); 13C NMR (101 MHz, CDCl3) δ 169.6 (CO), 143.0 (2 x ArC), 142.5 (ArC), 141.5 (ArC), 139.6 (CH), 138.3 (ArC), 133.8 (CH), 128.4 (ArCH), 128.0 (ArCH), 127.6 (ArCH), 127.1 (ArCH), 126.8 (ArCH), 126.5 (ArCH), 126.3 (ArCH), 123.7 (2 x ArCH), 123.2 (2 x ArCH), 122.4 (2 x ArCH), 115.6 (CH2), 115.0 (CH2), 92.2 (CH2), 90.1 (C), 81.6 (C), 71.5 (CH2), 49.7 (CH), 47.9 (CH), 43.4 (CH), 41.6 (NCH2); m/z (TOF MS ES+) calcd for C31H30NO4 480.2169 [M+H+] found 480.2166.


[bookmark: _Hlk155687743][bookmark: _Hlk155693535]rel-(3aR,9aR)- (9R,10S,11R,14S,15S)-Tetrahydro-4-[(phenylmethoxy)methoxy]-2-(isopropyl)- 4,9-[1',2']- benzeno-1H-benz[f]isoindole-1,3-(2H)-dione 399



Imide 347 (0.410 g, 0.909 mmol) was dissolved in dry THF (15 mL ) under argon. Isopropylmagnesium chloride (2 M in THF 0.100 mL, 0.200 mmol) was added dropwise and the solution was stirred at room temperature for 1 hour. Isopropylmagnesium chloride (2M in THF, 0.100 mL, 0.200 mmol) was added and stirred for 1 hour. The addition was repeated 5 more times. The reaction mixture was cooled to room temperature, quenched with water (20 mL) and extracted with DCM (3 x 10 mL), dried (Na2SO4), filtered and concentrated. Purification via flash column chromatography on silica gel eluting with hexane: EtOAc (9:1) gave hydroxy lactam 399 as a white solid (0.427 g, 95%). Mpt. 167-171 °C; νmax (ATR)/cm-1 2926, 1774, 1702; 1H NMR (400 MHz, CDCl3) δ 7.86 – 7.75 (2H, m, ArCH), 7.60 – 7.52 (2H, m, ArCH), 7.48 – 7.12 (9H, m, ArCH), 5.80 – 5.70 (2H, m, CH, CHH), 5.68 (1H, d, J = 5.6 Hz, CHH), 5.33 – 5.14 (2H, m, CH2), 5.11 – 4.94 (2H, m, CH2), 4.86 (1H, m, CH), 3.50 (1H, d, J = 8.6 Hz, CH), 3.39 – 3.25 (2H, m, CH2), 2.87 (1H, d, J = 10.1Hz, CH), 2.47 (1H, s, OH), 2.10 (1H, hept, J = 6.8 Hz, CH), 1.14 (3H, d, J = 7.0 Hz, CH3), 0.67 (3H, d, J = 7.0 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 173.2 (CO), 142.9 (ArC), 142.7 (ArC), 141.8 (ArC), 140.4 (ArC), 139.9 (ArC), 136.6 (CH), 128.6 (ArCH), 128.2 (ArCH), 128.0 (ArCH), 127.8 (ArCH), 127.0 (ArCH),126.7 (ArCH), 126.3 (ArCH), 124.6 (2 x ArCH), 124.0 (2 x ArCH), 123.5 (2 x ArCH), 116.4 (CH2), 92.0 (C), 78.3 (CH2), 76.8 (C), 71.1 (CH2), 47.5 (CH), 44.9 (CH), 43.2 (CH), 41.3 (CH2), 5.2 (CH), 16.5 (2 x CH3); m/z (TOF MS ES+) calcd for C32H34NO4 496.2482 [M+H+] found 496.2488.


[bookmark: _Hlk155694674](3aR,9aR)-2,3,3a,4,9,9a-Hexahydro-9-hydroxyl-3-(1-methylethylidene) -2-(2-propen-1-yl)-4,9[1′,2′]-benzeno-1H-benz[f]isoindol-1-one 401


Hydroxy lactam 399 (0.140 g, 0.283 mmol) was dissolved in DCM (5 mL) at -78 °C. BF3OEt2 (0.100 mL, 0.816 mmol) and then Et3SiH (0.440 mL, 2.76 mmol) were added dropwise to the solution. The reaction mixture was warmed to room temperature overnight. The reaction was then quenched with saturated NaHCO3(aq.) (5 mL) and extracted with DCM (3 x 5 mL), dried (Na2SO4), filtered and concentrated. The crude mixture was purified using flash column chromatography on silica gel eluting on silica gel with hexane: EtOAc (10:1) to give alkene 401 as a white solid (0.055 g, 54%). Mpt. 155-158 °C νmax (ATR)/cm-1 3496, 2928, 1771, 1692, 1666; m/z (TOF MS ES+) calcd for C24H24NO2 358.1802 [M+H+] found 358.1792; 1H NMR (400 MHz, CDCl3) δ 7.69 (1H, dd, J = 7.5, 1.2 Hz, ArCH), 7.55 (1H, d, J = 7.6 Hz, ArCH), 7.34 (1H, dd, J = 7.3, 1.2 Hz, ArCH), 7.29 – 7.09 (5H, m, ArCH), 5.22 (1H, s, OH), 5.03 (1H, dddd, J = 17.2, 10.5, 5.1, 4.0 Hz, CH), 4.83 (1H, dq, J = 10.5, 1.7 Hz, CHH), 4.51 (1H, d, J = 3.1 Hz, CH), 4.34 (1H, dq, J = 17.2, 1.7 Hz, CHH), 4.05 (1H, ddt, J = 17.1, 4.0, 1.7 Hz, NCHH), 3.73 – 3.62 (1H, m, NCHH), 3.46 – 3.38 (1H, m, CH), 2.99 (1H, d, J = 9.8 Hz, CH), 2.00 (3H, s, CH3), 1.77 (3H, s, CH3); 13C NMR (101 MHz, CDCl3) δ 176.0 (CO), 142.8 (C), 142.3 (2 x ArC), 140.7 (ArC), 137.6 (ArC), 132.9 (CH), 126.5 (ArCH), 126.4 (ArCH), 126.3 (ArCH), 126.1 (ArCH), 124.4 (ArCH), 123.3 (ArCH), 121.0 (ArCH), 120.5 (ArCH), 115.7 (CH2), 107.3 (CH2), 60.4 (C), 50.5 (CH), 46.5 (CH), 44.7 (NCH2), 43.6 (CH), 22.7 (CH3), 19.0 (CH3); m/z (TOF MS ES+) calcd for C24H24NO2 358.1802 [M+H+] found 358.1792.
[bookmark: _Hlk155694543](±)(3R,3aS,9aR)- 3a,4,9,9a-Tetrahydro-3-isopropyl-9-hydroxy-2-allyl-4,9[1’,2’]-benzeno-1Hbenz[f]isoindol-1-one 400


Alkene 401 (14.5 g, 40.6 mmol) was dissolved in acetic acid (150 ml) then sodium triacetoxyborohydride (8.23 g, 39.0 mmol) was added and stirred at room temperature overnight. NaHCO3 (aq.) (30 mL) was added, and the mixture extracted with DCM (3 x 10 mL), dried (MgSO4), filtered and concentrated. The crude mixture was purified by flash column chromatography on silica gel eluting with hexane: AcOEt (9:1) gave isopropyl 400 as a white solid (6.90 g, 47%). Mpt. 153-157 °C; νmax (ATR)/cm-1 3445, 2926, 1694, 1661; 1H NMR (400 MHz, CDCl3) δ 7.34 – 7.09 (8H, m, ArCH), 5.46 – 5.33 (1H, m, CH), 5.24 (1H, s, OH), 5.00 – 4.80 (1H, m, CHH), 4.79 – 4.70 (1H, m, CHH), 3.87 (1H, ddd, J = 16.0, 4.6, 2.7 Hz, CH), 3.51 – 3.40 (1H, m, CH), 3.38 – 3.24 (2H, m, NCH2), 2.99 (1H, d, J = 10.0 Hz, CH), 2.84 (1H, ddd, J = 10.0, 7.3, 2.3 Hz, CH), 2.33 (1H, dhept, J = 9.8, 6.5 Hz, CH), 1.24 (3H, d, J = 6.5 Hz, CH3), 1.10 (3H, d, J = 6.5 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 176.2 (CO), 144.3 (ArC), 143.2 (ArC), 142.3 (ArC), 140.7 (ArC), 132.8 (CH), 129.7 (ArCH), 127.4 (ArCH), 127.3 (ArCH), 126.5 (ArCH), 126.3 (ArCH), 126.2 (ArCH), 126.0 (ArCH), 125.0 (ArCH) 117.4 (CH2), 67.1 (C), 51.7 (CH), 47.2 (CH), 45.5 (CH2), 44.5 (CH), 42.3 (CH), 27.8 (CH), 22.0 (CH3), 21.0 (CH3); m/z (TOF MS ES+) calcd for C24H26NO2 360.1958 [M+H+] found 360.1965.
(3aR,9aR)-2,3,3a,4,9,9a-Hexahydro-9-hydroxyl-3-(ethyl) -2-(2-propen-1-yl)-4,9[1′,2′]-benzeno-1H-benz[f]isoindol-1-one 402


Hydroxy lactam 398 (0.136 g, 0.283 mmol) was dissolved in DCM (5 mL) at -78 °C. BF3OEt2 (0.100 mL, 0.816 mmol) and then Et3SiH (0.440 mL, 2.76 mmol) were added dropwise to the solution. The reaction mixture was warmed to room temperature overnight. The reaction was then quenched with saturated NaHCO3(aq.) (5 mL) and extracted with DCM (3 x 5 mL), dried (Na2SO4), filtered and concentrated. The crude mixture was purified using flash column chromatography on silica gel eluting on silica gel with hexane: EtOAc (10:1) to ethyl 402 as a white solid (0.095 g, 89%). Mpt. 167-171 °C; νmax (ATR)/cm-13439, 2967, 1667; 1H NMR (400 MHz, CDCl3) δ 7.66 (1H, dd, J = 7.4, 1.4 Hz, ArCH), 7.57 (1H, dd, J = 7.2, 1.6 Hz, ArCH), 7.34 – 7.10 (6H, m, ArCH), 5.24 (1H, ddt, J = 17.2, 10.3, 5.1 Hz, CH), 4.82 (1H, dq, J = 10.3, 1.6 Hz, CH2), 4.44 (1H, s, OH), 4.30 (1H, dq, J = 17.2, 1.6 Hz, CH2), 3.67 (1H, ddt, J = 16.4, 5.1, 1.6 Hz, NCHH), 3.57 (1H, ddd, J = 11.1, 7.8, 3.7 Hz, CH), 3.42 (1H, ddt, J = 16.3, 5.1, 1.6 Hz, NCHH), 3.03 (1H, d, J = 10.0 Hz, CH), 2.85 (1H, ddd, J = 10.0, 7.8, 2.4 Hz, CH), 1.92 (1H, ddq, J = 14.0, 11.1, 7.5 Hz, CHH), 1.64 (1H, dqd, J = 14.0, 7.5, 3.7, CHH), 1.20 (3H, t, J = 7.5 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 174.6 (CO), 143.9 (ArC), 143.2 (ArC), 141.7 (ArC), 138.5 (ArC), 132.3 (CH), 126.2 (2 x ArCH), 126.1 (ArCH), 126.0 (ArCH), 125.9 (ArCH), 125.1 (ArCH), 122.7 (ArCH), 120.6 (ArCH), 116.2 (CH2), 65.4 (C), 62.4 (CH), 52.3 (CH), 43.8 (CH), 43.3 (CH2), 40.7 (CH), 20.3 (CH2), 11.4 (CH3); m/z (TOF MS ES+) calcd for C23H24NO2 346.1802 [M+H+] found 346.1810.
1,5-Dihydro-5-isopropyl-1-(2-propen-1-yl)-2H-pyrrol-2-one 404


A suspension of KH (130 mg, 3.30 mmol, of a 30% dispersion in mineral oil) in dry THF (12 mL) was placed under an Ar atmosphere and cooled to 0 °C. A solution isopropyl 400 (0.400 g, 1.10 mmol) in anhydrous THF (12 mL) was added dropwise and stirred at room temperature for 1 hour. The reaction was quenched by the addition of 2 N HCl (1 mL) plus 5 N HCl (0.5 mL) under an Ar atmosphere, extracted with DCM (3 x 5 mL), dried (MgSO4), filtered and concentrated. The crude mixture was purified using flash column chromatography on silica gel eluting on silica gel with DCM: MeOH (97:3) to give lactam 404 as a white solid (0.167 g, 92%). 1H NMR (400 MHz, CDCl3) δ 6.22 (1H, dd, J = 10.1, 1.7, CH), 6.21 (1H, dd, J = 5.0, 1.7 Hz, CH), 5.80 (1H, ddt, J = 15.1, 10.1, 5.0 Hz, CHH), 5.15 (1H, dq, J = 10.1, 1.7 Hz, CHH), 5.11 – 5.00 (1H, m, CHH), 3.69 – 3.57 (2H, m, CH2), 3.57 – 3.47 (1H, m, CH), 2.17 (1H, m, CH), 0.97 (3H, d, J = 6.6 Hz, CH3), 0.91 (3H, d, J = 6.6 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 176.4 (CO), 134.4 (CH), 132.1 (CH), 130.6 (CH), 118.2 (CH2), 45.7 (CH), 40.7 (CH2), 28.7 (CH), 19.9 (CH3), 17.2 (CH3).
1,5-Dihydro-5-ethyl-1-(2-propen-1-yl)-2H-pyrrol-2-one 403


A suspension of KH (130 mg, 3.30 mmol, of a 30% dispersion in mineral oil) in dry THF (12 mL) was placed under an Ar atmosphere and cooled to 0 °C. A solution of ethyl 402 (0.380 g, 1.10 mmol) in anhydrous THF (12 mL) was added dropwise and stirred at room temperature for 1 hour. The reaction was quenched by the addition of 2 N HCl (1 mL) plus 5 N HCl (0.5 mL) under an Ar atmosphere, extracted with DCM (3 x 5 mL), dried (MgSO4), filtered and concentrated. The crude mixture was purified using flash column chromatography on silica gel eluting on silica gel with DCM: MeOH (97:3) to give lactam 403 as a white solid (0.158 g, 95%). 1H NMR (400 MHz, CDCl3) δ 6.82 (1H, ddt, J = 8.4, 4.9, 0.9 Hz, CH), 5.94 (1H, dd, J = 8.4, 1.8 Hz, CH), 5.48 (1H, ddt, J = 15.5, 11.2, 6.1 Hz, CH), 4.82 (1H, ddt, J = 15.5, 2.2, 1.3 Hz, CHH), 4.76 (1H, ddt, J = 11.2, 2.2, 1.3 Hz, CHH), 4.21 (1H, ddt, J = 12.8, 6.1, 1.5 Hz, CHH), 4.04 (2H, m, CHH, CH), 1.73-1.59 (1H, m, CHH), 1.50-1.39 (1H, m, CHH), 0.93 (3H, td, J = 7.7, 1.3 Hz, CH3); 13C NMR (101 MHz, CDCl3) δ 174.1 (CO), 150.0 (CH), 134.0 (CH), 118.7 (CH), 116.8 (CH2), 63.1 (CH), 43.7 (CH2), 30.9 (CH2), 10.3 (CH3). 
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