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[bookmark: _Toc326825405]Abstract
This project aims to combine radical reactions, initiated by organoboranes under mild conditions, with polar reactions to form industrially useful small molecules and polymers in one-pot processes.  In Chapter 2, it is shown that commercially available organoborole, 2-propyl-1,3,2-benzodioxaborole (PBD), can be used to initiate radical reactions at room temperature, including the addition of organophosphorus hydride radical mediators to alkenes.  Also, the polymerisation of maleimides has been achieved using PBD at room temperature.  The hydroboration of alkenes with catecholborane can be used to form β-alkylcatecholborane radical initiators in situ, and these reagents have been used for the initiation of radical polymerisation reactions at room temperature.
In Chapter 3, it is shown that the β-alkylcatecholboranes, formed in situ through the hydroboration of alkenes, react with 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) to initiate conjugate addition-aminoxylation reactions with maleimides, to form alkoxyamines.  It was observed that heating the alkoxyamines leads to the elimination of TEMPO-H, to re-form the maleimide C=C double bond.  Thus, a new, mild, one-pot procedure for the synthesis of 3-substituted maleimides has been developed.  Alternatively, the alkoxyamine can be heated with Zn in AcOH to afford an alcohol, which offers a new route to hydroxylated-succinimides.     
In Chapter 4, the newly developed method for the synthesis of 3-substituted maleimides was applied to the preparation of carbocyclic analogues of the natural product D-(+)-showdomycin.  It was found that this procedure could be used directly with maleimide to produce carbocyclic analogues of D-(+)-showdomycin in reasonable overall yield, from cheap starting materials, and without the need for protecting groups (for the maleimide nitrogen or the hydroxyl group).
In Chapter 5, the synthesis and reactivity of N-(2,3-epoxypropyl)maleimide (EPM) is explored, with respect to the use of this molecule as an additive in the polymer industry.  It is shown that EPM can be prepared in an overall yield of 50%, at room temperature, from cheap starting materials maleic anhydride and N-allylamine.  The reaction of EPM with primary amines is investigated, and it is shown that the amine reacts preferentially with the C=C double bond of the maleimide, rather than the epoxide ring.  However, it is shown that the use of Lewis acid additives to the reaction can reverse the chemoselectivity, leading to preferential opening of the epoxide ring.  
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Radical reactions play an important role in the everyday lives of many people; for example, biological radical reactions affect us all.  From historically important and naturally occurring processes such as combustion and ozone depletion, to organic synthesis and polymerisation, their effect is widespread.  Perhaps the most familiar radical is molecular oxygen, which exists as a stable di-radical and is abundant throughout the planet.  More specifically related to organic chemistry the first reported isolation of a radical species was by Gomberg in 1900,1 whereby he accidentally prepared but successfully identified the triphenylmethyl radical (3), during an experiment to synthesise hexaphenylethane (2) from triphenylbromomethane (1) and silver (Scheme 1).


Scheme 1: (a) Gomberg’s attempted synthesis of hexaphenylethane (2).  (b) The dimer (4) is produced from the triphenylmethyl radical (3). 

Due to the unexpected high reactivity of the hydrocarbon Gomberg had produced, he realised the structure could not be pure hexaphenylethane (2) and postulated the formation of a trivalent carbon radical (3) that was co-existing with hexaphenylethane (2).  The true structure of the hydrocarbon Gomberg had produced was the subject of much debate over the following 30 years, despite the correct unsymmetrical quinoid structure (4) being proposed by Jacobsen just 4 years after Gomberg’s initial paper.  By 1930, the overwhelming consensus was that the product was hexaphenylethane (2), and it was not until 1968 that Lankamp and co-workers presented 1H NMR data confirming that Jacobsen’s structure (4) was correct.   For an interesting review concerning the 70 year development of the triphenylmethyl radical theory, see the 1974 paper by McBride.2
Radicals are often short lived, however species such as (3) are persistent enough to account for 2-10% of the equilibrium mixture, with steric and electronic interactions helping to stabilise the radical.  Following on from Gomberg’s initial discovery, much progress was made towards the detection of radicals and the understanding of their reaction kinetics.  With this greater understanding, there was an increased desire to expand an emerging branch of chemistry and develop a whole new library of synthetic reactions.  The main advantages to the new radical procedures were mild reaction conditions, minimal solvent effects and neutral pH during reactions.  Also, many functional groups that require protection during polar reactions (e.g. -OH, -NH2) are unreactive during radical reactions, thus extra protective and de-protective steps are not required.3 
[bookmark: _Toc326825412]Radical Reactions
Radical reactions can be found in a wide variety of chemical applications, including organic synthesis, polymer chemistry and atmospheric chemistry.  Synthetic radical reactions involve a single electron transfer and often share a chain-like mechanistic pathway, which incorporates three distinct steps; initiation, propagation and termination.  Initiation describes any process whereby a weak covalent bond is cleaved homolytically, to form a radical species.  Homolytic cleavage can be achieved, for example, through thermolysis, photolysis, or reaction with molecular oxygen; a reagent that can be manipulated in this fashion is known as a radical initiator.  Propagation describes any subsequent reactions of the newly formed radicals that lead to the production of a new radical species; usually involving the formation of strong bonds at the expense of weaker bonds.  Termination occurs when radical species react with other radicals or the surroundings, and no more radicals are produced.  Thus, the chain reaction is concluded.  As an example of a chain reaction, the radical chlorination of cyclohexane (5) is shown in Scheme 2.3


Scheme 2: The free radical chlorination of cyclohexane (5), a radical chain reaction.

[bookmark: _Toc326825413]Radical Initiators
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One of the most common radical initiators, widely used in synthetic chemistry, is azobisisobutyronitrile (AIBN) (6).  Homolytic cleavage of the C-N bonds can occur under thermolysis and photolysis, and is favoured for both entropic (N2(g) is released) and enthalpic (a strong N≡N triple bond is formed) reasons.  The initiation of AIBN (6) is shown in Scheme 3.


Scheme 3: Radical initiation of AIBN (6).

Although a highly effective and widely used radical initiator, AIBN (6) must be stored at cold temperatures to prevent decomposition before the reagent is needed.  Also, the highly unstable nature of AIBN (6) makes handling of this reagent on a large industrial scale extremely problematic.  This has lead to the development of more stable azo-initiators such as 2,2`-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V70) (7) (Figure 1).  Due to the extra stabilising effect of the larger alkyl group on the carbon-centred radical formed during initiation, V70 (7) has been shown to have a much longer half-life than AIBN (6), meaning the azo-initiator can be stored for longer periods without decay.4 


Figure 1: Structure of V70 (7), a more stable alternative to AIBN (6).

Other than storage safety concerns, a drawback of azo-initiators is their tendency to undergo solvent cage effects, whereby the radicals produced during initiation interact with each other and recombine (Scheme 4).  This behaviour can be detrimental to the desired reaction, and is especially apparent in polymerisations, where the solvent concentration is usually high.5


Scheme 4: A solvent cage effect can occur following the initiation of AIBN (6). 

[bookmark: _Toc326825415]Peroxide Initiators
Peroxides contain a weak O-O single bond, which can be homolytically cleaved, allowing these reagents to be used successfully as radical initiators upon exposure to heat or UV radiation.  One of the most popular peroxide radical initiators is benzoyl peroxide (BPO) (8), the initiation of this reagent is shown in Scheme 5.


Scheme 5: The radical initiation of BPO (8).

BPO (8) is widely used because of its high reactivity, however this can make handling and storage of this reagent extremely hazardous.  The explosive nature of BPO (8) at high concentrations means this reagent is used in a dilute solution.  Also, the high reactivity of the first-formed oxygen radicals can lead to an unwanted H-atom abstraction process, where instead of propagating the desired reaction, the oxygen radical abstracts a H-atom from another molecule to form benzoic acid.  Another potential side-reaction of the benzoyloxyl radicals, formed during the homolysis of the O-O bond in BPO (8), is the fragmentation reaction to form CO2 and a phenyl radical, which could also prevent the propagation of the desired reaction.6  
A recent advancement in this area is the development of bi-functional radical initiators, which combine both azo and peroxide functional groups within the same initiator molecule.  An example of a bi-functional initiator is di-tert-butyl-6,6`-azobis-(6-cyanoperoxyheptanoate) (6,6`-ditBu) (9), which has been shown to initiate the polymerisation of styrene (10) or methyl methacrylate (11).  The azo group can be selectively initiated at 60 °C to produce two carbon-centred radicals, which can initiate the polymerisation of styrene (10) (Scheme 6).  The resulting styrene polymer contains perester end-groups, which were shown by IR spectroscopy and differential scanning calorimetry (DSC) to be intact after the initial polymerisation.7  As the resulting polymeric species contains perester end groups, further heating can lead to homolytic cleavage of the peroxide group and initiate further polymerisation to form a block co-polymer.


Scheme 6: A bi-functional radical initiator (9), used for the polymerisation of styrene (10). 

[bookmark: _Toc326825416]Organoborane Initiators
Organoboranes were first discovered by Frankland in 1862.8  However, this area of chemistry was largely ignored until pioneering work by Brown from 1960 to 1980, which showed these molecules could be a powerful synthetic tool in organic chemistry.  Brown’s discovery of the hydroboration of alkenes, followed by subsequent exploration into the reactivity of organoboron compounds, resulted in the award of the 1979 Nobel prize in chemistry.9  Other than the hydroboration of alkenes,10 this work has lead to organoboron reagents finding use across a broad range of synthetic chemistry, including Pd cross-coupling reactions (e.g. the Suzuki-Miyaura reaction).11  
Another application of the organoboranes is as a radical initiator.  Over the years, these reagents have emerged as a popular alternative to the azo and peroxide initiators discussed previously, with their ability to undergo initiation at room temperature giving them a significant advantage.  The employment of organoboranes as radical initiators makes use of their reactivity towards molecular oxygen.  The radical mechanism for the auto-oxidation of organoboranes was first proposed by Davies and Roberts in 1966,12 whereby they observed complete racemisation of optically active 1-phenylethylboronic acid during the oxidation process.  The accepted mechanism for the auto-oxidation of trialkylboranes is shown in Scheme 7.13  Scheme 7 describes the initiation of a trialkylborane (R3B) with molecular oxygen in a homolytic substitution (SH2) process, to form a new carbon-centred radical (R•).  The formed alkyl radical can then propagate the reaction by reacting with another molecule of O2, to form an oxygen-centred peroxyl radical (ROO•).  This new peroxyl radical can further propagate the reaction through SH2 reactions with more molecules of trialkylborane. 


Scheme 7: The auto-oxidation of a trialkylborane (R3B).

One of the most widely used organoborane radical initiators is triethylborane (Et3B) (12), which is highly versatile, able to function effectively at temperatures as low as -78 °C, in a variety of solvents.14  An important application of Et3B (12) as a radical initiator was developed by Barton and co-workers in 1990, whereby they were able to perform tin-free radical deoxygenation reactions at room temperature.15  Despite the advantages of Et3B (12) over traditional initiators AIBN (6) and BPO (8), the pyrophoricity at high concentrations (1 M solutions in THF or hexanes are not pyrophoric) and the short shelf-life of this reagent have limited its use, especially in industry where the reactions are performed on a large scale.
The use of organoboron compounds as radical initiators is not limited to the trialkylborane series of compounds.  In 1986, Roberts and co-workers reported the reactivity of organoboranes towards an oxygen-centred radical is related to the Lewis acidity of the boron species.  They noted the following order of reactivity: R3B > R2BOR > (RO)2BR (where R = alkyl).16  The order can be explained by the stabilising effect of the oxygen lone pair, which can form a π-bond to boron; the increased electron density at B makes the B-C bond in boronic esters much stronger than that found in trialkylboranes.  Also in this paper, Roberts and co-workers noted an exception to this trend were the β-alkylcatecholboranes, which displayed unusually high reactivity towards oxygen-centred radicals despite containing two B-O bonds.  With the assistance of electron spin resonance (ESR) spectroscopy, they successfully showed the O lone pair interfering with the aromatic ring, meaning the O lone pair was less available to form electron donating π-bonds with B, hence the B-C bond is not as strong as that found in a boronic ester.  A schematic representation of the reaction between a β-alkylcatecholborane and an alkoxyl radical is shown in Scheme 8.  


Scheme 8: Reaction between a β-alkylcatecholborane and an alkoxyl radical.

[bookmark: _Toc326825417]Organoborole Initiators
Boronic esters contain a stronger B-C bond than trialkylboranes, and as such are fairly unreactive towards O2 at room temperature, making them an unsuitable alternative to Et3B (12) as a radical initiator.  However, the unique properties of β-alkylcatecholboranes imparted by the aromatic ring results in these reagents being more reactive towards O2, hence they are possible candidates for use as radical initiators.  Renaud has pioneered the use of these compounds as a mild alternative radical initiator to triethylborane (12).  Renaud and co-workers have shown that organoboroles can be easily prepared through the hydroboration of alkenes; the formed organoborole can be used to initiate a radical process when exposed to a source of oxygen radicals (they can be stored under an inert atmosphere until required).  Another advantage to forming the β-alkylcatecholborane initiators in situ is the possibility to generate selectively one alkyl radical from the starting alkene, a feat that cannot be achieved with trialkylboranes.17  An example of an alkyl radical generated selectively from an organoborole radical initiator, prepared in situ through the hydroboration of cyclohexene (13), and then used in synthesis is shown in Scheme 9.18


Scheme 9: The preparation of an organoborole radical initiator in situ, followed by the conjugate addition of a cyclohexyl radical to cyclohexenone (14).

The organoborole intermediate, in the presence of catalytic quantities of O2, reacts to form a cyclohexyl radical.  The reaction is propagated when the cyclohexyl radical adds to cyclohexenone (14) in a conjugate addition process; a catecholboron enolate intermediate is then formed, which is quenched by water to reform the carbonyl.  It is suggested that the formation of the boron enolate prevents unwanted side reactions, such as further conjugate addition or aldol condensation (Scheme 10).  




Scheme 10: The proposed mechanism for the formation of a boron enolate from a conjugate addition process: (a) initiation at r.t.; (b) addition of an alkyl radical to an α,β-unsaturated carbonyl compound.

There was precedent for this hypothesis, as Brown and Kabalka had previously reported that the 1,4-addition of a trialkylborane to an α,β-unsaturated aldehyde or ketone proceeds through a radical mechanism in the presence of O2, and they proposed the formation of a boron enolate.19  In later work, Oshima and co-workers were able to use Et3B (12) / O2 to form an alkylboron enolate from an α,β-unsaturated carbonyl, and subsequently react this with an aldehyde electrophile to produce a β-hydroxyketone.20  
More recently, a collaboration between the groups of Renaud and Studer has shown that the radicals released from the reaction of a β-alkylcatecholborane initiator and an oxygen radical source need not be limited to non-functionalised alkyl or benzyl derivatives.  They presented the first reported generation of resonance-stabilised α-carbonyl (enolyl) radicals, from ketone-derived catecholboron enolates, to form α-aminoxylated ketones (Scheme 11).21


Scheme 11: The α-aminoxylation of α,β-unsaturated ketones.

The reaction proceeds with the 1,4-addition of catecholborane to the α,β-unsaturated carbonyl compound to form a catecholboron enolate.  The introduction of an oxygen-centred radical, in the form of the persistent radical 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) (15), liberates a resonance-stabilised enolyl radical, which is subsequently trapped by another molecule of TEMPO (15) to form the α-aminoxylated ketone.
In a 2002 paper,22 Renaud and co-workers were able to utilise the affinity of β-alkylcatecholboranes towards TEMPO (15), in their efforts to explore hydroboration-oxidation processes.  They noted that TEMPO (15) reacts readily with β-alkylcatecholboranes to release alkyl radicals, which can then be trapped by another equivalent of TEMPO (15) to form an alkoxyamine (Scheme 12).


	Alkene
	Yield / %
	d.r.
(trans- : cis-)

	cyclohexene
	87
	-

	1-phenylcyclopentene
	71
	89 : 11

	α-pinene
	82
	97 : 3

	β-pinene
	57
	91 : 9

	2,3-dimethyl-2-butene
	64
	-



Scheme 12: The hydroboration of alkenes followed by aminoxylation with TEMPO (15).
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Radical initiators are often used in two distinct ways; either to initiate and propagate a radical reaction directly, or they initiate another molecule, which then goes on to propagate the radical chain reaction process.  Due to the intermediary nature of these reagents, they are commonly known as radical mediators.  The most popular radical mediators in organic chemistry are the organotin hydrides, because they are able to mediate a large variety of radical processes and show good functional group tolerance.  Organotin hydrides can be used for the reduction of various functional groups including; aldehydes, ketones and alkyl/aryl halides.23  One of the most common organotin hydride reagents is tributyltin hydride (Bu3SnH) (16), which contains a particularly weak Sn-H bond, meaning the tin-centred radical is easily formed.24  The weak Sn-H bond in Bu3SnH (16) allows this reagent to be used as a radical initiator, as this bond can be homolytically cleaved through photolysis to form the Bu3Sn• radical.  However, in order to achieve the high concentration of tin-centred radicals required for most synthetic applications, the use of a separate radical initiator such as AIBN (6) is required.25
Although organotin hydrides have found widespread use, the neurotoxicity of organotins makes these compounds extremely hazardous.26  Thus, much effort has been devoted to both the removal of trace amounts of tin-containing by-products from the desired organic products, and also to the development of tin-free radical reactions.  One of the problems associated with the use of organotin hydrides is the difficult separation during flash chromatography on silica, as the tin is aerially oxidised to form polymeric tin oxides, which streak on silica.  For this reason, organotin hydrides are unsuitable for pharmaceutical production and other industrial processes.  There has been some progress in the area of organotin removal; for example, Harrowven and co-workers have shown that use of 10% KF : 90% silica as the stationary phase during chromatography can reduce the amount of tin in the desired organic products to ~30 ppm.27
[bookmark: _Toc326825420]Organophosphorus Hydrides
The toxicity of organotin hydrides has created a desire for less harmful radical mediators.  Two classes of compound have emerged as possible alternatives; organosilicon hydrides and organophosphorus hydrides.  Despite a vast amount of research being conducted into the synthetic application of organosilicon hydrides (chiefly silanes) as radical mediators,28 they remain extremely expensive reagents, which limits their widespread use.  Organophosphorus hydrides have the advantage of being less toxic and cheaper than their organotin or organosilicon counterparts.  Some examples of common organophosphorus hydride radical mediators are shown in Figure 2.29


Figure 2: Some common organophosphorus hydride radical mediators.

Barton and co-workers reported that organophosphorus hydrides can be used to mediate various radical deoxygenation processes;30 showing that cheap, commercially available compounds such as hypophosphorous acid (20) reacted with a similar efficiency to Bu3SnH (16).31  An example of a radical deoxygenation of a thionocarbonate, mediated by the ethylpiperidinium salt of hypophosphorus acid (EPHP) (21), is shown in Scheme 13.30


Scheme 13: The radical deoxygenation of a thionocarbonate, mediated by EPHP (21).

Recent progress in this area has been towards developing the role of organophosphorus hydrides in other reactions, such as cyclisation.  In 2003, Parsons and co-workers reported the formation of a cyclic organophosphate by-product, during their efforts to use diethyl phosphite (18) to mediate the radical addition-cyclisation of a diene system using CCl4 (Scheme 14).32  



Scheme 14: The DEP-promoted radical cyclisation of diethyl diallylmalonate (22).

Also published in 2003, was work by Taillades and co-workers who investigated the addition of diphenylphosphine oxide (DPO) (17) to various alkenes.  The reaction was initiated with Et3B (12) / O2, with the released ethyl radical abstracting an H-atom from the relatively weak P-H bond of DPO (17).  The newly formed P-centred radical could then add to the electron-rich alkene, with the resulting radical abstracting an H-atom (from the MeOH solvent or another DPO molecule) to give the organophosphorus-adducts in good yield (Scheme 15).33


Scheme 15: Radical addition of DPO (17) to 1-octene (23).

The choice of radical mediator is an important consideration in radical reactions, with traditionally used reagents such as Bu3SnH (16) being phased out due to high toxicity.  An advantage to using organophosphorus hydride radical mediators in polymer chemistry is that they can initiate polymerisation and impart useful flame retardant properties to a polymeric material.  Commonly, flame retardance is introduced to a polymeric material through the addition of halogenated additives; however, these compounds can decompose to form dense, acidic smokes during a fire.  Alternatively, polymers containing organophosphorus end-groups have been shown to increase the flame retardant properties of a polymer; as the organophosphorus compounds are covalently bonded to the polymer chains, the use of potentially harmful additives is negated.34
[bookmark: _Toc326825421]Radical Polymerisation
[bookmark: _Toc326825422]Background
Possibly the most important industrial application of radical chemistry is the production of polymers, with a large proportion of important polymeric species produced using free radical polymerisation.  Some examples of polymers produced globally, through a radical mechanism include; polyethene (PE) (24), polystyrene (PS) (25), poly(tetrafluoroethene) (PTFE) (26) and poly(methylmethacrylate) (PMMA) (27) (Figure 3).5


Figure 3: Some examples of industrially produced polymers and their applications.

Radical polymerisation is favourable as it can be performed in the presence of solvent or in bulk, without the need for protecting groups to be applied to functional groups such as alcohols and amines, thus giving a distinct advantage over ionic/polar methods of polymerisation.  Traditionally, the most common method of initiating a radical polymerisation is through thermolysis of reagents such as AIBN (6) or BPO (8).  However, the safety concerns associated with these reagents, and the high energy cost associated with heating a large scale reactor, have created a desire for low temperature, controlled methods of radical polymerisation. 
[bookmark: _Toc326825423]Living Radical Polymerisation
Achieving control over polymerisation reactions is highly beneficial, as the molecular weight and polydispersity of the polymeric species impacts greatly on its physical properties.  There are various methods available to achieve control over radical polymerisations at ambient temperatures including; atom transfer radical polymerisation (ATRP),35 reversible addition-fragmentation chain transfer (RAFT) polymerisation,36 and nitroxide mediated polymerisation (NMP).37  These methods are illustrated in Figure 4.  A common theme shared by these methods is the involvement of a ‘living’ polymer chain, whereby the polymerisation does not self-terminate, allowing the polymer to grow until all monomer has been consumed or a specific chain-terminating agent has been added.  The idea of a ‘living’ polymer was first proposed by Szwarc in 1956,38 and has many advantages over conventional polymerisation, such as choice over when to terminate the polymer after a desired molecular weight has been reached.   


Figure 4: Three different methods are available for controlled radical polymerisation: ATRP, RAFT, and NMP.

Early efforts in the development of controlled polymerisation techniques were focused on ‘living’ anionic polymerisation.39  One of the first uses of the term ‘living’ to describe a radical process was by Otsu and Yoshida in 1982;40 whereby they used this term to describe their ‘iniferter’ polymerisation, which involved a reagent able to initiate and then react reversibly to terminate the reaction.41
An important aspect of living radical polymerisation is that the equilibrium between the growing polymer chain and the dormant monomer species lies favourably towards the dormant species.  In order to achieve this equilibrium, a low concentration of radicals must be maintained, minimising potential termination reactions and radical transfer between the polymer chains.  This lies in contradiction to conventional radical polymerisation theory, where the concentration of radicals is much higher, meaning termination and chain-transfer reactions occur more frequently.  Overall, the lower concentration of radicals in ‘living’ radical polymerisation reactions means that more time is needed to grow the polymer chains.42  The main advantage of ‘living’ polymerisations is that polymers with a low polydispersity index (PDi) can be regularly achieved.  Polydispersity describes the molecular weight distribution of the polymer chains, and is defined as the weight average molar mass (Mw) divided by the number average molar mass (Mn).  A polymer produced through a living free radical mechanism with a PDi ≥ 1 – 2 is said to be highly desirable, closely following the PDi of polymers found in nature (PDi ~ 1).37
[bookmark: _Toc326825424]Nitroxide Mediated Polymerisation
The first example of a polymer with a low PDi produced by living radical polymerisation was by Georges and co-workers in 1993,43 whereby they polymerised styrene (10) in the presence of TEMPO (15).  The growing polymer chains reacted with TEMPO (15), which served to inhibit the polymerisation process, and produce a polystyrene capped with a TEMPO end-group (Scheme 16).  


Scheme 16: The NMP of styrene (10) using TEMPO (15) as a chain growth inhibitor.

The reaction shown in Scheme 16 is that of a bimolecular NMP process, where the radical initiator and the nitroxide inhibitor are present in the reaction as separate entities.  NMP can also proceed through a unimolecular pathway, where the initiator and the chain growth inhibitor are present in the reaction as a single entity.  If an alkoxyamine is used as the initiator, thermal homolytic cleavage of the C-O bond generates both the initiating radical and the nitroxide inhibitor in the correct (1 : 1) stoichiometry.  This was the approach taken by Hawker in 1994, as he prepared a styrene-derived alkoxyamine able to polymerise styrene (10) and produce a polymer with a low PDi (Scheme 17).44


Scheme 17: The NMP of styrene (10) using an alkoxyamine as a unimolecular initiator and chain growth inhibitor.

Despite the successful use of TEMPO-derived alkoxyamines as initiators for styrene polymerisation, the application of these reagents to other monomer systems (e.g. acrylates) proved less effective.  The initiating radical only interacts once with a polymer chain, but the mediating nitroxide interferes several times during reversible termination and activation steps.  Thus, the structure of the nitroxide is of paramount importance, with much effort devoted to the development of alkoxyamines harbouring nitroxides other than TEMPO.45   
There are many different alkoxyamine structures frequenting the literature, created from nitroxides featuring a cyclic or non-cyclic backbone.  Early work in this area by Hawker and co-workers, towards the development of a universal alkoxyamine initiator, favoured the use of non-cyclic nitroxides, which they believed would be more destabilised compared to TEMPO (15) if an H-atom was in the position α to nitrogen.  They believed this would lead to more favourable reversible homolytic cleavage of the C-O bond in the alkoxyamine initiator.  An example of their efforts to prepare a universal initiator for NMP is shown in Scheme 18.46,47  Alkoxyamine 28 was subsequently used to initiate the polymerisation of various monomers including; styrene, acrylates, acrylamides, and acrylonitriles, to produce polymers with a low PDi (~ 1.1).


Scheme 18: The preparation of a universal alkoxyamine initiator for NMP.
In later work, Hawker and co-workers were able to use alkoxyamine 28 to initiate the polymerisation of styrene (10) and terminate the polymer chains with a maleimide end-group (Scheme 19).48  


Scheme 19: Alkoxyamine 28 was used to initiate the NMP of styrene (10), followed by the introduction of an N-phenylmalemide (29) end-group. 

Initially, they attempted to use initiator 28 for the NMP of pure N-phenylmaleimide (29) monomer.  However, after addition of the initiating radical to the maleimide C=C double bond, followed by subsequent trapping of the formed radical by the nitroxide, prolonged heating did not lead to a N-phenylmaleimide polymer.  They noted that after heating, the nitroxide and a H-atom on the adjacent carbon were eliminated to reform the maleimide alkene.  Despite this, compound 28 was instead used for the NMP of styrene (10), with the resulting alkoxyamine-terminated polystyrene then heated in the presence of N-phenylmaleimide (29) to form an alkoxyamine (30).  Subsequent heating eliminated the nitroxide and a H-atom to afford the maleimide-terminated polystyrene (31). 
Another prominent research group in the area of nitroxide design is that of Studer, with research focused on the preparation of alkoxyamines derived from cyclic nitroxides.  The rationale for this approach was that cyclic nitroxides are more stable than their non-cyclic counterparts due to the reversible β-elimination that can occur in acyclic nitroxides.  In acyclic nitroxides, β-elimination can lead to the formation of nitroso compounds that do not re-form the respective nitroxide after leaving the solvent cage.49  A synthetic route to alkoxyamine 32 using a 6-membered cyclic nitroxide is shown in Scheme 20.


Scheme 20: The preparation of alkoxyamine 32, which is derived from a 6-membered cyclic nitroxide.

As shown in Scheme 20, alkoxyamine 32 was prepared in a 5-step procedure, with an overall yield of 31%.  Perhaps the most interesting step in this synthesis was the transformation of diamine 33 into piperazinone 34, utilising a procedure developed by Lai in 1980.50  The mechanism for this step, which involves the use of chloroform as a reagent, is shown in Scheme 21.


Scheme 21: The mechanism for the conversion of diamine 33 into piperazinone 34.

Studer and co-workers noted that the effectiveness of 6-membered cyclic nitroxides in polymerisation procedures was dependant on the size of the substituent α to nitrogen, with groups larger than methyl required in order to increase steric pressure on the alkoxyamine C-O bond and cause it to weaken.  However, the size of this substituent must not be too large, as the increased steric pressure would disfavour radical recombination and control over the polymerisation would be lost.51
[bookmark: _Toc326825425]Maleimides
[bookmark: _Toc326825426]Background
Molecules designed around the maleimide structure are frequently found in many areas of chemistry, with this 5-membered nitrogen heterocycle found in the backbone of some thermosetting polymers and natural products.  The maleimide natural product farinomalein (35), and maleimide monomer 4,4`-bismaleimidodiphenylmethane (BMDM) (36), are shown in Figure 5.



Figure 5: The maleimide natural product farinomalein (35), and the industrial maleimide monomer BMDM (36).

[bookmark: _Toc326825427]Maleimide Reactivity
The reactivity of a maleimide is due to the α,β-unsaturated dicarbonyl group, with the electron-poor alkene susceptible to reactions including cycloaddition and conjugate addition processes.  Indeed, the high reactivity of the maleimide C=C double bond means that it is often protected using a [4π + 2π] cycloaddition (Diels-Alder) reaction, before subsequent chemistry is performed on other areas of the molecule.  For example, in 2011, Grandas and co-workers used Diels-Alder chemistry to protect maleimide 37 with 2,5-dimethylfuran (38), before performing a peptide coupling reaction on the N-substituent, with a subsequent retro-Diels-Alder step to re-form the maleimide C=C double bond (Scheme 22).  Also, they were able to exploit the different reactivities of the exo- / endo- Diels-Alder products towards concentrated ammonia, and selectively obtain the desired exo- product (39).52


Scheme 22: The Diels-Alder reaction of compound 37 with 2,5-dimethylfuran (38), in order to protect the maleimide C=C double bond.

Maleimides can be used in other cycloaddition reactions, such as the ‘ene’ reaction, as exemplified by the work of Cunningham and co-workers in 1997.53  They showed that when allylbenzene (40) and various maleimides are heated together, they can undergo a pericyclic reaction to form the [2π + (2σ, 2π)] cycloaddition products in modest yield (Scheme 23).


	X
	Yield of Product / %

	O
	22

	N-H
	11

	N-Ph
	15

	N-C6H4(4-OPh)
	13



Scheme 23: An ‘ene’ reaction between allylbenzene (40) and various enophiles.

Other than cycloaddition processes, a common reaction involving maleimides is conjugate addition to the C=C double bond.  The first reported organocatalytic, asymmetric, conjugate addition of 1,3-dicarbonyl compounds to maleimides was by Bartoli and co-workers in 2006.54  An example from this work, using the natural cinchona alkaloid quinidine to promote the addition of α-acetylbutyrolactone (41) to N-benzylmaleimide (42), in order to form compound 43 in good yield and stereoselectivity, is shown in Scheme 24.  


Scheme 24: The organocatalytic, asymmetric, conjugate addition of α-acetylbutyrolactone (41) to N-benzylmaleimide (42), to afford 43 in good yield and stereoselectivity.

Nájera and co-workers used a similar organocatalytic approach for the asymmetric conjugate addition of 1,3-diketones to maleimides in 2011.55  They were able to use a chiral 2-aminobenzimidazole-derived organocatalyst (44) to promote the conjugate addition reactions at ambient temperature, and produce the desired products in good yields and enantioselectivities (Scheme 25).


	R
	R1
	Yield of Product / %
	e.e / %

	H
	H
	94
	97

	H
	Me
	69
	97

	H
	Bn
	69
	95

	H
	Ph
	100
	97

	H
	4-Br-C6H4
	98
	96

	Me
	Ph
	50
	91



Scheme 25: The conjugate addition of 1,3-diketone compounds to maleimides.

Interestingly, the catalyst could be recovered as the TFA salt by washing the reaction with i-PrOH, and the recovered catalyst was shown to perform a second run of the reaction efficiently without any loss in the yield or enantioselectivity.
In a 2003 paper,56 Ballini and co-workers performed the conjugate addition of nitroalkanes to maleimides,57 as they prepared various 3-alkyl succinimides in good yield (Scheme 26).  The reaction proceeds with the DBU-mediated deprotonation of the nitroalkane species, with the resulting C-nucleophile then added to the maleimide C=C double bond in a conjugate addition process.  Elimination of HNO2 forms the exocyclic alkene, with subsequent hydrogenation of the C=C double bond furnishing the succinimide product.


	R
	R1
	R2
	Yield of Product / %

	CH3
	H
	Et
	60

	(CH3)2CH
	H
	Et
	67

	HO(CH2)4CH2
	H
	Et
	85

	CH3
	CH3
	Et
	76

	CH3
	CH3
	Ph
	69



Scheme 26: The conjugate addition of nitroalkanes to maleimides, followed by hydrogenation to form the 3-alkyl succinimides.

As shown in previous examples, C-nucleophiles can be used successfully in conjugate addition reactions with maleimides; however, other nucleophiles can also be used for this purpose.  For example, in 1988, Pastor and co-workers reported the conjugate addition of N,N-dialkylhydroxylamines (O-nucleophiles) to various maleimides for the first time (Scheme 27).58 








	R
	R1
	Yield of Product / %

	Ph
	Bn
	56

	H
	Bn
	70

	Me
	Bn
	94

	cyclohexyl
	Bn
	61

	1-octadecyl
	Bn
	49

	Ph
	Et
	46



Scheme 27: The conjugate addition of N,N-dialkylhydroxylamines to maleimides.

[bookmark: _Toc326825428]Synthesis of N-Substituted Maleimides
Maleimides can be manipulated in a variety of ways, as functionality at the 1- (N-), 3- and/or 4- positions can be introduced.  Commonly, functional groups at the N-position are introduced by the reaction of maleic anhydride (45) with a suitable primary amine.  An example of this method for the synthesis of N-substituted maleimides is shown in Scheme 28.59


	X
	Yield of Product / %

	NO2
	81

	H
	72

	Cl
	76

	CH3
	83

	OCH3
	63

	CO2H
	63







Scheme 28: The synthesis of N-substituted maleimides, using AcOH reflux to mediate the maleic anhydride ring-opening and cyclisation to form the maleimide ring. 

The procedure in Scheme 28 represents a frequently used method for the synthesis of N-alkyl substituted maleimides; some other examples will be presented in Chapter 5.  This method, which involves the acid mediated ring-opening of maleic anhydride (45) and cyclisation to form the maleimide, can also be used to prepare authentic N-aminomaleimides, as reported by Willson and co-workers in 2005 (Scheme 28).60  They noted from repetition of experiments in the literature and careful interpretation of the 1H NMR spectra, that previous syntheses of these compounds had produced an isomer of the desired product, which had been erroneously reported as the N-aminomaleimide.  The main distinction between the 1H NMR spectra of the different isomers was the presence of non-equivalent alkene protons in the spectrum of 46.  After isolating authentic compound 47 using a furyl protected maleic anhydride, they were able to show the 1H NMR spectra of 47 contained equivalent alkene protons. 


Scheme 28: (a) The synthesis of an N-aminomaleimide isomer (46).  (b) Using a furyl-protected maleic anhydride, in order to form the correct N-aminomaleimide structure (47).

[bookmark: _Toc326825429]3,4-Disubstituted Maleimides
Due to the relative ease of preparing different N-substituted maleimides, there is an abundance of procedures available in the literature for the completion of this task.  However, comparatively few procedures exist for the direct installation of groups at the 3- and/or 4- position.  Often, the desired functional group must be present in the maleic anhydride pre-cursor, and then carried through to the maleimide.  An example of this methodology, used by Stewart and co-workers in 2007 for the synthesis of a maleic anhydride analogue of the natural product Antrodia camphorate, is shown in Scheme 29.61  


Scheme 29: The synthesis of a maleic anhydride analogue (50) of the natural product Antrodia camphorate, starting from 3,4-dichloromaleic anhydride (48).

As shown in Scheme 29, the 3,4-dichloro functionality of the maleic anhydride is carried through to the maleimide, whereby subsequent Negishi and Suzuki reactions afforded the 3,4-dialkylmaleimide (49) in 40% yield over 3 steps.  Maleimide 49 was then transformed into maleic anhydride 50 through hydrolysis, furnishing the desired product in 25% overall yield.
Another example of this type of methodology, where di-halo functionality is carried through to the maleimide, was used by Viaud-Massaud and co-workers in 2005 as they prepared various bis(heteroaryl)maleimides (Scheme 30).62 




 
	R
	Yield of Product / %

	H
	64

	Ph
	44

	Bn
	73

	BnCH2-
	60

	4-(MeO)-C6H4-
	58

	4-(HO)-C6H4-
	62



Scheme 30: The preparation of bis(heteroaryl)maleimides.

They were able to introduce 3,4-dibromo substituents onto maleic anhydride (45), with the resulting di-bromo maleic anhydride then converted into the di-bromo maleimide, which was subsequently transformed into the di-iodo maleimide.  Following this sequence, two Suzuki couplings afforded the 3,4-disubstituted maleimides in good overall yield. 
A different approach to the synthesis of 3,4-disubstituted maleimides was taken by Chatani and co-workers in 2007.63  They utilised the Rh-catalysed carbonylation of alkynes, in the presence of pyridine-2-methylamine (51) at high pressure to form the 5-membered heterocycle (Scheme 31).





	R
	R1
	Yield of Product / %

	C5H11
	Me
	51

	Ph
	Me
	44

	Ph
	Bu
	42

	Ph
	Ph
	52

	cyclododecyne
	51

	C6H13
	H
	18



Scheme 31: The Rh-catalysed carbonylation of alkynes, in the presence of pyridine-2-methylamine (51), is used to form 3,4-disubstiuted maleimides.

Although the method shown in Scheme 31 was used to produce a variety of 3,4-disubstituted maleimides in reasonable yield, the necessity for high pressure conditions and a pyridine group on the N-substituent limits the versatility of this reaction somewhat.  In addition, it was noted that the pyridine group is essential for this reaction to proceed, as it coordinates to the Rh-centre and facilitates transfer of CO to the amine.
The preparation of 3,4-disubstituted maleimides can be achieved using atom transfer radical cyclisation.  For example, in 2006, Ghelfi and co-workers developed a synthetic route to 3,4-disubstituted maleimides during their preparation of maleic anhydride natural product analogues (Scheme 32).64  



Scheme 32: The synthesis of 3,4-disubstituted maleimides, using an atom transfer radical cyclisation to form the 5-membered ring.

As shown in Scheme 32, the reaction of acid chloride 52 with N-benzyl-3-chloro-2-propenylamine (53) affords compound 54 in 87% yield.  The 5-membered ring is formed using a copper-mediated atom transfer radical cyclisation of 54, to form compound 55 in 96% overall yield [d.r. = 1 : 4 (trans- : cis-)].  A functional rearrangement of cis- 55a and trans- 55b to maleimide 56 was completed in 89% yield; the subsequent transformation of maleimide 56 into a maleic anhydride using KOH afforded compound 57 in 80% yield. 
[bookmark: _Toc326825430]3-Substituted Maleimides
Often, the synthesis of mono-substituted maleimides is achieved in a similar fashion to the analogous 3,4-disubstituted compounds, with the functionality carried through from the maleic anhydride precursor.65  An alternative approach to the synthesis of mono-substituted maleimides was adopted by Ray and co-workers in 2009,66 as they made efforts to prepare various aryl maleimide derivatives.  They were able to use NaIO4 to mediate the decarboxylative oxidation of γ-lactam carboxylic acids, forming the desired 3-arylmaleimides in good yield (Scheme 33).



	R
	R1
	Yield of Product / %

	H
	Cl
	87

	H
	F
	76

	H
	Br
	70

	F
	F
	81

	Cl
	F
	76

	H
	OMe
	52



Scheme 33: The use of NaIO4 to mediate the decarboxylative oxidation of γ-lactam carboxylic acids to form 3-arylmaleimides.

Similar to some of the methods discussed previously, this procedure requires the 3-substituent to be pre-installed onto the 5-membered heterocycle.  Indeed, relatively few methods exist for the installation of substituents directly onto a maleimide alkene without irreversible loss of the C=C double bond.  One such method, involving direct manipulation of the maleimide alkene, was developed by Argade and co-workers in 2006.67  Their approach involved the formation of a maleimide-triphenylphosphine adduct (58), with subsequent Wittig chemistry affording a series of 3-alkylmaleimides in good yield (Scheme 34).  Originally, they had intended to re-form the maleimide C=C double bond through a migration of the exocyclic tri-substituted alkene in one step, with their rationale being that the endocyclic alkene is more stable through conjugation with two imide carbonyl groups.  However, the exo- / endo- alkene migration did not proceed in the expected manner, even under highly basic or transition-metal mediated isomerisation conditions.  Thus, undesirable extra steps were required to transform compound 58 into the oxygen heterocycle (59), perform the alkene isomerisation, and then close the ring to finalise the maleimide architecture. 


	R
	Yield of Product / %

	hexyl
	70

	decyl
	65

	tetradecyl
	65



Scheme 34: The synthesis of 3-substituted maleimides, using a Wittig reaction to introduce the alkyl chain.

Perhaps the most popular method for the installation of substituents directly onto a maleimide alkene is that developed by Barton and co-workers in 1987.68  This method, based on radical chemistry, will be discussed in Chapter 3.
[bookmark: _Toc326825431]Maleimide Natural Products
The maleimide structure can be found in a wide variety of compounds, including natural products such as farinomalein (35),69 pencolide (60),70 and D-(+)-showdomycin (61),71 which are shown in Figure 6.  These molecules have shown promising antibiotic behaviour, and feature a maleimide substituted at the 3-position.


Figure 6: The structures of three maleimide-containing natural products; farinomalein (35), pencolide (60), and D-(+)-showdomycin (61).

The synthesis of farinomalein (35) was first reported by Miles and Yan in 2010.72  The 3-substituent was installed through an aldol-condensation of glyoxylic acid (62) and isovaleraldehyde (63) to form γ-hydroxybutenolide (64) in 70% yield.73  The 2° alcohol in compound 64 was oxidised using DMP to afford maleic anhydride 65, which was subsequently converted into the maleimide in 64% yield.  Overall, farinomalein (35) was prepared in 45% yield, over 3-steps, from 62 and 63 (Scheme 35).


Scheme 35: The synthesis of farinomalein (35).

Pencolide (60) was isolated by Birkinshaw and co-workers in 1963,74 however the first reported synthesis of this compound was by Strunz and Ren in 1976.75  By heating citraconic anhydride (66) with L-threonine (67), they were able to prepare pencolide (60) in 42% yield, and confirm the correct Z-stereochemistry with a sample of the natural compound (Scheme 36).  Again, this method involves prior installation of 3-substituent to the maleic anhydride precursor.


Scheme 36: The synthesis of pencolide (60).

The C-nucleoside antibiotic D-(+)-showdomycin (61) and its analogues have received more significant attention in the literature.  A summary of the various synthetic approaches to 61 will be presented in Chapter 4.

[bookmark: _Toc326825432]Maleimide Polymers
[bookmark: _Toc326825433]Background
Polymers based on a maleimide repeating unit have been shown to exhibit good physical properties, including excellent thermal stability and chemical resistance, making them suitable candidates for use in high performance applications within the aerospace industry.  Maleimides can be used to introduce different functional groups to a polymer chain, through modification of the pendant N-substituent, which can influence the properties of the final polymer.76  The rigid 5-membered ring imparts excellent thermal properties to a maleimide polymer, such as a high glass transition temperature (Tg), which can be loosely defined as the temperature at which the polymer chains begin to move.  The high Tg (~ 220 °C77) of unmodified bis-maleimide polymers such as poly(BMDM) (Figure 7), allows these materials to be exposed to high temperatures without loss in physical performance.  


Figure 7: The cross-linked structure of poly(BMDM).

However, the high cross-linking density (linking between different polymer chains), often means that maleimide homopolymers are too brittle to be used successfully as engineering thermoplastics, with much effort devoted to the modification of these systems.78  
[bookmark: _Toc326825434]Modification
A common way of modifying a BMI polymer, in order to increase flexibility, is to co-polymerise the maleimide with another monomer such as styrene (10) or MMA (11).  Overall, the final material is a co-polymer that possesses the rigidity of a poly(maleimide) (high Tg), alongside the flexibility imparted by a polystyrene (low Tg), with the resulting physical properties intermediary of both.79  Another way to introduce flexibility into a BMI polymer is to alter the group linking the two maleimides.  In 2001, Jeng and co-workers reported the synthesis of BMI monomer 68, which contains a triphenylphosphine oxide linking unit (Scheme 37), and was shown to have increased solubility in organic solvents compared to traditionally used BMDM (36).80  


Scheme 37: The synthesis of compound 68, a BMI monomer containing a triphenylphosphine linking group.

After co-polymerisation of monomer 68 with BMDM (36), the resulting co-polymer was shown to have increased flame retardance compared to homopolymeric BMDM.  Also, they noted an increase in Tg for the co-polymer compared to poly(BMDM), suggesting that the maleimide linking unit can be modified to introduce useful properties such as solubility and flame retardance, without compromising the thermal stability of the material.  There are many alternative maleimide linking units frequenting the literature including; synthetic rubber,81 epoxide derivatives,82 and siloxanes.83  A BMI monomer containing a linking unit derived from the digylcidyl ether of bisphenol A (DGEBA), and a BMI monomer containing a polymeric siloxane linker are shown in Figure 8.



Figure 8: A BMI monomer containing a linking unit derived from: (a) an epoxide; (b) a siloxane polymer. 

Often, the design of new BMI linking groups is closely related to the application of the final polymer.  For example, the adhesive quality of BMI polymers is beneficial during the manufacture of circuit boards.  However, if the polymer binds too strongly to the electronic components, they become difficult to recycle.  In 2009, Musa and co-workers reported the synthesis of a BMI monomer (69) containing thermally degradable acetal-ester linkages, which were shown to change the adhesive properties of the polymer at high temperature.  At 225 °C, the acetal-ester C-O bond could be cleaved, breaking the linkages to achieve a significant decline in adhesive quality of the polymer.84  The synthesis of this material is shown in Scheme 38.


Scheme 38: The synthesis of a thermally degradable BMI monomer (69).

[bookmark: _Toc326825435]Project Aims
The overall aim of this project is to combine radical reactions and polar chemistry to form industrially useful small molecules and polymers in one-pot procedures.  Previous work within the group has shown that organoboranes (e.g. Et3B (12)) can be used as radical initiators for a variety of room temperature radical reactions including addition to alkenes, cyclisation, and polymerisation.85  Despite the excellent reactivity of Et3B (12), the use of this reagent is limited due to its pyrophoricity, and the difficulty in achieving reproducible results.  Organoboroles [e.g. 2-propyl-1,3,2-benzadioxaborole (PBD) (70)] are a more stable alternative to organoboranes, and react with molecular oxygen in a similar way to produce an alkyl radical (Scheme 39).


Scheme 39: The radical initiation of (a) Et3B (12) and (b) PBD (70).

In Chapter 2, commercially available organoboroles and those generated in situ through the hydroboration of alkenes are shown to initiate a series of radical polymerisation reactions [Scheme 40 (a) & (b)].  Also explored is a 3-component system, whereby the released alkyl radical can abstract a H-atom from an organophosphorus hydride radical mediator to form a phosphorus-centred radical, which can then add to an alkene [Scheme 40 (c)]. 


Scheme 40: (a) The direct polymerisation of maleimides using commercially available organoboroles.  (b) The direct polymerisation of maleimides using organoboroles generated in situ through the hydroboration of alkenes.  (c) The reaction of commercially available organoboroles with organophosphorus hydride radical mediators.  

Chapter 3 focuses exclusively on the reactions of orgonoborole initiators generated in situ through the hydroboration of alkenes.  These reagents are used in combination with TEMPO (15), for the conjugate addition-aminoxylation of α,β-unsaturated dicarbonyl compounds.  Related chemistry, including the direct trapping of alkyl radicals by TEMPO (15), and the elimination of 2,2,6,6-tetramethyl-N-hydroxypiperidine (TEMPO-H) (71) from an alkoxyamine to produce a 3-substituted maleimide, will also be investigated (Scheme 41).


Scheme 41: (a) The formation of an organoborole radical initiator in situ through the hydroboration of alkenes.  (b) The reaction of the organoborole radical initiator with TEMPO (15).  (c) The elimination of TEMPO-H (71) to form a 3-substituted maleimide.

Chapter 4 extends the methodology developed for the synthesis of 3-substituted maleimides, with the variation of the starting alkene and the potential scope of this reaction being explored.  In particular, studies towards the synthesis of some carbocyclic analogues of the natural product D-(+)-showdomycin (61) will be presented (Figure 9).   


Figure 9: D-(+)-Showdomycin (61), and some carbocyclic analogues.

In Chapter 5, the preparation and related chemistry of N-(2,3-epoxypropyl)maleimide (EPM) (74) (Figure 10) is explored, with respect to the potential applications of this molecule as a polymer additive in the adhesives industry.  In particular, the reaction of EPM (74) with amines is investigated, as this approach could be used to produce a bismaleimide that contained a flexible linking group; subsequent room temperature radical polymerisation could form novel poly(bismaleimides).  Also in Chapter 5, radical chemistry at the maleimide alkene and polar chemistry at the epoxide ring are combined in one-pot procedures.  


Figure 10: N-(2,3-Epoxypropyl)maleimide (EPM) (74).
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[bookmark: _Toc326825436]Chapter 2: Radical Reactions Using Commercially Available Organoboron Initiators
1 
[bookmark: _Toc326825437]Introduction
[bookmark: _Toc326825438]Background
Radical reactions are most commonly initiated through the homolytic cleavage of weak bonds contained in reagents such as AIBN (6) and BPO (8) to provide a reactive radical species.  However, the unstable nature of these compounds and the thermal / UV conditions required to provide a radical source, has lead to the exploration of other methods of mild radical initiation.  For example, transition metal catalysed redox processes, such as atom transfer radical polymerisation (ATRP), can be performed successfully at room temperature to produce polymeric species with well-defined molecular weights.86  In 2000, Matyjaszewski and co-workers showed that CuCl could be used to initiate the polymerisation of dimethylacrylamide (DMAA) (72), in order to produce a polymeric species with a low polydispersity (PDi = 1.1) (Scheme 42).87   


Scheme 42: The Cu(I) catalysed ATRP of compound 72 at room temperature.

The reaction presented in Scheme 42 is initiated by the oxidation of Cu(I) to Cu(II), which releases an electron that reacts with methyl 2-chloropropionate (76) to form a radical anion species; the radical anion can then dissociate into an alkyl radical and a chloride anion.  The alkyl radical is then added to the C=C double bond of DMAA (72) to begin the polymerisation.  Despite the wide use of transition metal-catalysed ATRP, the difficulty of removing the catalyst from the final polymer has prevented this method being more widely used in industry.88  
A group of compounds that have been used successfully as mild radical initiators are the organoboranes, with molecules such as Et3B (12) shown to react with molecular oxygen at room temperature to produce an initiating ethyl radical.14  For example, in a 2008 paper,89 Tomioka and co-workers were able to show that Et3B (12) could be used as a radical initiator for the addition of acyloxymethyl radicals to imines at room temperature, without the need for a radical mediator such as Bu3SnH (Scheme 43).


	R1
	R2
	Et3B (12) / (eq.)
	time / h
	Yield of Product / %

	Ph
	4-TolSO2
	9
	20
	96

	Ph
	4-(MeO)C6H4
	5
	7
	89

	Ph
	Ph2P(O)
	20
	48
	80

	4-ClC6H4
	4-TolSO2
	8
	20
	88

	4-MeC6H4
	4-TolSO2
	18
	48
	82

	4-(MeO)C6H4
	4-TolSO2
	9
	22
	94

	Ph(CH2)2
	4-TolSO2
	8
	24
	67



Scheme 43: The addition of acyloxymethyl radicals to imines using Et3B (12) as the radical initiator.

The addition process begins with the reaction of Et3B (12) with molecular oxygen to form ethyl radicals, which can abstract an I-atom from compound 77 to form a carbon-centred radical.  This radical species can then add to the carbon atom of the C=N imine bond to form an aminyl radical, which is converted to the amine upon quenching of the reaction with saturated aqueous NaHCO3.  As shown in Scheme 43, radical reactions using Et3B (12) as the radical initiator can be performed successfully in organic solvents such as DCM; however, Et3B (12) can also be used to perform radical processes in aqueous media.  For example, in a 2001 paper,90 Oshima and co-workers showed that ethyl bromoacetate (78) could be added to various alkenes using Et3B (12) as the radical initiator and water as the solvent (Scheme 44).





	R
	Yield of Product / %

	C6H13
	80a

	C10H21
	 65a

	C20H41
	 79a

	(CH2)4OH
	81

	CH2OH
	26

	(CH2)3Br
	63

	cyclohexene
	  22a,b

	trans-4-octene
	  10a,b


a An additional 0.5 equivalents of Et3B (12) was added after 1 h.
b d.r. = 1 : 1 (trans- : cis-).

Scheme 44: The radical addition of ethyl bromoacetate (78) to alkenes, using Et3B (12) as the radical initiator in aqueous media.
 
As shown in Scheme 44, the radical addition of 78 to alkenes, using Et3B (12) as the radical initiator, can be performed at room temperature using water as a solvent; the reaction was tolerant of functional groups (e.g. halogens, alcohols), and the highest product yields were achieved using terminal alkenes.  The reactions of Et3B (12) in aqueous media have been studied extensively by Oshima and co-workers, with a variety of C-C bond forming radical transformations investigated, including cyclisation,91 and addition to alkenes and alkynes.92  
[bookmark: _Toc326825439]Addition of Organophosphorus Hydrides to Alkenes
Some radical transformations, such as the addition of organophosphorus hydrides to alkenes, can be performed at room temperature using Et3B (12) / O2 as the radical initiator.33  However, despite the high reactivity of Et3B (12), the pyrophoricity of this reagent has prevented its widespread use in industry.  Organoboroles can be used in a similar manner to organoboranes, and the increased stability of these reagents means that they can be stored for longer periods without decay.  In 2008, Parsons and co-workers showed that commercially available 2-propyl-1,3,2-benzadioxaborole (PBD) (70) could be used as a radical initiator for various addition, cyclisation and dehalogenation reactions.93  For example, PBD (70) was shown to initiate an addition-cyclisation reaction involving DEP (18) and diethyl diallylmalonate (22) at room temperature (Scheme 45).  

 
	Initiator (eq.)
	DEP (18) / (eq.)
	Conditions
	Yield of 79 / %
	d.r.
(trans- : cis-)

	AIBN (6) (3 × 0.3 eq.)
	5
	75 °C, N2, 24 h
	95
	1 : 5

	PBD (70) (1 eq.)
	10
	r.t., air, 19 h
	87
	1 : 11



Scheme 45: The radical addition-cyclisation involving DEP (18) and diethyl diallylmalonate (22) can be performed using AIBN (6)85 or PBD (70)93 as the radical initiator.

As shown in Scheme 45, the radical addition-cyclisation product (79) was prepared in good yield and diastereoselectivity using AIBN (6) or PBD (70) as the radical initiator.  This work showed that PBD (70) could be used successfully as a mild alternative to the existing methods of radical initiation. 
In a 2007 paper,94 Han and co-workers showed that the radical addition of DPO (17) to alkenes can be achieved by heating the organophosphorus hydride and the alkene with a trace amount of air, without the need for a specific radical initiator (Scheme 46).


	R
	Yield of Product / %

	cyclohexyl
	89

	(CH2)4OH
	80

	(CH2)4CN
	77

	CO2Et
	64

	2-pyridyl
	95

	P(O)Ph2
	98

	P(O)(OEt)2
	88



Scheme 46: The radical addition of DPO (17) to various alkenes.

As shown in Scheme 46, the radical addition of DPO (17) to various alkenes gives the addition products in good yield.  However, despite the abundance of methods available for the radical addition of organophosphorus hydrides to alkenes, relatively few exist for the addition of organophosphorus hydrides to maleimides.  One such method, involving polar chemistry, was demonstrated by Tan and co-workers in 2007,95 where they showed that DPO (17) could be added to various maleimides and produce the conjugate addition product in good yield (Scheme 47).  


	R
	Yield of Product / %

	Ph
	99

	Bn
	73

	Et
	97

	tBu
	86



Scheme 47: The conjugate addition of DPO (17) to various maleimides, using TBD (80) as the catalyst.

They used 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) (80) to deprotonate the relatively acidic P-H bond in DPO (17) and form a phosphorus-centred anion, which could add to the electron-poor C=C double bond of the maleimide in a Michael-type reaction.  
[bookmark: _Toc326825440]Radical Polymerisation of Maleimides
As well as radical addition processes, the maleimide C=C double bond can undergo radical polymerisation reactions in the presence of a suitable initiator.  For example, in 2001, Ai and co-workers showed that various maleimides could be polymerised by AIBN (6) at 60 °C.96  However, in order to achieve control over the molecular weight distribution of the final polymer, a low concentration of radicals must be maintained.  One way of controlling the molecular weight distribution is through the addition of a specific chain transfer agent, which can react reversibly with a growing polymer chain to transfer the radical to a different chain.  In a 2009 paper,97 Li and Lu showed that 2-cyanopropan-2-yl benzodithioate (CPBD) (81) could be used as a chain transfer agent for the RAFT polymerisation of N-phenylmaleimide (29), with the prepared polymers shown by gel permeation chromatography (GPC) to have a relatively narrow PDi (PDi = 1.09-1.26) (Scheme 48).


Scheme 48: The RAFT polymerisation of N-phenylmaleimide (29), using CPBD (81) as a chain transfer agent.

Maintaining control of the molecular weight distribution of maleimide polymers is highly desirable within the polymer industry, as polymers with well-defined molecular weights are more likely to possess consistent physical properties.  One way to achieve control over the molecular weight is to co-polymerise the maleimide with another monomer such as styrene.  For example, Xia and co-workers have shown that the co-polymerisation of N-cyclohexylmaleimide (83) and styrene (10) using ATRP can lead to the formation of a co-polymer (85) with a low PDi (PDi < 1.5) (Scheme 49).98 








	Fraction of 83
(in a mixture of 10 and 83)
	Conversion to 85 / %
	PDi
	Tg / °C

	0.25
	21
	1.31
	166

	0.33
	25
	1.34
	176

	0.50
	24
	1.43
	180

	0.67
	15
	1.34
	184

	0.75
	15
	1.40
	190



Scheme 49: The co-polymerisation of styrene (10) and N-cyclohexylmaleimide (83)  by ATRP, to produce co-polymers with a low PDi. 

As shown in Scheme 49, ATRP can be used for the co-polymerisation of styrene (10) and N-cyclohexylmaleimide (83) to produce the polymeric species (85) with a low PDi.  Also in this work, it was shown that increasing the fraction of N-cyclohexylmaleimide (83) from 0.25 to 0.75 resulted in an increase in the Tg (166 - 190 °C) of the co-polymer (85); this is attributed to the higher proportion of the rigid 5-membered maleimide structure in the final polymer, which has a higher thermal stability than the more flexible styrene.
Nitroxide mediated co-polymerisation of maleimides with styrene (10) can also be used to control the molecular weight distribution of maleimide polymers.  For example, Lokaj and co-workers have shown that heating maleimide (86) and styrene (10) with TEMPO (15) can lead to a maleimide-styrene co-polymer (87) with a low PDi and good thermal stability (Scheme 50).99




	Fraction of 86
(in a mixture of 10 and 86)
	Conversion to 87 / %
	PDi
	Tg / °Ca

	0.1
	8
	1.17
	191

	0.2
	15
	1.27
	217

	0.3
	25
	1.35
	231

	0.4
	31
	1.41
	231

	0.5
	28
	1.39
	-

	0.7
	8
	1.36
	-

	0.9
	0
	-
	-


a The Tg was determined from DSC analysis.
Scheme 50: TEMPO (15) mediated co-polymerisation of styrene (10) and maleimide (86).

As shown in Scheme 50, the nitroxide mediated co-polymerisation of styrene (10) and maleimide (86) can lead to the formation of a co-polymer (87) with a low PDi (PDi < 1.5).  As the fraction of maleimide (86) in the monomer mixture is increased from 0.1 to 0.5, the conversion (8 – 28%) to the co-polymer (87) is also increased.  However, when a larger proportion of maleimide (86) is used (e.g. 0.7 – 0.9), the conversion (8 – 0%) to the co-polymer (87) decreases rapidly.  It is believed that the dramatic decrease in the conversion to the co-polymer (87) is due to irreversible elimination of TEMPO-H (71) from the ends of the polymer chains, which results in the termination of the polymerisation and prevents chain growth.  Similar behaviour was observed by Hawker and co-workers in 2001,48 and has been discussed in Chapter 1.  As the proportion of maleimide (86) in the reaction was increased, the Tg of the resulting co-polymers is also increased, due to an increase in the amount of hydrogen-bonding interactions within the co-polymer, which serve to hold the chains together.
[bookmark: _Toc326825441]Polymer Characterisation
A defining characteristic of a polymer is the molecular weight distribution, which makes the methods available to elucidate this information extremely important in polymer chemistry.  Perhaps the most widely used method for molecular weight characterisation is gel permeation chromatography (GPC), also known as size exclusion chromatography (SEC).  In GPC, the polymer chains are separated based on their hydrodynamic volume, which can be correlated to the molecular weight of the polymer chains using a series of polymer standards (e.g. polystyrenes of known molecular weight).  However, the accuracy of this method depends on the randomly coiled polymeric species behaving in a similar manner to the polymer standard; often in conjugated systems (e.g. maleimides) the polymer adopts a more rod-like conformation in solution, resulting in an overestimation of the molecular weight.100  This has lead to the exploration of other techniques for polymer molecular weight characterisation, such as matrix-assisted laser desorption/ionisation time of flight (MALDI-TOF) mass spectrometry.  Initially developed for the analysis of proteins, MALDI-TOF has found use in the characterisation of synthetic polymers, as direct identification of polymer-chain mass and simultaneous determination of the polymer end-groups can be accomplished.  Due to the minimal fragmentation associated with this method, MALDI is often regarded as a soft-ionisation technique; the high mass ions are produced when a sample that has been dissolved in a suitable matrix is irradiated with a pulsed laser.101  A comparison of the molecular weight of polymeric samples by MALDI-MS and GPC is favourable, as long as the polydispersity of the polymer sample is low (PDi ~ 1.1);102 however, differences in the PDi of polymers determined by MALDI-MS and GPC emerge when polydisperse samples are analysed.  GPC records the weight average (Mw) against the logarithm of the molecular mass, whereas MALDI-MS records the number average (Mn) against the m/z.  This means that the high molecular weight chains disappear into the baseline noise of a mass spectrometer much earlier than in a GPC system, which results in an incorrect calculation of the molecular weight averages.103 
Often, a combination of GPC and MALDI-TOF mass spectrometry are used to identify the molecular weight distribution of a polymer.  In a 2001 paper,104 Hill and co-workers showed that GPC and MALDI-TOF mass spectrometry can be used for the characterisation of maleimide polymers (Scheme 51). 




	R
	t / h
	Yield of Product / %
	PDi

	Ph
	3
	95
	-

	n-hexyl
	5
	98
	2.0

	cyclohexyl
	7
	92
	-



Scheme 51: The radical polymerisation of maleimides, initiated by AIBN (6), using THF as a solvent. 

In their efforts to prepare various maleimide homopolymers, they noted the final polymers had an unusually low molecular weight.  By using a combination of 13C NMR spectroscopy and MALDI-TOF mass spectrometry they were able to show the final polymers contained a THF molecule and a H-atom as the end-groups, which could be attributed to interference from the solvent.  The proposed mechanism for the interference of THF in the polymerisation of maleimides is shown in Scheme 52.


Scheme 52: The proposed mechanism for the interference of THF in the polymerisation of maleimides.

[bookmark: _Toc326825442]Radical Addition of Organophosphorus Hydrides to Alkenes
[bookmark: _Toc326825443]Addition to 1-Octene (23) and Cyclohexene (13)
The first part of the project involves the use of PBD (70) to initiate a series of radical addition reactions.  DEP (18) is a cheap, commercially available organophosphorus hydride reagent that contains a weak P-H bond, which can be homolytically cleaved under radical initiation conditions.  The room temperature addition of DEP (18) to 1-octene (23) and cyclohexene (13) using PBD (70) as a radical initiator is shown in Scheme 53.85


* Previous results within the group.85

Scheme 53: The radical addition of DEP (18) to alkenes 23 and 13, using PBD (70) as a radical initiator.

The mechanism of the reactions in Scheme 53 begins with a reaction between PBD (70) and O2 to release a propyl radical, which can abstract a H-atom from DEP (18) to form a phosphorus-centred radical.  The P-centred radical can then add to the least substituted carbon of the C=C double bond (anti-Markovnikov addition), with the resulting carbon-centred radical abstracting a H-atom from another molecule of DEP (18) to form the phosphonate product.  The reactions in Scheme 53 were performed neat to minimise any interaction between the initiating alkyl radical and the solvent, which could interfere with the radical addition process.  The yields of 88 and 89, presented in Scheme 53, compare favourably to results achieved previously within the group.85  It was hoped that successful repetition of these reactions would provide greater insight into the experimental methods associated with the use of PBD (70) as a radical initiator. 
DPO (17) was chosen as a suitable reagent for comparison with DEP (18).  As DPO (17) contains a weaker P-H bond than DEP (18),105 it was thought this reagent could add to alkenes more efficiently under radical initiation conditions.  Commercially available DPO (17) is significantly more expensive than DEP (18); however, a simple preparative procedure involving the reaction of chlorodiphenylphosphine (90) and water can be used to provide a cheaper alternative.106  DPO (17) was prepared in good (72%) yield, according to the method outlined in Scheme 54. 


Scheme 54: The synthesis of DPO (17) from chlorodiphenylphosphine (90) and water.

PBD (70) can also be used to initiate the radical addition of DPO (17) to 1-octene (23) and cyclohexene (13), as shown in Scheme 55.  As DPO (17) contains a weaker P-H bond than DEP (18), the number equivalents of this reagent were reduced from 20 eq. to 5 eq.  As DPO (18) is a solid at room temperature the reaction could not be performed neat, which resulted in DCM being chosen as a suitable solvent. 


* Previous results within the group using Et3B (12) / O2 as the radical initiator.107

Scheme 55: The radical addition of DPO (17) to alkenes 23 and 13, using PBD (70) as a radical initiator.

The results in Scheme 55 show that PBD (70) can be used to initiate the radical addition of DPO (17) to 1-octene (23), forming product 91 in an excellent 96% yield.  Although compound 91 has been prepared previously within the group using Et3B (12) as the radical initiator,107 this represents the first synthesis of compound 91 using PBD (70) as the radical initiator.  Following the radical addition of DPO (17) to cyclohexene (13), the addition-product (92) could not be separated from DPO (17) using flash chromatography; however, analysis of the crude reaction mixture by 1H NMR spectroscopy indicated a 24% conversion to compound 92.  Further attempts to remove the DPO (17) starting material from the product through an extraction with aq. NaOH proved futile, which can be attributed to the presence of an acidic H-atom in compound 92 [acidic H-atom is α to phosphorus (pKa ~ 29, in DMSO)108].  Overall, PBD (70) has been shown to be an effective, mild, radical initiator for the addition of organophosphorus hydrides to alkenes, with the addition-products formed in comparable yields to those achieved using the traditional organoborane initiator Et3B (12).
[bookmark: _Toc326825444]Addition to Maleimides 
After the successful addition of DEP (18) and DPO (17) to alkenes 1-octene (23) and cyclohexene (13) using PBD (70) as a radical initiator, the addition of organophosphorus hydrides to more synthetically relevant maleimides was investigated.  The outcome of the radical addition of organophosphorus hydrides to a maleimide could indicate whether these reagents could be used to initiate maleimide polymerisation reactions.  N-Phenylmaleimide (29) was selected as a suitable alkene substrate, as it is cheaper and more readily available than other maleimides.  The radical addition of DEP (18) and DPO (17) to N-phenylmaleimide (29) is shown in Scheme 56. 


* Previous results within the group, which involved a two-step process: radical addition of diphenylphosphine sulfide (95) to N-phenylmaleimide (29) using Et3B (12) / O2 as a radical initiator, and the transformation of P=S to P=O using m-CPBA (96).107

Scheme 56: (a) The radical addition of DPO (17) to N-phenylmaleimide (29), using PBD (70) as a radical initiator.  (b) The attempted synthesis of compound 94. 

The results in Scheme 56 show that PBD (70) can be used to initiate the radical addition of DPO (17) to N-phenylmaleimide (29), forming the phosphonate product (93) in good (80%) yield.  However, the addition of DEP (18) to N-phenylmaleimide (29) failed to produce product 94, with the 1H NMR spectrum of the crude mixture indicating that the starting material (29) had been fully consumed to form poly(N-phenylmaleimide).  It is believed that the different reaction outcomes arise from the different rates of reaction for the trapping of the C-centred radical by the H-atom donors (e.g. DEP (18), DPO (17)).  For example, the P-H bond in DEP (18) is stronger than in DPO (17), resulting in a slow rate of H-abstraction; the C-centred radical is therefore able to react with another molecule of N-phenylmaleimide (29) to form an oligomer.  In contrast, the P-H bond in DPO (17) is weaker than in DEP (18), resulting in a faster rate of H-abstraction than oligomer formation.  The experiment to produce 94 has been repeated several times with different batches of radical initiator, however no difference in reactivity was observed.  The synthesis of compound 93 has been reported previously within the group,107 using a two-step process; the first step involved the radical addition of diphenylphosphine sulfide (95) to N-phenylmaleimide (29) using Et3B (12) as the radical initiator, to afford a phosphorus-maleimide adduct in 80% yield.  The second step involved the transformation of the P=S double bond into a P=O double bond, using meta-chloroperbenzoic acid (m-CPBA) (96) as an oxidant, to afford compound 93 in 90% yield.  The work presented in Scheme 56 represents the first synthesis of compound 93 using PBD (70) as the radical initiator.  The results in Schemes 55 and 56 show that DPO (17) can add to both electron-rich and electron-poor alkenes, to afford the addition-products in good yield, when PBD (70) is used as a radical initiator.
After the successful reaction between DPO (70) and N-phenylmaleimide (29), the radical addition of DPO (17) to N-allylmaleimide (97) was assessed.  It was thought that this molecule would prove to be an interesting substrate for a reaction with DPO (17), as it contains both an electron-poor (C=C, maleimide) and an electron-rich (C=C, allyl) alkene.  The radical addition of DPO (17) to N-allylmaleimide (97) using PBD (70) as the radical initiator is shown in Scheme 57.


Scheme 57: The radical addition of DPO (17) to N-allylmaleimide (97), using PBD (70) as a radical initiator.

The results in Scheme 57 show that the maleimide-addition product (98) was isolated in 32% yield.  No other addition products were isolated from the reaction mixture; however, analysis of the crude reaction mixture by 1H NMR spectroscopy showed no peaks representing the HC=CH bond of a maleimide (e.g. 6 – 7 ppm, s, 2H).  This suggests that all of the N-allylmaleimide (97) was consumed during the reaction, and that DPO (17) was not added to the allyl group exclusively.  Further analysis of the crude reaction mixture by mass spectrometry showed a signal at m/z = 541, which suggesed that N-allylmaleimide (97) had reacted with two equivalents of DPO (17).  Also, analysis of the crude reaction mixture by 31P NMR spectroscopy showed peaks at 22.1 ppm (DPO (17)), 28.8 ppm, 30.8 ppm (compound 98), and 31.0 ppm; the peaks at 28.8 ppm and 31.0 ppm could indicate the addition of DPO (17) to both C=C double bonds.  No other addition-products were identified.  It was expected that DPO (17) would add preferentially to the electron-rich C=C double bond of the allyl group.  However, the observed regioselectivity in this reaction can be explained by the formed C-centred radical on the maleimide being more stable, through conjugation with the adjacent imide carbonyl, than the C-centred radical formed through addition to the allyl group.  Compound 98 has been prepared for the first time using the method outlined in Scheme 57. 
[bookmark: _Toc326825445]Radical Polymerisation Using PBD (70)
[bookmark: _Toc326825446]Radical Polymerisation of N-Phenylmaleimide (29)
As shown in Section 2.2, PBD (70) can be used as a radical initiator for the room temperature radical addition of organophosphorus hydrides to alkenes.  Commercially available PBD (70) can also be used a radical initiator for room temperature radical polymerisation reactions.  In the absence of a radical mediator, the alkyl radical released during initiation can attack the C=C alkene of a maleimide to form a new adduct radical on the adjacent carbon, which can then react with another maleimide molecule to propagate the formation of a polymer.  The room temperature radical polymerisation of N-phenylmaleimide (29), using Et3B (12) or PBD (70) as the radical initiator, is shown in Scheme 58.







	Initiator
	Time / h
	Conversion to Product / %*
	Mw
	Mn
	PDi†

	Et3B (12)
	0.25
	(99)         88
	20800
	3700
	5.6

	PBD (70)
	2
	(100)       19
	Insoluble

	Et3B (12)
	0.25
	(99)         82a
	4778
	2210
	2.2

	PBD (70)
	2
	(100)       38a
	9709
	15217
	1.6


* Yield based on recovered N-phenylmaleimide (29) monomer.
† Molecular weight of polymer derived from GPC analysis.
a Previous results within the group.85

Scheme 58: The radical polymerisation of N-phenylmaleimide (29) using commercially available organoboron initiators.

As shown in Scheme 58, a good conversion to the polymer (99) was achieved using Et3B (12) as the radical initiator; however a low yield of the polymer (100) was observed when PBD (70) was used as the radical initiator.  The significant difference in the yields of 99 and 100 is similar to results recorded previously within the group,85 and can be attributed to the unreliability of these initiators.  The presence of a polymeric species was indicated by the appearance of broad peaks in the 1H NMR spectrum of 99, with the broad aromatic peaks indicating the presence of a N-phenylmaleimide repeating unit.  Unfortunately, polymer 100 was insoluble in the solvents suitable for 1H NMR spectroscopy and GPC, so characterisation could not be performed.  This suggests that polymer 100 contains a large proportion of high molecular weight chains, which was expected based on previous results within the group.85
The insolubility of 100 in common organic solvents (e.g. DCM, CHCl3, THF, EtOAc, Et2O, toluene, acetone etc) lead to the exploration of ways to control the polymer molecular weight.  A common way to control the molecular weight of a polymer is through the introduction of a chain transfer agent, which reacts with the ends of a growing polymer chain to retard chain growth and generate a new radical able to propagate the growth of a new polymer chain.  The chain transfer agent chosen for use in this project was 2,3-dibromopropene (DBP) (101), as it is cheap, readily available, and has been used previously within the group.85,109  Previous work within the group showed that the polymerisation of N-phenylmaleimide (29) (using Mn2(CO)10 as a radical initiator) can be controlled using DBP (101); for example, the addition of 0.04 equivalents of DBP (101) to the polymerisation can lead to the formation of a poly(N-phenylmaleimide) with a narrow molecular weight distribution (PDi = 1.08).109  The results of the radical polymerisation of N-phenylmaleimide (29), using commercially available initiators and DBP (101) as a chain transfer agent, are presented in Scheme 59.


	Initiator
	DBP (101) / (eq.)
	Time / h
	Conversion to Product / %*

	Et3B (12)
	0.1
	0.25
	(102)        93

	Et3B (12)
	0.2
	0.25
	(102)          0

	PBD (70)
	0.1
	2
	(103)        20

	PBD (70)
	0.2
	2
	(103)          0


* Yield based on recovered N-phenylmaleimide (29) monomer.

Scheme 59: The radical polymerisation of N-phenylmaleimide (29) using commercially available initiators, and DBP (101) as a chain transfer agent.

As shown in Scheme 59, the polymerisation of N-phenylmaleimide (29) with DBP (101) as a chain transfer agent can be achieved using Et3B (12) or PBD (70) as the radical initiator.  The results in Scheme 59 show that using 0.1 equivalents of DBP (101) as a chain transfer agent leads to the formation of the polymeric species (102) and (103) in yields that are comparable to those achieved when no chain transfer agent was added (see Scheme 58).  However, when 0.2 equivalents of DBP (101) was used in the reaction, no polymeric species was formed; in this case, the concentration of DBP (101) was sufficiently high to react with the released alkyl radicals and completely retard chain growth.  
The polymerisation of N-phenylmaleimide (29) using PBD (70) as a radical initiator and DBP (101) as a chain transfer reagent resulted in the production of polymer 103, which was soluble in organic solvents.  The increased solubility of polymer 103 compared to polymer 100 (see Scheme 58) suggests that the molecular weight has been controlled by the addition of DBP (101) as a chain transfer agent.  Analysis of the polymers (102) and (103) by 1H NMR spectroscopy showed the broad peaks representative of a poly(N-phenylmaleimide).  The presence of 102a and 103a could not be determined by 1H NMR spectroscopy, as peaks from the DBP-derived end-groups were not observed.  It was expected that the use of DBP (101) as a chain transfer agent would result in the formation of 102a and 103a, whereby the growing polymer chains react with DBP (101) to terminate chain growth.  The addition-fragmentation mechanism for this reaction is shown in Scheme 60.85


Scheme 60: The reaction between a growing polymer chain and DBP (101).

[bookmark: _Toc326825447]Radical Polymerisation of N-Allylmaleimide (97)
After showing that N-phenylmaleimide (29) can be polymerised using Et3B (12) or PBD (70) as a radical initiator, attention then turned to the polymerisation of other maleimide monomers such as N-allylmaleimide (97).  It was thought that the two alkene groups in N-allylmaleimide (97) would provide an interesting test of the regioselectivity of the organoboron initiator, with the electron-rich alkyl radical expected to interact preferentially with the electron-poor maleimide C=C double bond.  The results of the polymerisation of N-allylmaleimide (97) using Et3B (12) or PBD (70) as a radical initiator are shown in Scheme 61.


	Initiator
	Time / h
	Conversion to Product / %*

	Et3B (12)
	0.25
	(104)       95

	PBD (70)
	2
	(105)       80


* Yield based on recovered N-allylmaleimide (97) monomer.

Scheme 61: The radical polymerisation of N-allylmaleimide (97) using commercially available initiators.

As shown in Scheme 61, the radical polymerisation of N-allylmaleimide (97) at room temperature, using Et3B (12) or PBD (70) as the radical initiator, produced the polymeric species 104 and 105 in good yields.  The 1H NMR spectrum of 104 showed that the allyl group had remained intact after polymerisation, with the broad signals indicating the presence of a poly(N-allylmaleimide).  Unfortunately, polymer 105 was insoluble in common organic solvents (e.g. DCM, CHCl3, THF, DMSO, toluene, acetone etc), so characterisation could not be performed on this sample.
[bookmark: _Toc326825448]Radical Polymerisation of EPM (74)
The monomer EPM (74) is a candidate for use as an additive in the polymer industry, with the possibility to perform radical chemistry at the maleimide C=C double bond and polar chemistry at the epoxide ring.  This section is focussed on the radical polymerisation of EPM (74); for the synthesis of EPM (74) and subsequent epoxide ring-opening chemistry, see Chapter 5.  The room temperature radical polymerisation of EPM (74) using Et3B (12) or PBD (70) as a radical initiator is presented in Scheme 62.


	Initiator
	Time / h
	Conversion to Product / %*
	Mw
	Mn
	PDi†

	Et3B (12)
	0.25
	(106)        60
	17700
	2900
	6.2

	Et3B (12)
	0.25
	(106)        98
	n/a

	PBD (70)
	2
	(107)        92
	2.7e6
	7900
	342

	PBD (70)
	2
	(107)        53
	n/a


* Yield based on recovered EPM (74) monomer.
† Molecular weight of the polymer was derived from GPC analysis.

Scheme 62: The polymerisation of EPM (74) using commercially available initiators.

The results in Scheme 62 show that EPM (74) can be polymerised by Et3B (12) or PBD (70) at room temperature, to produce the polymeric species 106 or 107 in generally good to excellent yields.  The polymerisations were repeated in order to assess the reproducibility of the radical initiators, and it was found that the conversion to polymer could differ by as much as 40%.  This suggests that although commercially available initiators Et3B (12) and PBD (70) can be used to prepare the polymeric species in good yields, the low reproducibility of these reagents would make them unsuitable for industrial use.  The 1H NMR spectrum of 106 showed that the epoxide group had remained intact after the polymerisation, with the broad peaks indicating the presence of a poly(EPM).  Polymer 107 could not be dissolved in a solvent suitable for 1H NMR spectroscopy (e.g. CDCl3, CD2Cl2, DMSO-d6), however the sample was soluble in the dimethylacetamide (DMA) (75) solvent used for GPC.  The GPC data reveals a significant difference in the molecular weight distribution of the polymers (106) and (107), which could account for the insolubility of 107 in common organic solvents.  Analysis of polymer 106 by GPC revealed a standard bell-shaped curve that is typical of a polymeric species, whereas the GPC curve of 107 showed an atypical molecular weight distribution, which featured a bell-shaped curve and a large amount of high molecular weight species.  The reasons for this atypical molecular weight distribution are unknown, although a possible explanation could involve the ring-opening of the epoxide to form a second polymeric species with a high molecular weight.    
[bookmark: _Toc326825449]Radical Polymerisation Using Initiators Prepared In Situ
[bookmark: _Toc326825450]Radical Polymerisation of N-Phenylmaleimide (29)
The difficulty in achieving reproducible results with commercially available organoborane initiators Et3B (12) and PBD (70), has lead to the exploration of other methods of initiation for the radical polymerisation of maleimides.  Organoboroles can be prepared in situ through the hydroboration of alkenes and used immediately as radical initiators, in the presence of O2, for room temperature radical processes.17  One advantage of using organoboroles prepared in situ to initiate polymerisation reactions is that the properties of the initiating radical can be controlled; another advantage is the ability to introduce different polymer end-groups, which could influence physical properties such as solubility.  The formation of 2-cyclohexyl-1,3,2-benzadioxaborole (108) in situ through the hydroboration of cyclohexene (13) with catecholborane (109), and its subsequent use as a radical initiator for the polymerisation of N-phenylmaleimide (29), is shown in Scheme 63.    


	Conversion to 110 / %*
	Mw
	Mn
	PDi†

	69
	15500
	3800
	4.1

	70
	n/a


* Yield based on recovered N-phenylmaleimide (29) monomer.
† Molecular weight of the polymer was derived from GPC analysis.

Scheme 63: The polymerisation of N-phenylmaleimide (29) using a radical initiator (108) generated in situ through the hydroboration of cyclohexene (13).

As shown in Scheme 63, N-phenylmaleimide (29) can be polymerised using a radical initiator generated in situ through the hydroboration of cyclohexene (13), to produce a polymer (110) in good yield.  Analysis of polymer 110 by 1H NMR spectroscopy showed broad aromatic peaks, which indicate the presence of a poly(N-phenylmaleimide).104  The reaction proceeds with the hydroboration of cyclohexene (13) under Fu’s conditions,110 to form the organoborole intermediate (108).  After the addition of EtOH to react with the excess catecholborane (109), the introduction of air to the reaction facilitates the release of a cyclohexyl radical, which can add to the C=C double bond of N-phenylmaleimide (29) to begin the polymerisation process.  The polymerisation was allowed 24 h, to account for the increased stability of the cyclohexyl radical compared to the ethyl and propyl radicals used previously in this section.  It was hoped the lower reactivity of the cyclohexyl radical combined with a longer reaction time would encourage the growth of a higher molecular weight polymer than was achieved using commercially available initiators.  Analysis of 110 by GPC revealed the polymer had a comparable molecular weight distribution to 99, which was formed using Et3B (12) as initiator.  The results in Scheme 63 show that the yields of polymer 110, using a cyclohexyl radical initiator formed in situ, are comparable to those achieved using commercially available initiators.  Also, according to these results, the yields of polymer 110 are more reproducible using radical initiators generated in situ, suggesting that this method of initiation has a distinct advantage over the use of commercially available initiators.

[bookmark: _Toc326825451]Radical Polymerisation of EPM (74)
Previously, in Section 2.3, the polymerisation of N-phenylmaleimide (29) and EPM (74) using PBD (70) as a radical initiator produced the polymers (100) and (107), which were insoluble in common organic solvents, therefore full characterisation could not be performed.  In Section 2.4.1, a cyclohexyl radical generated in situ was used to initiate the polymerisation of N-phenylmaleimide (29), which resulted in a poly(N-phenylmaleimide) (110) that was soluble in common organic solvents.  It was hoped that using a cyclohexyl radical generated in situ to polymerise EPM (74) would result in a poly(EPM) that was soluble in organic solvents and could be characterised by 1H NMR spectroscopy and GPC.  The polymerisation of EPM (74) using a radical initiator generated in situ through the hydroboration of cyclohexene (13) is shown in Scheme 64.


	Conversion to 111 / %*
	Mw
	Mn
	PDi†

	95
	112000
	5500
	20.4

	93
	n/a


* Yield based on recovered EPM (74) monomer.
† Molecular weight of the polymer was derived from GPC analysis.

Scheme 64: The polymerisation of EPM (74) using a radical initiator (108) generated in situ through the hydroboration of cyclohexene (13).

The results in Scheme 64 show that EPM (74) can be polymerised using a radical initiator generated in situ, to produce polymer 111 in excellent yield.  Also, repetition of the experiment showed that the yields of poly(EPM) (111) are highly reproducible, similar to the yields of poly(N-phenylmaleimide) (110), presented in Section 2.4.1.  
The increased solubility of polymer 111, compared to the polymers produced using PBD (70) as a radical initiator, allowed characterisation by 1H NMR spectroscopy and GPC to be performed.  Analysis of polymer 111 by GPC revealed a large molecular weight distribution (PDi = 20.4), although this was much lower than that of the polymer (107) (PDi = 342), produced using PBD (70) as a radical initiator.  This suggests that more control over the polymer molecular weight distribution can be achieved using a radical initiator generated in situ compared to using PBD (70) as a radical initiator.  The GPC spectra of 111 and 107, produced using β-alkylcatecholborane radical initiators (108) and (70), contained a bell-shaped curve that is typical of a polymer, and also a large amount of high molecular weight species, which results in the high PDi of these samples.  In contrast, the GPC spectrum of 106, produced using Et3B (12) as a radical initiator, contained only the standard bell-shaped curve, hence the lower PDi of this sample.  The reason for the different behaviour of β-alkylcatecholboranes (108) and (70), and Et3B (12), in the polymerisation of EPM (74), is currently unknown.  However, the β-alkylcatecholboranes (108) and (70) can decompose to form catechol, which could be reacting with the epoxide ring to begin another polymerisation process, resulting in the formation of a second polymeric species with a higher molecular weight.  This is evidenced by the appearance of broad aromatic peaks in the 1H NMR spectrum of polymer 111, which also revealed the presence of the broad peaks that are characteristic of a poly(EPM).  The PDi of 111 (PDi = 20.4) is much lower than that of 107 (PDi = 342), which can be explained by the slower decomposition of 108 compared to PBD (70), leading to a lower amount of catechol in the reaction.    
In summary, the polymerisation of N-phenylmaleimide (29) or EPM (74) using a radical initiator generated in situ produces the polymeric species in generally higher yield and reproducibility than can be achieved using Et3B (12) or PBD (70) as the initiator.  For the polymerisation of N-phenylmaleimide (29), the molecular weight distribution is narrower using the in situ method than when using Et3B (12) or PBD (70) as the radical initiator, which results in polymers that are more soluble and therefore easier to characterise.  For EPM (74) polymerisations, the molecular weight distribution is broader using β-alkylcatecholborane initiators (108) and (70) than when Et3B (12) is used as the radical initiator.  This behaviour is believed to arise from the interference of catechol, formed through decomposition of the β-alkylcatecholboranes, with the polymerisation process.  
[bookmark: _Toc326825452]Characterisation by MALDI-TOF Mass Spectrometry
GPC has been considered the main analytical tool for the identification of polymer molecular weight for some time.  However, the availability of faster, more direct  analytical techniques such as MALDI-TOF mass spectrometry has increased considerably over the past few years.111  The potential to extract more information from the MALDI-TOF spectra, including molecular weight distribution, mass of the repeating unit, and mass of the end-groups, has increased the popularity of this technique further.100,101  The role of MALDI-TOF analysis in this project is to provide a comparison with the GPC data, and to provide an insight into the mass of the repeating unit and end-groups.  The results of the molecular weight characterisation of the polymers (99), (102), (106), (107), (110) and (111) by MALDI-TOF mass spectrometry are shown in Figure 11.



	
	
	GPC
	MALDI-MS

	Polymer
	Conversion to Polymer / %*
	Mw
	Mn
	PDi
	Mw
	Mn
	PDia

	99
	88
	20800
	3700
	5.6
	3204
	2965
	1.1

	102
	93
	-
	3735
	3484
	1.1

	110
	69
	15500
	3800
	4.1
	3620
3831
3534
	3333
3585
3313
	1.1
 1.1b
 1.1c

	106
	60
	17700
	2900
	6.2
	2872
	2644
	 1.1d

	107
	92
	2.7 e6
	7900
	342
	-

	111
	95
	112000
	5500
	20.4
	-


* Yield based on recovered monomer.
a Dithranol (112) : AgTFA : Polymer (10:1:1) in THF (10 mg / mL).
b Dithranol (112) : NaI : Polymer (10:1:1) in THF (10 mg / mL).
c Dithranol (112) : Polymer (10:1) in THF (10 mg / mL). 
d DHB (113) : NaI : Polymer (10:1:1) in THF (10 mg / mL).

Figure 11: A comparison between the molecular weight characterisation of polymer samples by GPC and MALDI-TOF mass spectrometry.

As shown in Figure 11, the results of the molecular weight characterisation by MALDI-TOF mass spectrometry differ considerably to those derived from the GPC analysis.  Whereas the values for the number average molar mass (Mn) compare favourably, the values for the weight average molar mass (Mw) cannot be compared.  The large difference in Mw can be attributed to the lack of distinction between the signals representing the high molecular weight species and the background noise of the spectrometer, meaning these signals are ignored in the Mw calculations.  Despite the inaccuracies in the molecular weight characterisation, the direct nature of MALDI mass spectrometry allows other useful information about a polymer to be gained, including the mass the repeating unit and the identity of the end-groups.
The initial conditions for the analysis of poly(N-phenylmaleimide) (99) by MALDI-TOF mass spectrometry involved the use of dithranol (1,8-dihydroxy-9,10-dihydroanthracen-9-one) (112) as the matrix, as this molecule had been used frequently for the analysis of polymeric species in the literature.111  AgTFA was chosen as the ionisation agent, as this silver-containing salt had been used successfully in the literature, for polymers that contained a pendant phenyl group.112  Thus, coordination of the silver cation to the polymer chains results in the appearance of peaks representing [MAg]+ in the MALDI mass spectrum.  
The identity of the polymer repeating unit can be elucidated from the MALDI mass spectrum of 110.  For example, the difference between the spectral lines was calculated to be 173, which indicates the repeating unit is equivalent to a molecule of N-phenylmaleimide (29) [M = 173].  The identity of the polymer end-groups can also be elucidated from the MALDI mass spectrum of 110.  For example, the most intense signal in the mass spectrum of 110 was at m/z = 2388 [MAg]+, from which the mass of a silver ion [M = 108] can be deducted to give the actual mass of the polymer chain [M = 2280].  The polymer chain with M = 2280 is constituted of 13 molecules of N-phenylmaleimide [M = (13 × 173) = 2251], and end-groups that have M = 29.  Thus, the mass of the end-groups corresponds to an ethyl group and a H-atom [M = 29].   
Also observed in the MALDI mass spectrum of 110 was a series of peaks, of lower intensity to those discussed above, which also correspond to a poly(N-phenylmaleimide).  The end-groups of this polymer were determined to be a THF group and a H-atom [M = 72].  Thus, it can be deduced that the second poly(N-phenylmaleimide) species is initiated by THF radicals, derived from THF molecules, which are introduced alongside the triethylborane (12) reagent.  The Et3B (12) is introduced to the reaction as a 1 M solution in THF, and it is believed that the ethyl radicals, released from the reaction of Et3B (12) with molecular oxygen, can abstract a H-atom from the THF molecule to form a THF radical, which can then initiate the polymerisation.  This is similar to the behaviour observed by Hill and co-workers,104 and has been discussed in Section 2.1.4. 
Two sets of spectral lines were observed in the MALDI mass spectrum of 102; the end-groups of the higher intensity peaks were determined to be an ethyl group and a H-atom [M = 29], whereas the end-groups of the minor peaks were determined to be a THF group and a H-atom [M = 72].  Also, the MALDI mass spectrum of 102 contained no evidence that DBP (101) had been incorporated into the polymer chains, which was expected based on the 1H NMR spectrum of 102.  
The mass spectrum of polymer 110, produced using an organoborole radical initiator generated in situ, revealed one set of spectral lines that had a repeating unit that corresponded to a poly(N-phenylmaleimide).  The polymer end-groups were determined to be a cyclohexyl group and a H-atom [M = 84].  Also observed in the MALDI mass spectrum of 110 was a silver aggregate; therefore, in order to produce cleaner spectra, NaI was selected as an alternative ionisation agent.  The analysis of polymer 110 using dithranol (112) as the matrix and NaI as the ionisation agent produced a cleaner spectra, from which one series of spectral lines could be clearly distinguished.  The polymer repeating unit was confirmed to be that of N-phenylmaleimide (29) (M = 173), and the end-groups were determined to be a cyclohexyl group and a H-atom (M = 84).  The analysis of 110 was also performed using dithranol (112) as the matrix with no additional ionisation agent; the resulting mass spectrum showed 3 sets of spectral lines, which arise from ionisation of 110 by H+, Na+, and K+ within the mass spectrometer.  Thus, the optimised conditions for the MALDI-TOF analysis of poly(N-phenylmaleimides) involves the use of dithranol (112) as the matrix and NaI as the ionisation agent.   
The successful use of dithranol (112) as the matrix for the analysis of poly(N-phenylmaleimides) could not be repeated for the analysis of poly(EPM) (106), with the resulting spectra containing no spectral lines that were representative of a polymeric species.  However, the use of 2,5-dihydroxybenzoic acid (DHB) (113) as the matrix and NaI as the ionisation agent proved successful for the analysis of 106.  From the mass spectrum of 106, two sets of spectral lines of were observed, indicating the presence of two polymeric species.  The difference between the spectral lines was determined to be M = 153, which indicates the repeating unit is equivalent to a molecule of EPM (74) [M = 153].  The end-groups of the higher intensity peaks were determined to be an ethyl group and a H-atom [M = 29], whereas the end-groups for the lower intensity peaks were determined to be a THF group and a H-atom [M = 72].      

[bookmark: _Toc326825453]Conclusion
Commercially available organoborole reagent PBD (70) has been shown to initiate various room temperature radical reactions, including radical addition and polymerisation.  PBD (70) has been used in combination with organophosphorus hydride radical mediators DPO (17) or DEP (18), for the addition of organophosphorus groups to various alkenes.  The alkyl radical released during initiation can abstract a H-atom from the relatively weak P-H bond to produce a P-centred radical, which can then react with an alkene such as 1-octene (23) or cyclohexene (13) to give the addition products in reasonable yield.  The radical addition of DPO (17) to N-phenylmaleimide (29) was explored, giving the desired product in good yield.  However, the reaction of DEP (18) with N-phenylmaleimide (29) failed to give any identifiable products, which was surprising as it was expected that the more nucleophilic radical, formed from the reaction between DEP (18) and PBD (70), would add to the electron-poor alkene of the maleimide without incident.  A radical reaction between DPO (17) and N-allylmaleimide (97) showed that the P-centred radical adds to the maleimide C=C double bond to form the maleimide-addition product (98) in mediocre yield.  There is some evidence to suggest that N-allylmaleimide (97) has reacted with two molecules of DPO (17), although this double-addition product could not be isolated from the reaction mixture. 
PBD (70) has been used successfully to directly initiate the radical polymerisation of N-phenylmaleimide (29), N-allylmaleimide (97) and EPM (74).  However, control over the molecular weight proved difficult, resulting in the use of DBP (101) as a chain transfer agent.  The polymerisation of N-phenylmaleimide (29) and EPM (74) using an organoborole radical initiator, prepared in situ through the hydroboration of alkenes, was also explored.  Using this method, the polymeric species were produced in good, reproducible yields, with comparable molecular weight distributions to those achieved using the commercially available initiators.  MALDI-TOF mass spectrometry was used to identify the maleimide repeating unit and the end-groups, however this technique could not give reliable information towards the molecular weight distribution of the polymers, as the polydispersity of the samples was too high.  
The poly(N-phenylmaleimides) presented in this chapter, produced using organoboron radical initiators, were shown by GPC to have a reasonably broad molecular weight distribution (PDi = 4.1 – 5.6).  Based on these results, the use of organoboron radical initiators to polymerise N-phenylmaleimide (29) does not compare favourably to other, more traditional radical initiators that have been used previously within the group.  For example, AIBN (6) can be used as a radical initiator, to produce poly(N-phenylmaleimides) with a PDi = 1.4 – 2.9.85  However, an advantage to using organoborole radical initiators generated in situ through the hydroboration of alkenes, for polymerisation processes, is that the experimental procedure can be completed at room temperature, to give the polymeric species in good, reproducible yields.



[bookmark: _Toc326825454]Chapter 3: Radical Reactions Using β-Alkylcatecholborane Initiators Generated In Situ
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[bookmark: _Toc326825455]Introduction
[bookmark: _Toc326825456]Background
An advantage to using β-alkylcatecholboranes as radical initiators is the possibility to generate these reagents in situ immediately prior to a reaction, thus negating the potential degradation that can occur during storage, whereby the organoborole could react with molecular oxygen over long periods.  The most popular, convenient method for the synthesis of β-alkylcatecholboranes is through the hydroboration of alkenes, which was pioneered by Brown and co-workers in the 1970’s.113  The hydroboration of alkenes involves the syn addition of a B-H bond across a C=C double bond, whereby the empty boron p-orbital is added to the least substituted carbon, and the hydrogen atom is added to the adjacent carbon, in a concerted fashion.  As such, hydroboration is favoured by electron-rich alkenes that can donate electrons to the electron-deficient boron atom.  The hydroboration of alkenes is regioselective, with the bulky boron component placed on the least substituted carbon of the C=C double bond to form the anti-Markovnikov addition product (Scheme 65).


Scheme 65: The mechanism for the hydroboration of alkenes with catecholborane (109).

The conditions developed by Brown and co-workers involved heating an alkene with catecholborane (109) at 100 °C for 2-4 h,113 to give the organoborole product in good yield (Scheme 66).  The hydroboration of terminal alkenes with catecholborane (109) was efficient under these conditions; however, the slower rate of hydroboration of internal alkenes resulted in a change of conditions to include a longer heating time.  For example, the hydroboration of cyclohexene (13) required heating at 100 °C for 4 h, in order to achieve a 95% yield of the organoborole product (108). 


Scheme 66: The hydroboration of 1-pentene (114) with catecholborane (109), under conditions developed by Brown and co-workers.113

The regioselectivity of the hydroboration reaction is generally determined by the steric bulk of the hydroborating agent, with bulky boranes such as catecholborane (109), pinacolborane (116), and 9-borabicyclo[3.3.1]nonane (9-BBN) (117), shown to produce the hydroboration product with greater regioselectivity than smaller molecules such as borane (BH3).3,114  Various functional groups (e.g. alcohols, alkyl/aryl halides, ethers) are tolerated by the hydroboration reaction, provided they are not directly attached to the alkene; however, certain functional groups (e.g. aldehydes, ketones, imines, carboxylic acids), that are susceptible to reduction by boron hydride reagents, can be reduced by the borane component.114  
Subsequent progress in the development of the hydroboration of alkenes has lead to milder processes, which often involve the addition of a catalyst.  One such procedure was developed by Männig and Noth in 1985,115 whereby they reacted 1-octene (23) and catecholborane (109) in the presence of Wilkinson’s catalyst (118) at room temperature, to afford the hydroboration product (119) in good yield (Scheme 67).  


Scheme 67: The hydroboration of 1-octene (23) with catecholborane (109), under conditions developed by Mannig and Noth.115

An advantage to using Rh-catalysed hydroboration reactions is that the organoborole product can be formed quickly at ambient temperatures; however, this approach is more sensitive towards the steric bulk of the alkene substrate, with the formation of an alkene-Rh complexing difficult if the alkene is heavily substituted.  Although, this gives rise to selective hydroboration reactions, whereby the least hindered alkene can be preferentially targeted within a substrate that contains more than one C=C double bond.116
In a 1996 paper,110 Fu and co-workers presented a procedure whereby the alkene and catecholborane (109) are reacted at room temperature in the presence of a dimethylacetamide (DMA) (75) catalyst, to afford the hydroboration product in good yield (Scheme 68). 


Scheme 68: The hydroboration of 3-ethyl-oct-3-ene (120) with catecholborane (109) under conditions developed by Fu and co-workers,110 followed by oxidation to form 121. 

As shown in Scheme 68, the DMA-catalysed procedure for the hydroboration of alkenes is tolerant of highly substituted, sterically hindered alkenes such as 3-ethyl-oct-3-ene (120); the hydroboration-oxidation product (121) was prepared in 86% yield at room temperature.  This was a significant achievement, as product 121 had previously been formed in just 2% yield,116 at room temperature, using the Rh-catalysed route.   
The hydroboration of alkenes with catecholborane (109) can be used to form β-alkylcatecholboranes, which have potential applications as mild, radical initiators for use in organic synthesis.  As presented in Chapter 2, the β-alkylcatecholboranes (e.g. PBD (70)) can undergo a reaction with molecular oxygen, which releases a carbon-centred alkyl radical that can initiate various radical transformations including the polymerisation of maleimides.  
In the next section, the reaction of β-alkylcatecholboranes with the persistent nitroxide radical TEMPO (15) will be introduced, paying particular attention to the application of this reaction towards maleimide substrates.  In particular, the reaction of β-alkylcatecholboranes with TEMPO (15) to form alkyl radicals, and the subsequent reaction of the alkyl radicals with maleimides to form alkoxyamines will be presented.  Finally, the potential application of this chemistry towards the synthesis of 3-substituted maleimides will be introduced.  
[bookmark: _Toc326825457]Synthesis of Alkoxyamines
After the hydroboration of alkenes to prepare the organoborole species (RB(OR1)2), the newly formed radical initiator can be exposed to an oxygen radical source (e.g. molecular oxygen or TEMPO (15)), which releases an alkyl radical (R•) that can undergo various reactions including addition to alkenes.  The first application of organoborole radical initiators generated in situ, for the conjugate addition of alkyl radicals to the C=C double bond of α,β-unsaturated dicarbonyl compounds, was that developed by Renaud and co-workers in 2002 (Scheme 69).22



Scheme 69: The one-pot synthesis of alkoxyamine 122,22 which involves the hydroboration of cyclohexene (13) and subsequent conjugate addition-aminoxylation reactions.

The reaction sequence in Scheme 69 proceeds with the hydroboration of cyclohexene (13) with catecholborane (109), using conditions derived from those of Fu,110 to form the organoborole intermediate (108).  The specific role of DMA (75) in the hydroboration mechanism is unclear, although it was thought that DMA (75) could react with catecholborane (109) to form a reactive BH3-DMA complex that can perform the hydroboration at ambient temperature.110  It was noted that the hydroboration of cyclohexene (13) was proceeding sluggishly at room temperature, so the reaction was heated in order to improve the rate of conversion to the organoborole (108).22  After the hydroboration to form the organoborole intermediate (108), N-phenylmaleimide (29) is added in large excess, followed by slow addition of TEMPO (15).  Two equivalents of TEMPO (15) are required in this procedure; the first reacts with the organoborole (108) to release a cyclohexyl radical; the second equivalent traps the adduct-radical that is formed after addition of the cyclohexyl radical to N-phenylmaleimide (29).  It was noted that the addition of TEMPO (15) must be performed slowly in order to minimise a potential side reaction, whereby the second equivalent of TEMPO (15) reacts with the cyclohexyl radical to form compound 123, before it can add to N-phenylmaleimide (29).  
[bookmark: _Toc326825458]Reduction of Alkoxyamines
As presented in Chapter 1, alkoxyamines can be used as radical initiators for the NMP of alkenes such as styrene (13) and methyl methacrylate (14).  This involves reversible homolytic cleavage of the weak C-O bond in the alkoxyamine, and a reaction of the resulting carbon-centred radical with the monomer alkene.  Alternatively, the relatively labile C-O-N alkoxyamine group could be manipulated in order to transform the alkoxyamine into an alcohol.  For example, in a 1990 paper,117 Pattenden and co-workers showed that by reacting an alkoxyamine (124) with Zn / H+, a Zn atom could be inserted into the O-N bond to facilitate the formation of a hydroxyl group and a piperidine (Scheme 70).



* The E/Z ratio was determined by 1H NMR spectroscopy.

Scheme 70: The reduction of an alkoxyamine (124) to form an alcohol (125) using Zn / AcOH.

[bookmark: _Toc326825459]Synthesis of 3-Substituted Maleimides
As seen in Chapter 1, the synthesis of 3-substituted maleimides is often accomplished by introducing the 3-substituent through a maleic anhydride precursor.  The 3-substituted maleic anhydride and a suitable primary amine can then be heated in acidic media to afford the maleimide product; an example of this method, used by Hayashi and co-workers in 2006, is shown in Scheme 71.118     


Scheme 71: The synthesis of 3-substituted maleimides through the reaction of a 3-substituted maleic anhydride with benzylamine (126).

The method shown in Scheme 71 can be used to prepare a number of 3-substituted maleimides in good yield, however the harsh acidic conditions place restrictions on the chosen amine (see Chapter 5).  Also, this method relies on the desired 3-substituted maleic anhydride starting material being available for purchase; alternatively, the desired 3-substituted maleic anhydride could be synthesised through an organometallic coupling of a commercially available, halogenated, maleic anhydride and an alkyl group (see Chapter 1). 
Indeed, relatively few methods exist for the direct introduction of substituents at the 3- and 4- position of the maleimide C=C double bond, without losing the alkene functionality in the final product.  A method for the synthesis of 3-substituted maleimides based on radical methodology was developed by Barton and co-workers in 1987.68  Their approach involved direct installation of an alkyl substituent onto a maleimide C=C double bond, through a variation of the Barton decarboxylation.  An example of this method, used by Johnson and co-workers in 1992,119 as they prepared some maleimide analogues of the amino acid L-quisqualic acid, is shown in Scheme 72.  The sequence proceeds with the reaction of carboxylic acid 127 with isobutyl chloroformate (128), to form the mixed anhydride, which is converted to the 2-thiono-N-hydroxypyridyl ester (129) using 2-mercaptopyridine-N-oxide (130).  The ester (129) was irradiated in the presence of an excess of maleimide, to form the maleimide-adduct (131) as a mixture of diastereoisomers (the d.r. was not reported).  The sulfide was oxidised to the sulfoxide using meta-chloroperbenzoic acid (m-CPBA) (96), with subsequent pyrolysis affording the 3-substituted maleimide product (132) in reasonable overall yield. 


Scheme 72: The synthesis of 3-substituted maleimides, using radical methodology that was developed by Barton and co-workers.68

The method of Barton and co-workers can be used to prepare a variety of 3-substituted maleimides in reasonable overall yields; however, the 3-substituents are derived from aliphatic carboxylic acids that must be esterified in order to form the thiohydroxamic ester intermediate.  Overall, this prevents cyclic groups being installed at the maleimide 3-position.  Also, the experimental procedure appears fairly long-winded and intensive, as it involves; two aqueous work-ups, two purifications by flash chromatography, 45 minutes in a light-free environment, the use of microwave equipment, and the use of potentially explosive m-CPBA (96).
A more recent approach to the introduction of alkyl substituents onto the maleimide ring, based on radical alkylation methodology, was demonstrated by Messorosh and co-workers in 2008.120  They showed that heating 3,4-dichloro-N-phenylmaleimide (133) (prepared from 3,4-dichloromaleic anhydride and aniline) with a hydrocarbon solvent and a peroxide radical initiator can lead to the formation of a mono- or di-substituted maleimide (Scheme 73).  The reaction mechanism proceeds with the abstraction of a H-atom from the hydrocarbon reagent/solvent by the radical initiator, to form a carbon-centred radical.  The newly formed alkyl radical can add to the C=C double bond of the maleimide to form a maleimide-adduct, which can then undergo radical fragmentation to release a Cl• radical and re-form the alkene.



	Initiator (eq.)
	Reagent
	R
	R1
	Yield of Product / %

	(PhCO2)2  (10 mol%)
	cyclohexane
	cyclohexyl
	-
	(134)    70

	(PhCO2)2  (4 × 10 mol%)
	cyclohexane
	cyclohexyl
	cyclohexyl
	(135)    30

	(tBuO)2    (2 × 10 mol%)
	toluene
	benzyl
	-
	(134)    52



Scheme 73: The synthesis of 3-alkyl and 3,4-dialkyl substituted maleimides using radical alkylation methodology.

As shown in Scheme 73, heating 3,4-dichloro-N-phenylmaleimide (133) in the presence of hydrocarbon solvents cyclohexane and toluene can lead to the formation of mono-alkyl substituted maleimide (134) in decent yields.  Also, by introducing more of the radical initiator to the reaction mixture the 3,4-dialkyl substituted maleimide (135) can be formed, albeit in poor yield.
[bookmark: _Toc326825460]Synthesis of Alkoxyamines
[bookmark: _Toc326825461]Initial Result Using PBD (70) as the Radical Initiator
Initial studies towards the synthesis of alkoxyamines involved the use of commercially available PBD (70) as the radical initiator.  It was envisaged that a reaction between PBD (70) and the persistent nitroxide radical TEMPO (15) would release a propyl radical, which could then add to the C=C double bond of a maleimide.  The resulting carbon-centred radical could then be trapped by a second equivalent of TEMPO (15) to form the desired alkoxyamine.  The results of this reaction are shown in Scheme 74.


Scheme 74: The attempted formation of alkoxyamine 137 using PBD (70) as the radical initiator.

As shown in Scheme 74, the expected conjugate addition reaction did not occur and the desired alkoxyamine (137) was not formed.  Instead, a small quantity of another alkoxyamine (138) was recovered, which is believed to have formed through a reaction of the released propyl radical with TEMPO (15), before a conjugate addition reaction with N-phenylmaleimide (29) could occur.  Analysis of the crude reaction mixture by 1H NMR spectroscopy revealed that N-phenylmaleimide (29) was not involved in the reaction, and that no maleimide-addition product, including any polymeric species, had been formed.  The low yield of 138 suggests that PBD (70) has a low reactivity towards TEMPO (15) under these conditions.
[bookmark: _Toc326825462]Using Radical Initiators Generated In Situ
In order to improve the reactivity of the organoborole component towards TEMPO (15), it was thought that an alternative, more reactive organoborole species, with a weaker B-C bond, could be formed in situ immediately before the radical cascade sequence.  The one-pot synthesis of alkoxyamines, involving the hydroboration of alkenes and subsequent conjugate addition-aminoxylation reactions, is shown in Scheme 75.


	Alkene
	Yield of A  / %
	d.r. of Ae
(trans- : cis-)
	Yield of B / %

	cyclohexene (13)
	 trans- 122a     70
    cis- 122b       9
	8 : 1
	(123)      2

	cyclohexene (13)a
	 trans- 122a     68
    cis- 122b     11
	6 : 1
	(123)      0

	4-methyl-1-pentene (139)b
	 trans- 141a     23d
    cis- 141b       5
	4 : 1
	(145)     27

	1-octene (23)
	          (142)     31
	4 : 1
	(146)     26

	allyl benzene (40)b
	          (143)     44
	4 : 1
	(147)     29

	allyl phenyl ether (140)b,c
	          (144)     18
	4 : 1
	(148)     36


a No DMPU (136) was added.
b 15 eq. N-phenylmaleimide (29) was added.
c Yield was determined by 1H NMR spectroscopy.
d 2:1 mixture of regioisomers (as determined by 1H NMR spectroscopy).
e d.r. was determined by 1H NMR spectroscopy.

Scheme 75: One-pot synthesis of alkoxyamines. 

As shown in Scheme 75, the alkoxyamines (122), (141), (142), (143) and (144), resulting from the conjugate addition of alkyl radicals to N-phenylmaleimide (29), can be prepared in a one-pot procedure.  Conjugate addition product 122 is formed in good (79%) yield when cyclohexene (13) is used as the starting alkene, which compares favourably to the synthesis of 122 by Renaud and co-workers (70%, d.r. > 98 : 2)22, presented in Section 3.1.2.
When the conditions in Scheme 75 were repeated with non-cyclic terminal alkenes (e.g. 4-methyl-1-pentene (139)), the conjugate addition product (141) was prepared in a much lower yield (2.5%), with a significant amount of the direct addition product (145) (32% yield) also recovered by column chromatography.  This can be explained by the higher reactivity of primary alkyl radicals towards TEMPO (15), which are trapped by the nitroxide before they can react with N-phenylmaleimide (29).  In order to promote the formation of conjugate addition product 141, the solution of TEMPO (15) was added dropwise over a longer (4 h) period; however, this lead to the recovery of 141 in only 6% yield, and the direct addition product (145) in 47% yield.  The amount of N-phenylmaleimide (29) was then increased from 5 to 15 equivalents, which resulted in the recovery of conjugate addition product 141 in a much improved 28% yield, as well as direct addition product 145 in 27% yield.  The improved experimental procedure was used to prepare alkoxyamine 143 in 44% yield, which was significant because the synthesis of 143 using the original conditions had proved elusive.  However, increasing the amount of N-phenylmaleimide (29) to 15 equivalents created difficulty in the purification of alkoxyamine 144; thus, this compound was not isolated after column chromatography.  Using this procedure, compounds 141, 142 and 143 have been prepared for the first time.  
A difference in the diastereoselectivity of the alkoxyamines formed through the conjugate addition of 1° and 2° radicals to N-phenylmaleimide (29) was observed.  The diastereoselectivity of 122 [d.r. = 8 : 1 (trans- : cis-)] arises from unfavourable steric interactions between the cyclohexyl group and TEMPO, which forces the reaction to yield predominantly the trans- configured product (122a) in order to minimise these interactions.  In compounds 141 - 144, the steric bulk of the alkyl chain is smaller in comparison to the cyclohexyl ring, and further away from TEMPO, which means the unfavourable steric interference between these groups is relaxed, and a higher proportion of the cis- configured product is formed. 
The role of N,N'-dimethylpropyleneurea (DMPU) (136) in the conjugate addition-aminoxylation reaction is not clearly understood at the present time.  Renaud and co-workers noted that DMPU (136) was required in order to achieve good yields of alkoxyamine 123, and postulated that it could assist the fragmentation of the perboryl intermediate by complexing the final borate (Scheme 76).22  




Scheme 76: DMPU (136) could assist fragmentation of the perboryl radical intermediate.

However, as shown in Scheme 75, when the reaction to form 122 was repeated without DMPU (136), the conjugate addition product (122) was formed in nearly identical yield, albeit with a slightly lower diastereoselectivity.
[bookmark: _Toc326825463]Direct Trapping of Alkyl Radicals by TEMPO (15)
The conjugate addition product of the reaction between alkyl radicals and N-phenylmaleimide (29) is formed in good yield when cyclohexene (13) is used as the starting alkene.  This suggests that conjugate addition is favoured by the more stabilised 2° radicals, whereas the more unstable 1° radicals prefer to undergo direct coupling with TEMPO (15).  The directly coupled product of the reaction between an alkyl radical and TEMPO (15) can be formed through design, in a one-pot procedure, if the maleimide is excluded from the reaction (Scheme 77).


	Alkene
	Solvent
	T / °C
	Yield of Product / %

	cyclohexene (13)
	DCM
	40
	(123)    78

	cyclohexene (13)
	CHCl3
	60
	(123)    90

	cyclohexene (13)
	DCM
	40
	(123)     0*

	4-methyl-1-pentene (139)
	DCM
	40
	(145)    59


* No DMA (75) catalyst was added.
 
Scheme 77: One-pot synthesis of alkoxyamines 123 and 145, involving the hydroboration of alkenes and reaction of the released alkyl radicals with TEMPO (15).

As shown in Scheme 77, direct addition products 123 and 145 can be prepared in good yields using a one-pot procedure.  The preparation of compound 123, using chloroform as the solvent, was achieved in an excellent 90% yield, which is comparable to that achieved for the synthesis of 123 by Renaud and co-workers (87%).22  The reaction to form 123 was performed without a catalyst to assess whether direct heating was sufficient to promote the hydroboration; however, product 123 was not formed under these conditions, suggesting that DMA (75) is a necessity for this reaction to occur at 40 °C.  Compound 145 has been prepared for the first time using the method outlined in Scheme 77.     
The reaction sequence involves the hydroboration of alkenes to form an organoborole intermediate that can react with TEMPO (15) to release an alkyl radical, which can react with a second equivalent of TEMPO (15) to form an alkoxyamine.  The direct addition reaction between alkyl radicals and TEMPO (15) proceeds efficiently for both primary and secondary radicals, whereas the conjugate addition process (see Scheme 75) is favoured by cyclic 2° radicals.  This can be explained by the 2° alkyl radicals possessing more nucleophilic character than the 1° alkyl radicals, meaning they react more quickly with the electron-poor C=C double bond of a maleimide.  
[bookmark: _Toc326825464]Conversion of an Alkoxyamine (122a) to an Alcohol (149)
As mentioned previously in Section 3.1.3, the relatively labile C-O-N group can be manipulated for the conversion of alkoxyamines into alcohols.  The methodology of Pattenden and co-workers can be applied to alkoxyamines derived from maleimides; the reaction of 122a to form alcohol 149 is shown in Scheme 78.  


Scheme 78: The reduction of alkoxyamine 122a to form alcohol 149 using Zn in AcOH.

As shown in Scheme 78, alkoxyamine 122a was reacted with Zn in 50% aq. AcOH to afford alcohol 149 in excellent (94%) yield.  Compound 149 was isolated from the reaction mixture without the need for purification by flash chromatography, and this represents the first reported synthesis of 149.  It was thought that the synthesis of alkoxyamine 122a and the subsequent transformation of 122a into alcohol 149 could be combined in a one-pot procedure, however the desired product (149) was not formed using the unified methodology.   
The reaction presented in Scheme 78 could potentially be used to prepare biologically important 3,4-disubstituted succinimide derivatives that feature a hydroxyl in one of the positions.  An example of such a compound is the succinimide analogue (150) of the telomerase inhibiter UCS1025A (151) (Figure 12), synthesised by Christmann and co-workers in 2007.121 


Figure 12: The telomerase inhibitor UCS1025A (151), and a succinimide analogue (150).

In this paper,121 they reported the formation of the 3,4-disubstitution pattern by reacting 4-hydroxy-N-benzylsuccinimide (152) with aldehyde 153 in the presence of NaHMDS to afford the 3,4-disubstituted product (154) in 55% yield (Scheme 79).  The succinimide alcohol in compound 154 was subsequently protected as the TBS ether, before oxidation of the secondary hydroxyl group by PCC afforded succinimide analogue 150 in 51% yield (over 2 steps).



Scheme 79: The reaction of succinimide 152 with aldehyde 153 to form the 3,4-disubstituted succinimide (154) in 56% yield, as reported by Christmann and co-workers in 2007.121
 
The use of hydroboration-TEMPO oxidation followed by Zn reduction, to form hydroxylated succinimides, will be discussed in Chapter 7. 
[bookmark: _Toc326825465]Elimination of TEMPO-H (71)
In order to assess whether the prepared alkoxyamines (122), (141), (142) and (143) could be used as radical initiators for the NMP of alkenes, compound 122a was heated in the presence of styrene (13), as this monomer is known to be easily polymerised in the presence of carbon-centred radicals.37  It was hoped that thermal homolytic cleavage of the C-O bond in 122a would lead to the formation of a carbon-centred radical that could initiate the NMP of styrene (13) [Scheme 80 (a)].  However, no polymeric species was formed during this reaction, and the only recovered product was 3-substituted maleimide (155) in an excellent yield of 99% [Scheme 80 (b)].


Scheme 80: (a) The proposed route for the NMP of styrene (13).  (b) Heating alkoxyamine 122a at 60 °C for 24 h resulted in the formation of maleimide product (155).

As shown in Scheme 80, heating alkoxyamine 122a in the presence of 5 equivalents of styrene (13) did not lead to a polymerisation reaction; instead, 3-substituted maleimide 155 was formed in near quantitative yield.  Attention then turned to optimising the conditions for the preparation of 3-substituted maleimides.  It was found that by heating alkoxyamines 122a and 141a in toluene for 2 h, the 3-substituted maleimides (155) and (156) could be prepared in excellent yields (Scheme 81).





	R
	Solvent
	T / °C
	t / h
	Yield of Product / %

	cyclohexyl
	DCM
	r.t.
	24
	     (155)      0

	cyclohexyl
	DCM
	40
	24
	     (155)      0

	cyclohexyl
	Toluene
	110
	2
	  (155)     96 (99*)

	4-methylpentyl
	Toluene
	110
	2
	  (156)     87 (99*)


* Yield was determined by 1H NMR spectroscopy.

Scheme 81: The preparation of 3-substituted maleimides 155 and 156.

Analysis of the un-purified reaction mixture of 155 by ESI-MS showed a peak at m/z = 158 [MH+], which indicates that 2,2,6,6-tetramethyl-N-hydroxypiperidine (TEMPO-H) (71) [M = 157] was being formed during the reaction and suggests that an intramolecular elimination process is involved in the formation of 155.  It was thought that the elimination could proceed through a variety of intramolecular pathways including; an E1cB elimination, a two-step bond homolysis then radical fragmentation pathway, or a concerted syn-periplanar elimination.  A comparison of these elimination mechanisms is shown in Scheme 82.      


Scheme 82: Three possible mechanistic pathways for the elimination of TEMPO-H (71).  (a) E1cB elimination.  (b) Radical elimination.  (c) syn-periplanar elimination.

Three possible mechanistic pathways for the elimination of TEMPO-H (71) are presented in Scheme 82.  The E1cB mechanism [Scheme 82 (a)] involves the formation of a carbanion, which is stabilised through conjugation with the adjacent imide carbonyl group.  The elimination of TEMPO-H (71) through an E1cB mechanism could also proceed through a concerted pathway, whereby the deprotonation and elimination are combined in a single step.  If the elimination of TEMPO-H (71) from alkoxyamines to form 3-substituted maleimides proceeds through an E1cb mechanism, then introduction of a base to the reaction should promote carbanion formation and increase the rate of reaction.  The radical pathway [Scheme 82 (b)] for the elimination of TEMPO-H (71) involves reversible homolysis of the alkoxyamine C-O bond to form a carbon-centred radical stabilised through conjugation with the adjacent imide carbonyl group.  To probe the radical mechanism, an excess of TEMPO (15) could be added in order to trap the carbon-centred radical before elimination can take place.  The concerted syn-periplanar mechanism [Scheme 82 (c)] for the elimination of TEMPO-H (71) involves the intramolecular elimination of TEMPO and a H-atom from the same face of the ring to form the maleimide alkene.  To elucidate this mechanism, the rate of elimination of TEMPO-H (71) from the trans- and cis- alkoxyamines could be compared.  It was expected that elimination of TEMPO-H (71) from the cis- isomer would proceed more slowly, as this isomer must first be converted to the trans- isomer before elimination can occur.  The results of these experiments, to probe the reaction mechanism, are presented in Scheme 83.


	Alkoxyamine
	Solvent
	T / °C
	t / h
	Additive
	Yield of 155 / %

	122a
	DCM
	r.t.
	24
	-
	0

	122a
	DCM
	r.t.
	24
	Et3N (157) (1 eq.)
	0

	122a
	DCM
	40
	48
	-
	35

	122a
	DCM
	40
	48
	Et3N (157) (1 eq.)
	20

	122a
	DCM
	40
	48
	piperidine (158) (1 eq.)
	40

	122a
	CHCl3
	60
	72
	-
	99

	122a
	CHCl3
	60
	72
	Et3N (157) (1 eq.)
	99

	122a
	toluene
	110
	2
	-
	99

	122a
	toluene
	110
	2
	TEMPO (15) (2 eq.)
	99

	122b
	toluene
	110
	5
	-
	 64*

	122b
	toluene
	110
	24
	-
	99


* Yield was determined by 1H NMR spectroscopy of the crude reaction mixture
(155 : 122b : 122a in a 1 : 0.42 : 0.15 ratio).

Scheme 83: Probing the elimination mechanism for the transformation of alkoxyamine 122 to 3-substituted maleimide 155.  

As shown in Scheme 83, the effect of basic additives such as Et3N (157) or piperidine (158) on the rate of elimination of TEMPO-H (71) from trans-122a is negligible compared to the reactions without any additives present.  The indifference of basic additives on the rate of reaction suggests that the mechanism is not an E1cB elimination.  In a separate experiment, the reaction was repeated with an excess of TEMPO (15), however this did not affect the reaction outcome and 3-substituted maleimide 155 was formed in 99% yield.  This suggests that carbon-centred radicals are not formed during the reaction, and that the elimination is not proceeding through a radical pathway.  It is believed that the elimination of TEMPO-H (71) is occurring through a concerted syn-periplanar mechanism, with TEMPO and the H-atom on the same face of ring in trans- 122a undergoing an intramolecular elimination process.  This is evidenced by the different behaviour of trans- 122a and cis- 122b during heating.  Heating a sample of trans- 122a, at 110 °C for 2 h, lead to the formation of 3-substituted maleimide 155 in 99% yield.  Whereas, after a sample of cis- 122b was heated at 110 °C for 5 h, only partial conversion to 3-susbtituted maleimide 155 was observed by 1H NMR spectroscopy.  The 1H NMR spectrum of the crude reaction mixture showed that 3-substituted maleimide 155, cis- 122b, and trans- 122a were present in a 1 : 0.41 : 0.15 ratio (155 : 122b : 122a), which suggests that cis- 122b is being converted into trans- 122a before the elimination can occur.  Indeed, full conversion of cis- 122b to 3-substituted maleimide 155 was only achieved after the cis- isomer was stirred in refluxing toluene for 24 h.  
A similar concerted elimination reaction is the Cope elimination, which involves heating a tertiary amine-oxide in order to the form an alkene and a hydroxylamine [Scheme 84 (a)].122  Another concerted elimination pathway is that promoted by the use of Burgess’ reagent, which transforms a secondary/tertiary alcohol with an adjacent hydroxyl group into an alkene [Scheme 84 (b)].123


Scheme 84: (a) The mechanism of the Cope elimination, which involves the formation of an alkene from a tertiary amine oxide.  (b) The formation of an alkene from a tertiary alcohol using Burgess’ reagent (159).





[bookmark: _Toc326825466]Synthesis of 3-Substituted Maleimides
[bookmark: _Toc326825467]A New One-Pot Procedure
Our new protocol for the synthesis of 3-alkyl substituted maleimides involves a 3-step, one-pot procedure, combining mild reaction conditions and non-toxic reagents.  The method proceeds with the hydroboration of an alkene (13), (23), (40), (161), (162), or (163) with catecholborane (109) under modified Fu’s conditions, to form an alkylated borole intermediate.  Introduction of TEMPO (15) to the reaction facilitates the release of an alkyl radical, which can undergo conjugate addition to the maleimide C=C double bond.  Subsequent trapping of the formed carbon-centred radical at the 4-position by another molecule of TEMPO (15) affords the alkoxyamine.  The mixture is then heated to eliminate TEMPO-H (71) and re-form the maleimide alkene.  The 3-substituted maleimide products can be isolated, after a simple aqueous work-up, by flash chromatography.  The formation of 3-substituted maleimide 155 was determined by spectroscopic analysis; in particular, the 1H NMR spectrum of 155 showed a characteristic peak (6.4 ppm, d, J = 1.5 Hz), which represents the alkenic hydrogen.  Using cheap, readily available alkenes and maleimide substrates, a number of 3-substituted maleimides have been prepared for the first time using this methodology (Scheme 85).







	Alkene
	Maleimide
(N-R1)
	Conditions (Final Step)
	Yield of A
/ %
	Yield of B
/ %

	cyclohexene (13)
	N-Ph (29)
	toluene, reflux, 2 h
	(155)   91
	(123)     2

	cyclohexene (13)
	N-Ph (29)
	toluene, reflux, 2 ha
	(155)   52
	-

	cyclohexene (13)
	N-Ph (29)
	CHCl3, reflux, 48 hb
	(155)   85
	-

	cyclopentene (160)
	N-Ph (29)
	toluene, reflux, 2 h
	(165)   63
	(173)   22

	cyclooctene (161)
	N-Ph (29)
	toluene, reflux, 2 h
	(166)   63
	-

	4-methyl-cyclohexene (162)
	N-Ph (29)
	toluene, reflux, 2 h
	(167)   62c
	-

	1-methyl-cyclohexene (163)
	N-Ph (29)
	toluene, reflux, 2 h
	(168)   68d
	-

	1-octene (23)
	N-Ph (29)
	toluene, reflux, 2 h
	(169)   35
	(146)   26

	allylbenzene (40)
	N-Ph (29)
	toluene, reflux, 2 h
	(170)   28e
	(147)   35

	cyclohexene (13)
	N-Et (164)
	toluene, reflux, 2h
	(171)   72
	-

	cyclopentene (160)
	N-Et (164)
	toluene, reflux, 2h
	(172)   87
	-


a toluene, 40 °C, 3 h (for the hydroboration).
b CHCl3, 60 °C, 3 h (for the hydroboration).
c 3:2 (d.r. = 1:1) mixture of regioisomers (determined by 1H NMR spectroscopy).
d d.r. = 5:1 (trans- : cis-) was determined by 1H NMR spectroscopy.
e 9:1 mixture of regioisomers (determined by 1H NMR spectroscopy).

Scheme 85: A new protocol for the synthesis of 3-substituted maleimides.

The results presented in Scheme 85 show that this method can be used to prepare 3-alkyl substituted maleimides in generally good yields.  As expected, the formation of alkylated maleimides proceeds efficiently when cyclic alkenes are used as precursors to the organoborole radical initiator.  However, when terminal alkenes are used the yield of alkylated maleimide is significantly lower.  The difference between the reactivity of the organoboroles derived from cyclic and terminal alkenes involves a competing side reaction between the released 2° and 1° radicals and TEMPO (15), and has been discussed previously in Section 3.2.2.  
Although 3-substituted maleimide 155 was synthesised in 91% yield using the conditions outlined in Scheme 85, it was thought that the procedure would become more straightforward experimentally if a single solvent system was employed throughout.  As toluene had been used successfully for the elimination step, the entire procedure was repeated using toluene as the only solvent, however the maleimide product (155) was produced in a lower yield of 52%.  This suggests that non-polar toluene is not a good solvent for the formation of alkoxyamine intermediate 122.  It was found that compound 155 could be prepared in 85% yield, using a one-pot procedure and CHCl3 as the only solvent.  However, as chloroform has a lower boiling point than toluene, conditions for the final elimination step were changed to include a longer heating time, with 3-substituted maleimide 155 formed by heating the reaction mixture at 60 °C for 48 h.  
The 3-substituted maleimide (167) was recovered in 62% yield as a 3 : 2  mixture (4-methylcyclohexyl : 3-methylcyclohexyl) of regioisomers (as indicated by 1H NMR spectroscopy), which are derived from poor regioselectivity of the hydroboration reaction.  The hydroboration of 4-methyl-cyclohexene (162) can place the boronic ester at the 3- or 4- position on the substituted cyclohexane ring, which will lead to the initiating radical being formed at the 3- or 4- position, and hence the resulting regioisomers.  The regioselectivity is similar to that reported by Brown and co-workers, whereby they performed a hydroboration-oxidation reaction on 4-methyl-cyclohexene (162), to afford a 1 : 1 mixture of regioisomers.124  The regioisomers of 167 were observed by 1H NMR spectroscopy to exist as a 1 : 1 mixture of diastereoisomers, which result from an attack on the maleimide alkene by a cyclohexyl radical in either the axial or equatorial position (Scheme 86).  Based on related work by Giese and co-workers, it was expected that attack from the axial position would be disfavoured due to unfavourable 1,3-diaxial steric interactions.125  However, in this case, the 1,3-diaxial steric interactions appear to be less influential on the stereochemistry of 167, hence the observed 1 : 1 mixture of diastereoisomers.  


Scheme 86: Explanation for the diastereoselectivity of 167 (d.r. = 1 : 1), which results from addition of the 4-methylcyclohexyl radical to the C=C double bond of N-phenylmaleimide (29).  (a) The radical attacks from the equatorial position to form the trans isomer.  (b) The radical attacks from the axial position to form the cis isomer.

The 3-substituted maleimide 168 was recovered in 68% yield as a single regioisomer, which results from the hydroboration of 1-methyl-cyclohexene (163) placing the boronic ester on the least substituted carbon in an anti-Markovnikov addition.  The regioselectivity of this reaction is supported by the related work of Brown and co-workers, whereby they performed the hydroboration-oxidation of 1-methyl-cyclohexene (163), to afford trans-2-methylcylohexanol as a single regioisomer.124  Analysis of compound 168 by 1H NMR spectroscopy revealed a 5 : 1 mixture (trans- : cis-) of diastereoisomers, which arise from addition of a 2-methyl-cyclohexyl radical onto the maleimide C=C double bond from either the equatorial or axial position.  The attack of the alkyl radical from the equatorial position is favoured, leading to the formation of the trans isomer as the major isomer; this is in order to minimise unfavourable steric interactions between the adjacent methyl group and the maleimide in the cis configuration, which disfavours attack from the axial position (Scheme 87).


Scheme 87: Explanation for the diastereoselectivity of maleimide 168 [d.r. = 5 : 1 (trans- : cis-)], which results from addition of a 2-methyl-cyclohexyl radical onto the C=C double bond of N-phenylmaleimide (29).  (a) The radical attacks from the equatorial position to form the trans isomer.  (b) The radical attacks from the axial position to form the cis isomer.

The 3-substituted maleimide (170) was recovered in 32% yield as a 9 : 1 mixture of regioisomers, however this regioselectivity was expected based on the synthesis of alkoxyamine 143, as reported in Section 3.2.2.  This procedure has also been used for the synthesis of 171 and 172, derived from N-ethylmaleimide (164), which shows that this methodology can be applied successfully to other N-substituted maleimide substrates.  Overall, using the new procedure outlined in Scheme 85, 3-substituted maleimides 155 – 172 have been prepared for the first time.  A further application of this methodology, to other maleimide substrates, will be discussed in Chapters 4 and 5.   
[bookmark: _Toc326825468]Application to Alternative α,β-Unsaturated Carbonyl Compounds
[bookmark: _Toc326825469]Maleic Anhydride (45)
After showing that β-alkylcatecholboranes generated in situ through the hydroboration of alkenes can be used as radical initiators for the synthesis of alkoxyamines and 3-substituted maleimides, attention transferred to the application of this methodology to other α,β-unsaturated carbonyl compounds.  Maleic anhydride (45) is a 5-membered oxygen-containing heterocycle, with many uses in Diels-Alder chemistry,126 polymerisation reactions,127 the preparation of maleimides,128 and the synthesis of natural products and their analogues.121  As presented in Chapter 1, the preparation of 3-alkyl substituted maleic anhydrides is often accomplished through an organometallic coupling of a desired alkylated reagent with an expensive, halogenated maleic anhydride.  Thus, new methods for the direct installation of substituents to the 3-position of maleic anhydride are highly desirable.  The synthesis of 3-substituted maleic anhydrides using the new procedure is shown in Scheme 88.




	No. equivalents of
maleic anhydride (45)
	Yield of 174 / %*
	Yield of 175 / %*
	Yield of 123 / %*

	5 eq.
	6
	13
	46

	10 eq.
	1
	34
	8


* Yield was determined by 1H NMR spectroscopy.

Scheme 88: The synthesis of 3-substituted maleic anhydride 175.

As shown in Scheme 88, the new protocol for the synthesis of 3-substituted maleimides can be applied to the synthesis of 3-substituted maleic anhydride 175.  Interestingly, compound 175 was observed in the 1H NMR spectrum of the crude reaction mixture before the mixture was heated, which suggests that the conjugate addition product (174) is not stable at room temperature, and readily eliminates TEMPO-H (71) to form compound 175.  This is presumably due to increased steric crowding between the cyclohexyl group and the TEMPO substituent within alkoxyamine 174, which is more pronounced in a succinic anhydride, as it possesses a more rigid heterocyclic framework than a succinimide.  The increased delocalisation of the oxygen lone-pair into the carbonyl system will cause the anhydride C-O bonds in 174 to have more C=O double bond character, which serves to increase the rigidity of the ring; this means the ring is forced into a more planar conformation, and is therefore less able to relieve the steric strain between the large substituents.  This is in contrast to succinimide-based alkoxyamine 122, whereby the nitrogen lone-pair is less available for delocalisation into the carbonyl system, due to interference with the aromatic ring.  Thus, the succinimide is not forced into a planar conformation, and the ring is more able to relieve the steric strain between the bulky substituents.  Increasing the amount of maleic anhydride (45) in the reaction from 5 to 10 equivalents resulted in a greater conversion to compound 175, as observed in the 1H NMR spectrum of the un-purified reaction mixture, which is consistent with that reported for the maleimide systems in Section 3.3.  Unfortunately, compound 175 could not be isolated from 174 and 123 after purification by flash chromatography, although analysis by 1H NMR spectroscopy indicated that 175 was prepared in poor overall yield.  It was thought that converting the maleic anhydride derivatives to the diester, by heating with EtOH / H+, would result in a more separable mixture of compounds (Scheme 89).


Scheme 89: The esterification of maleic anhydride derivatives 174 and 175, by heating with EtOH / H+, in order to form the diester (176).

As shown in Scheme 89, the inseparable mixture of 174, 175 and 123 was subjected to esterification conditions, resulting in a complete conversion of the maleic anhydride (175) to the diester (176), as observed by 1H NMR spectroscopy.  Unfortunately, diester 176 remained inseparable from 123 after purification by flash chromatography.
[bookmark: _Toc326825470]Other α,β-Unsaturated Carbonyls
After the attempts to prepare 3-cyclohexylmaleic anhydride 175 resulted in an inseparable mixture of products, attention turned to applying the methodology to other α,β-unsaturated carbonyl compounds such as acrylates or acrylamides.  The results are presented in Scheme 90.


	Alkene (eq.)
	Ratio of Products*

	methyl acrylate (180) (10 eq.)
	[177 : 123]   (1 : 1.5)

	t-butyl acrylate (181) (15 eq.)
	-

	dimethyl acrylamide (182) (10 eq.)
	[179 : 123]   (1 : 2)


* Ratio determined by 1H NMR spectroscopy of the un-purified reaction mixture.

Scheme 90: The attempts to apply the methodology developed for the synthesis of 3-substituted maleimides to other α,β-unsaturated carbonyls.

As shown in Scheme 90, the new procedure for the preparation of 3-substituted maleimides can be applied to other α,β-unsaturated carbonyls including methyl acrylate (180) and dimethylacrylamide (182).  Unfortunately, the conjugate addition products could not be isolated from the direct addition product (123) using flash chromatography, with 1H NMR spectroscopy indicating that the direct addition product (123) had been formed in greater yield.  According to 1H NMR spectroscopy, the reaction involving t-butyl acrylate (181) failed to give any identifiable products, presumably due to steric interference between the bulky t-butyl group and catecholborane (109).  The un-purified reaction mixtures of the reactions presented in Scheme 90 were heated in order to eliminate TEMPO-H (71) and re-form the C=C double bond, however there was no evidence of alkene formation in the 1H NMR spectra.  The increased stability of conjugate addition products 177 and 179 under heating, compared to the alkoxyamines prepared from maleimides and maleic anhydrides, is believed to arise from the molecules ability to relieve steric strain through rotation of the C-C bond between the bulky cyclohexyl and TEMPO groups.  In contrast, the increased rigidity within the maleimide and maleic anhydride heterocycles prevents rotation of the central C-C bond (to relieve steric strain), hence these systems undergo elimination more readily.
[bookmark: _Toc326825471]Conclusions
Organoboroles generated in situ through the hydroboration of alkenes can undergo a reaction with the persistent nitroxide radical TEMPO (15) to facilitate the release of an alkyl radical.  The alkyl radical can react with the C=C double bond of a maleimide in a conjugate addition reaction, with the resulting carbon-centred radical being trapped by a second molecule of TEMPO (15) to form an alkoxyamine.  Under thermal conditions, the alkoxyamines were shown to eliminate TEMPO-H (71) to re-form the maleimide C=C double bond.  Thus, a new synthetic route for the preparation of 3-alkyl substituted maleimides using mild conditions and non-toxic reagents has been developed.  This new, one-pot procedure combines alkene hydroboration, radical addition-aminoxylation and TEMPO-H (71) elimination to afford 3-alkylmaleimides in good to excellent yield.129  Also, a new route to hydroxylated succinimides has been developed, which involves the reduction of succinimide-derived alkoxyamines using Zn in AcOH.    
There are several advantages to using organoborole (RB(OR1)2) radical initiators over traditional initiators such as AIBN (6) and Et3B (12) including; mild conditions, easier handling and storage, and the ability to selectively generate one alkyl radical through the hydroboration of alkenes.  The possibility to generate an organoborole initiator immediately prior to performing a radical reaction also has several advantages, including the ability to tailor the initiating radical to a specific reaction, and the opportunity to freshly prepare each batch of the initiator, thus negating any potential degradation during storage.  The main disadvantage to using organoboroles as radical initiators is the longer reaction times associated with these reagents, which arises from the release of just one alkyl radical to the reaction; this is in contrast to organoborane initiators such as Et3B (12), which can generate up to three Et• radicals per molecule of reagent.   
The preparation of 3-substituted maleimides using the methodology developed in this chapter has advantages over other more established methods, including the ability to complete the procedure in one reaction vessel using readily available materials, the lack of requirement for specialised apparatus such as a microwave reactor or photolysis equipment, and the need for only one purification step at the end of the synthesis.  However, there are also some disadvantages to the new protocol, including lower yields when acyclic terminal alkenes are used (due to a competing side reaction with TEMPO (15)), and that the methodology could not be applied successfully to other α,β-unsaturated carbonyl compounds such as maleic anhydride, acrylates, or acrylamides.  The preparation of a range of maleimides, with various 3-substituents, will be addressed in Chapter 4.
       
[bookmark: _Toc326825472]Chapter 4: A New Synthetic Approach Towards Analogues of the Natural Product D-(+)-Showdomycin (61)
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[bookmark: _Toc326825473]Introduction
[bookmark: _Toc326825474]Background
The maleimide ring features prominently in a number of naturally occurring compounds, including farinomalein (35),72 pencolide (60),75 and D-(+)-showdomycin (61) (Figure 13).130  These molecules have shown promising antibiotic behaviour and commonly feature a maleimide that is substituted at the 3-position.  Both pencolide (60) and farinomalein (35) have been prepared in the laboratory, with the maleimide 3-substituent being installed through a maleic anhydride precursor; the synthesis of these molecules is discussed in Chapter 1.  


Figure 13: The structures of three maleimide-containing natural products; farinomalein (35), pencolide (60) and D-(+)-showdomycin (61).

The most widely studied maleimide-containing natural product is the C-nucleoside antibiotic D-(+)-showdomycin (61), which was first isolated from Streptomyces showdoensis by Nishimura and co-workers in 1964.71  D-(+)-Showdomycin (61) contains a substituted furanose ring, with the primary alcohol and the maleimide group arranged in a cis configuration; the structure of 61, drawn as a Haworth projection, is shown in Figure 14.  The biological activity of D-(+)-showdomycin (61) is believed to arise from the electron-deficient maleimide alkene, which can undergo conjugate addition reactions with nucleophiles, such as the thiol-containing cysteine residues that are found in proteins.131  



Figure 14: The structure of D-(+)-showdomycin (61), drawn as a Haworth projection to emphasise the cis relationship between the 1° alcohol and the maleimide.

[bookmark: _Toc326825475]Previous Syntheses of Showdomycin
The synthesis of D-(+)-showdomycin (61) has received significant attention in the literature since its isolation in 1964.  The first, briefly reported, synthesis of 61 was by Kalvoda and co-workers in 1970, which involved the stepwise construction of the maleimide ring onto a protected ribose skeleton, however, no yields were reported.132  A similar approach, involving the construction of the maleimide onto a ribose skeleton, was adopted by Moffatt and co-workers in 1973, whereby they showed that 61 could be prepared in 3% overall yield, over 7 steps.133  In a subsequent paper, from 1978,134 Noyori and co-workers presented another synthetic route to D-(+)-showdomycin (61), delivering 61 in an excellent 22% yield, over 7 steps (Scheme 91).



Scheme 91: The synthesis of D-(+)-showdomycin (61), as reported by Noyori and co-workers in 1978.134

As shown in Scheme 91, the sequence begins with the reaction of lactone 182 (synthesised from acetone and furan) and 2-furaldehyde (183) to form the aldol-adduct (184) in 90% yield, which can then undergo dehydration in the presence of pivaloyl chloride (185) to form alkene 186 in 99% yield.  After transformation of the lactone ring of compound 186 into the methyl ester (187) using sodium methoxide in methanol, ozonolysis of 187 and a reductive work-up using dimethyl sulfide provided the unstable α-keto-ester (188).  The α-keto-ester (188) was immediately subjected to a Wittig reaction in order to produce an amino-ester, which was then transformed into the maleimide in 29% yield, over 2 steps, through a 5-exo-trig cyclisation.  Finally, removal of the alcohol protecting groups, using 50% aq. TFA, was completed in quantitative yield to afford the natural product D-(+)-showdomycin (61).  The lowest-yielding step in the early syntheses of 61, by the groups of Kalvoda,132 Moffatt,133 and Noyori,134 amongst others, was the late-stage construction of the maleimide ring.   
A different approach to the synthesis of 61 was that adopted by Barrett and co-workers in 1986 (Scheme 92),135 whereby the ribose moiety was constructed onto a pre-existing maleimide skeleton to afford 61 in 10% yield, over 2 steps.  


Scheme 92: The synthesis of D-(+)-showdomycin (61), as reported by Barrett and co-workers in 1986.135

As shown in Scheme 92, the sequence begins with the reaction of ylide 189 with D-ribose (190) to form, exclusively, the E-isomer of alkene 191 in 75% yield.  The next step involves cyclisation of the alcohol and the alkene to form the 5-membered ring, which results in the formation of a carbanion at the succinimide 3-position; the carbanion is then reacted with PhSeCl to form the selenide.  The selenide is oxidised to the selenoxide using H2O2, before in situ elimination of the selenoxide to form the C=C double bond, which affords the desired product (61) in 13% yield, and the undesired epimeric compound epi- 61a in 41% yield.  The short, direct nature of this synthesis has meant that this procedure is still used to prepare 61 in more recent times.131  However, the use of highly functionalised biogenetic precursors, such as D-ribose (190), means that few analogues of 61 are accessible using this method. 
[bookmark: OLE_LINK1]In 1995, Kang and co-workers presented another synthetic route to D-(+)-showdomycin (61), which showed that 61 could be prepared in 39% yield, over 10 steps, from an enantiomerically pure syn-2,5-disubstituted dihydrofuran (192).136  


Scheme 93: The synthesis of D-(+)-showdomycin (61), as reported by Kang and co-workers in 1995.136

The procedure presented in Scheme 93 begins with the dihydroxylation of alkene 192 with OsO4, to form the cis-diol (193) in 91% yield.  The furyl group was then oxidised with bromine in the presence of potassium carbonate and methanol, to afford a 2,5-dimethoxy-2,5-dihydrofuryl intermediate, which was subsequently re-aromatised using thiophenol in the presence of p-TsOH to afford 194 in 89% yield.  Compound 194 was converted into the dicarboxylic acid (196), through dibromolactone intermediate 195, using bromine and aq. t-BuOH.  After protection of the diol in 196 as the acetonide, the dicarboxylic acid was subjected to a reaction with trifluoroacetic anhydride (TFAA) to afford the corresponding anhydride, which was transformed into the substituted maleimide (197) using ammonia and acetyl chloride (198).  In a similar approach to early syntheses of 61,132-134 the maleimide was constructed towards the end of the synthesis; however, a higher yield for the 5-exo-trig cyclisation was achieved through treatment of the ring-forming reaction with acetyl chloride (198).  This reaction involves conversion of the carboxylic acid into an anhydride, which can then undergo a reaction with the nitrogen lone-pair to close the maleimide ring.  As the reaction of the nitrogen lone-pair with the C=O double bond of the anhydride results in the release of acetate, a better leaving group than a hydroxyl group, the cyclisation can proceed at room temperature to form the maleimide.  Finally, removal of the protecting groups with aq. TFA afforded D-(+)-showdomycin (61) in good yield.  
As presented in Schemes 91 - 93, the different synthetic approaches to D-(+)-showdomycin (61) commonly target the natural D-(+)-isomer.  An alternative synthetic approach, which could be used to target both the natural and unnatural isomers, was undertaken by Trost and co-workers in 1999.137  They introduced the chirality in a Pd-catalysed C-C bond forming reaction, through the use of a chiral phosphorus ligand (204) to set the absolute stereochemistry, with their rationale being that either isomer of showdomycin would be available depending on which enantiomer of the ligand was used in the synthesis.


Scheme 94: The synthesis of L-showdomycin (199), as reported by Trost and co-workers in 1999.137

As shown in Scheme 94, the synthesis of L-showdomycin (199) was completed in an overall yield of 2%, over 15 steps.  The sequence begins with the conversion of maleimide (86) into the sulfone (200) in 74% yield; the maleimide nitrogen in 200 was then protected with a p-methoxybenzyl group using a modified Mitsonobu reaction, to afford compound 201 in 64% yield.  After the reaction of 201 with NaH afforded intermediate 202, a Pd-catalysed coupling of 202 with syn-2,5-disubstituted furan 203, using the R,R configuration of chiral ligand 204 to set the stereochemistry, afforded compound 205 in good yield and stereoselectivity.  Compound 205 was transformed into 206, before a dihydroxylation of the C=C double bond using OsO4 afforded the cis-diol (207) in 89% yield, which was then protected as the acentonide to afford 208 in 92% yield.  The benzyl and benzyloxy protecting groups in 208 were removed using Pd/C to form the hydroxy diacid, which was then subjected to a lead tetracetate promoted oxidative decarboxylation to afford a carboxylic acid, that could then be reduced to the primary alcohol, affording 209 in 63% yield, over 4 steps.  The p-methoxybenzyl group was removed using a reaction with cerium ammonium nitrate,138 before the acetonide was removed using TFA.  Finally, the synthesis was completed by subjecting compound 211 to a base-promoted elimination of the sulfone to form the C=C double bond and afford 61 in 32% yield.
Interestingly, the sulfone moiety (found in 201 and 211) is involved at the beginning and the end of the synthesis, so must be maintained through all of the different synthetic transformations.  In particular, the propensity of the sulfone to undergo an elimination reaction means that the use of amine bases is avoided until the final step.  In compound 201, the sulfone stabilises the carbanion generated prior to the Pd-catalysed, C-C bond forming and chirality inducing key step.  For the reaction of compound 211, the sulfone is subjected to a base-promoted elimination in the maleimide-forming final step.  The base-induced elimination of the sulfone from 211 was shown to be the lowest yielding step in the synthesis, which was due to the difficulty in separating the final products from DMSO.
[bookmark: _Toc326825476]Analogues of Showdomycin
Complementary to the procedures that are available for the synthesis of the natural product D-(+)-showdomycin (61), are a number of adapted procedures for the purpose of preparing various analogous compounds.  A number of showdomycin analogues have been reported in the literature,139-143 some of which are shown in Figure 15.  The carbocyclic analogues of showdomycin are of particular interest, as these compounds have shown more stability towards enzymatic hydrolysis.140


Figure 15: Some analogues of the natural product D-(+)-showdomycin (61).

It is our intention to adapt the radical methodology developed for the synthesis of 3-substituted maleimides (see Chapter 3) for the purpose of preparing analogues of showdomycin.  It is envisaged that an alkene-functionalised, 5-membered carbocycle / oxygen-heterocycle could be coupled to a maleimide in a mild, one-pot procedure involving alkene hydroboration and conjugate addition-aminoxylation followed by nitroxide elimination.
[bookmark: _Toc326825477]Introduction of Heterocycles to the Maleimide 3-Position
A new protocol for the synthesis of 3-alkyl substituted maleimides was presented in Chapter 3, which showed that maleimides featuring a carbocyclic group (e.g. cyclohexyl, cyclopentyl) at the 3-position could be prepared in good yields.  In order to assess whether a heterocycle could be introduced to the maleimide 3-position, the hydroboration of 2,5-dihydrofuran (218) and the subsequent reaction of the formed organoborole intermediate with TEMPO (15) was assessed (Scheme 95).







	Catalyst
	Solvent
	T / °C
	t / h
	Yield of 219 / %

	DMA (75)
	DCM
	40
	3
	24

	ClRh(PPh3)3 (118)
	THF
	r.t.
	6
	76



Scheme 95: The hydroboration of 2,5-dihydrofuran (218), followed by a reaction of the organoborole intermediate with TEMPO (15).

As shown in Scheme 95, the alkoxyamine (219) was prepared in poor yield when the conditions from Chapter 3 for the hydroboration step were repeated (i.e. using DMA (75) as the catalyst and DCM as the solvent).  The low (24%) yield of 219 under these conditions is believed to arise from poor hydroboration of 2,5-dihydrofuran (218), as the reaction of the formed organoborole with TEMPO (15) has been shown to be efficient (e.g. under these conditions, the hydroboration of cyclohexene (13) and the reaction of the formed organoborole with TEMPO (15) afforded alkoxyamine 123 in 78% isolated yield).  However, changing the catalyst and solvent system to ClRh(PPh3)3 (118) and THF respectively, afforded the desired alkoxyamine (219) in a much improved 76% yield.
After the successful hydroboration-aminoxylation of 2,5-dihydrofuran (218), the application of this reaction towards preparing a 3-substituted maleimide was investigated (Scheme 96).





	Catalyst
	Solvent
	T / °C
	t / h
	Yield of 220 / %
	Yield of 219 / %

	DMA (75)
	DCM
	40
	3
	15
	-

	ClRh(PPh3)3 (118)
	THF
	r.t.
	6
	 5*
	28


* Yield by 1H NMR spectroscopy.

Scheme 96: The synthesis of 3-substituted maleimide (220), using hydroboration-aminoxylation methodology.

Compound 220 was prepared in poor yield, according to the procedure outlined in Scheme 96, which suggests that heterocyclic alkenes are less amenable to the new, radical methodology for the synthesis of 3-substituted maleimides.  Therefore it was decided to pursue some carbocyclic analogues of showdomycin, as carbocyclic alkenes are more susceptible to the hydroboration, conjugate addition-aminoxylation methodology developed in Chapter 3.
[bookmark: _Toc326825478]Synthesis of Carbocyclic Analogues of Showdomycin
[bookmark: _Toc326825479]Synthetic Approach
It was thought that a functionalised cyclopentyl analogue of showdomycin, similar to compound 212 (Figure 15), could be prepared using the new protocol for the synthesis of 3-substituted maleimides.  However, in order to reduce the complexity of the cyclopentyl component, the 1,2-diol functionality was not included.  Thus, compound 221 was selected as a suitable target; the retro-synthetic analysis of 221 is presented in Scheme 97.


Scheme 97: The retro-synthetic analysis of showdomycin analogue 221.  (a) Compound 61 could be prepared from 222 and 86 using the new protocol for the synthesis of 3-substituted maleimides.  (b) Compound 222 could be prepared in 3-steps, from commercially available diethyl diallylmalonate (22).

It was believed that showdomycin analogue 221 could be prepared from 1-hydroxymethylcyclopent-3-ene (222) and maleimide (86), according to the one-pot alkene hydroboration, conjugate addition-aminoxylation, and nitroxide elimination procedure developed in Chapter 3.  Maleimide (86) is commercially available but expensive, so in order to reduce cost the model studies will be performed on N-phenylmaleimide (29), a significantly cheaper reagent.  Compound 222 is not commercially available, but has been synthesised previously in the literature,144 in 3-steps, from cheap, commercially available diethyl diallylmalonate (22).  It was hoped that the mild, radical approach, involving the coupling of 222 and 86, would mean that protecting groups were not needed for the free hydroxyl group and the imide nitrogen in this synthesis.  The potential to isolate other substituted cyclopentene derivatives (e.g. 223) in the course of preparing 222, and then subject them to a coupling reaction with a maleimide, meant that a number of showdomycin analogues could be attempted using this methodology.
[bookmark: _Toc326825480]Preparation of Functionalised Cyclopentene Derivatives
In order to assess whether the methodology developed for the preparation of 3-substituted maleimides can be applied to the synthesis of showdomycin analogues, a number of functionalised cyclopentene derivatives needed to be prepared.  The preparation of the cyclopentene derivatives (222) and (223) could be achieved, through a series of literature-derived transformations, starting from commercially available diethyl diallylmalonate (22) (Scheme 98).


* Yield by 1H NMR spectroscopy.

Scheme 98: The preparation of functionalised cyclopentene derivatives 222, 223 and 225, starting from commercially available diethyl diallylmalonate (22).

The sequence to form compound 222 [Scheme 98 (a)] started with the Krapcho decarboxylation of 22, to form compound 224 in 69% yield.  The diallyl compound (224) was then subjected to ring closing metathesis (RCM) conditions, with the ester-functionalised cyclopentene derivative (223) isolated in 89% yield.  Analysis of the crude reaction mixture by 1H NMR spectroscopy showed that the RCM had been completed in near quantitative yield, however, some of the material was lost during the work-up, hence the lower isolated yield of 223.  The reduction of the ester (223) with LiAlH4 afforded the alcohol (222) in 87% yield.  Overall, this shows that compound 222 was prepared in an overall yield of 53%, over 3-steps, from commercially available diethyl diallylmalonate (22).  In an alternative synthetic pathway, diethyl diallylmalonate (22) can be subjected to RCM conditions, to afford the diethylcyclopentene derivative (225) in 99% yield [Scheme 98 (b)].  However, when 225 was subjected to Krapcho decarboxylation conditions, compound 223 was not formed.  Indeed, no identifiable products or starting material could be recovered from this reaction.  Overall, the functionalised cyclopentene derivatives (222), (223) and (225) were prepared in good to excellent yield using the procedures outlined in Scheme 98.

[bookmark: _Toc326825481]In Situ Hydroboration-Aminoxylation of Cyclopentene Derivatives
In order to assess whether the functionalised cyclopentene derivatives (222), (223) and (225) are suitable for use in conjugate addition reactions with maleimides, their ability to undergo hydroboration to form the organoborole radical initiators was investigated.  It is expected that the hydroboration of functionalised cyclopentenes with catecholborane (109) will produce an organoborole intermediate that is able to undergo a radical reaction with TEMPO (15), in order to afford a functionalised cyclopentyl radical.  The cyclopentyl radical can then react with a second equivalent of TEMPO (15) to afford the alkoxyamine product.  The results for the hydroboration of cyclopentene derivatives (222), (223) and (225) with catecholborane (109), followed by a radical reaction of the formed organoborole with TEMPO (15), are presented in Scheme 99.


	Alkene
	R
	R1
	Yield of Product / %

	225
	CO2Et
	CO2Et
	      (226)     60

	225
	CO2Et
	CO2Et
	      (226)     40a,b

	223
	H
	CO2Et
	      (227)     55a,c

	222
	H
	CH2OH
	      (228)     16d


a Yield was determined by 1H NMR spectroscopy.
b DMA (75) (10 mol%), DCM, 40 °C, 16 h (conditions for the hydroboration).
c d.r. = 3 : 2, as determined by 1H NMR spectroscopy.
d d.r. = 1 : 1, as determined by 1H NMR spectroscopy.

Scheme 99: The hydroboration of cyclopentene derivatives 222, 223, and 225, followed by a reaction of the organoborole intermediate with TEMPO (15).

As shown in Scheme 99, the cyclopentene derivatives (222), (223) and (225) could be subjected to a hydroboration-aminoxylation reaction to form the alkoxyamines (226) - (228), which suggests that these substrates are suitable for use in a conjugate addition reaction with maleimides.  The highest yield of alkoxyamine 226 was achieved using ClRh(PPh3)3 (118) as the catalyst for the hydroboration reaction, and these conditions were repeated for the formation of 227 and 228.  The d.r. of alkoxyamine 227 (d.r. = 3 : 2) was determined by 1H NMR spectroscopy, however, the identity of each diastereoisomer could not be determined from the 1H NMR spectrum.  Also, no significant nOE’s were observed in the NOESY spectrum of compound 227.   Although, based on the related work of Giese,145 which showed that β-substituted cyclopentyl radicals prefer to undergo anti-attack with alkenes, it is believed that the major diastereoisomer is the trans isomer, whereby the bulky cyclopentyl substituent and the TEMPO group are positioned on opposite sides of the ring in order to minimise the steric interference between these groups.  The alkoxyamines (226) and (228) were prepared for the first time using the procedure outlined in Scheme 99; however, alkoxyamine 227 could not be isolated from the crude reaction mixture by flash chromatography. 
[bookmark: _Toc326825482]Conjugate Addition to N-Phenylmaleimide (29)
As presented in Section 4.3.3, the functionalised cyclopentene derivatives (222), (223) and (225) can be used as precursors to organoborole radical initiators.  In order to assess whether these radical initiators can be used in the preparation of showdomycin analogues, their reactions with maleimides is investigated (Scheme 100).  N-Phenylmaleimide (29) was chosen as a suitable maleimide substrate, as it is cheap, commercially available, and the radical addition of un-functionalised cyclopentyl radicals to 29 has been performed successfully (see Chapter 3).  






	Alkene
	R
	R1
	Yield of A / %
	Yield of B / % 
	Yield of C / %b

	 160a
	H
	H
	-
	(173)    22
	(165)     63

	225
	CO2Et
	CO2Et
	(229)     5
	(226)    45
	(232)       5

	225
	CO2Et
	CO2Et
	(229)    22  (3:1)d 
	(226)    38
	(232)     22

	225
	CO2Et
	CO2Et
	-
	(226)    34
	(232)     11

	223
	H
	CO2Et
	(230)     0
	(227)    54c (3:2)f
	-

	222
	H
	CH2OH
	(231)   36  (5:1)e
	(228)    10  (1:1)f
	(233)     36  (1:1)f


a Results reported in Chapter 3 - Section 3.3.
b Overall yield from the substituted cyclopentene starting material.
c Ratio of 227 was determined by 1H NMR spectroscopy.
d d.r. (trans- : cis-) was determined by 1H NMR spectroscopy.
e d.r. (3S*,4S* : 3S*,4R*) was determined by 1H NMR spectroscopy.
f d.r. was determined by 1H NMR spectroscopy. 

Scheme 100: The preparation of 3-substituted maleimides, using a procedure that involves the hydroboration of alkenes, followed by conjugate addition-aminoxylation and nitroxide elimination reactions.

As shown in Scheme 100, the maleimide-adducts 229 and 231 were prepared, in poor to reasonable yields, from functionalised cyclopentenes 225 and 222 respectively.  Initially, maleimide-adduct 229 was prepared in only 5% yield, along with the TEMPO-adduct (226) in 45% yield; however, slowing the rate of addition of TEMPO (15) to the reaction mixture resulted in a much improved yield of 22% for the maleimide-adduct (229).  The hydroboration of 225 with catecholborane (109) proceeded efficiently, to form the organoborole intermediate in good yield (Yield of A + Yield of B = 60%), which was expected based on the results presented in Section 4.3.3, Scheme 99.  After the reaction of the organoborole intermediate with TEMPO (15) to form a functionalised cyclopentyl radical, the radical species was reacted with the C=C double bond of the maleimide, in a conjugate addition process, to afford the desired alkoxyamine (229) in 22% yield.  However, a competing process, whereby the functionalised cyclopentyl radical reacted with a second equivalent of TEMPO (15), resulted in the formation of compound 226 in 38% yield, which suggests that the rate of formation of the maleimide-adduct (229) is slower than for the TEMPO-adduct (226).  This is in contrast to the behaviour observed for the addition of un-functionalised cyclopentyl radicals to N-phenylmaleimide (29), whereby the rate of formation of the maleimide-adduct (229) was faster than for the TEMPO-adduct (226).  It is believed that the slow rate of formation of 229 is related to an electronic effect, whereby the electron-withdrawing ester groups increase the electrophilicity of the cyclopentyl radical, which results in the conjugate addition of the radical to the C=C double bond of the maleimide occurring more slowly.  Also, it is believed that steric interference between the bulky diester group and the maleimide could have contributed to the slow rate of formation of 229.  The d.r. of maleimide-adduct 229 was determined to be 3 : 1 (trans- : cis-) by 1H NMR spectroscopy, which is similar to the diastereoselectivity observed for the conjugate addition products that have been previously reported in Chapter 3.  
Compound 229 was heated to eliminate TEMPO-H (71), affording the 3-substituted maleimide (232) in essentially quantitative yield.  A telescoped, one-pot approach to the synthesis of 232 was attempted, however, the 3-substituted maleimide product (232) was afforded in just 11% yield.  Thus, it can be concluded that the maleimide-adducts (229) and (231) should be isolated from the reaction mixture before they are heated to eliminate TEMPO-H (71) and re-form the maleimide C=C double bond.  This is in contrast to the procedure reported for the synthesis of 3-substituted maleimides in Chapter 3.      
The maleimide-adduct (231) was isolated in 36% yield, alongside the direct-adduct (228), which was isolated in just 10% yield.  It is believed that the conjugate addition reaction of the hydroxymethyl-functionalised cyclopentyl radical derived from 222 occurs faster than the competing direct reaction with TEMPO (15).  In this case, the nucleophilic character of the radical is not decreased by the cyclopentyl substituent, which means the radical reacts faster with the electron-poor C=C double bond of the maleimide, hence the observed increase in the rate of formation of the maleimide-adduct (231) over the direct-adduct (228).  Analysis of the crude reaction mixture by 1H NMR spectroscopy revealed the d.r. across the maleimide ring in 231 was 5 : 1 (3S*,4S* : 3S*,4R*), and that each of the diastereoisomers was also a 1 : 1 mixture of diastereoisomers across the disubstituted  cyclopentyl ring.  Heating maleimide-adduct 231 to eliminate TEMPO-H (71) and re-form the maleimide C=C double bond lead to the formation of 3-substituted maleimide 233 in 99% yield.  The diastereoselectivity of 3-substituted maleimide 233 (d.r. = 1 : 1) and direct-adduct 228 (d.r. = 1 : 1) was determined by 1H NMR spectroscopy, which corresponds to that recorded previously for compound 228 (see Scheme 99).   
The reaction of the mono-ester functionalised cyclopentyl radical, derived from 223, did not proceed as expected, as analysis of the crude reaction mixture by 1H NMR spectroscopy revealed that the expected maleimide-adduct (230) had not been formed.  Instead, the 1H NMR spectrum of the crude reaction mixture revealed that the functionalised cyclopentyl radical had reacted with TEMPO (15) to form the direct-adduct (227) in 54% yield, as a 3 : 2 mixture of diastereoisomers (trans- : cis-).  The reason why the conjugate addition pathway is disfavoured is currently unknown at the present time, although a steric argument involving a clash between the ester group and the maleimide can be discounted, based on the successful formation of the maleimide-adduct (229), which contains a larger diester group.  Also, based on the formation of direct-adduct 227 in good yield, an intramolecular H-atom transfer, whereby the H-atom adjacent to the ester group could be abstracted by the cyclopentyl radical to form R2C•(CO2Et), can be discounted.
Overall, the results presented in Scheme 100 represent the first reported synthesis of maleimide-adducts 229 and 231, and their corresponding 3-substituted maleimides 232 and 233.  The 3-substituted maleimide (233) is a carbocyclic, N-phenylmaleimide analogue of showdomycin.  In order to produce a carbocyclic analogue of showdomycin that is closer in structure to the natural product, the phenyl group on the maleimide nitrogen must be replaced by a H-atom; however, the de-protection of a N-phenylmaleimide is unprecedented in the literature, which is most likely due to the difficulty in breaking the strong N-C bond between the maleimide and the aromatic group.  Thus, a different maleimide, with a more suitable, easily cleavable protecting group must be sought.  For example, the deprotection of N-Ar maleimides, including N-2,5-dimethoxybenzyl maleimide,146 and N-benzyloxymethyl maleimide,147 is known in the literature.  Alternatively, the conjugate addition reaction could be performed directly onto the C=C double bond of maleimide (86) itself, which if successful, would mean that a nitrogen-protecting group is not required.    

[bookmark: _Toc326825483]Conjugate Addition to Maleimide (86)
As shown previously in Chapter 3, radical methodology can be used to install alkyl substituents onto the C=C double bond of N-phenylmaleimide (29), with the resulting 3-substituted maleimides being prepared in good to excellent yields.  In the preceding sections of this chapter, the procedure was adapted for the preparation of more biologically relevant molecules such as some carbocyclic analogues of the natural product showdomycin, whereby it was shown that functionalised cyclopentyl radicals can be added to N-phenylmaleimide (29).  In order to prepare carbocyclic analogues of showdomycin that have more structural resemblance to the natural product, the conjugate addition of cyclic radicals to the C=C double bond of maleimide (86) was investigated.  
Previously, the conjugate addition of cyclohexyl radicals to N-phenylmaleimide (29), using an organoborole radical initiator (108) prepared in situ through the hydroboration of cyclohexene (13), afforded the conjugate addition product (122) in excellent yield (see Chapter 3).  Thus, it was thought that the organoborole radical initiator (108) could be used for the conjugate addition of cyclohexyl radicals to maleimide (86), in order to elucidate the reactivity of 86 under these conditions.  The conjugate addition of cyclohexyl radicals to maleimide (86) is shown in Scheme 101.  


a Yield was determined by 1H NMR spectroscopy.
b d.r. was determined by 1H NMR spectroscopy.
c Isolated yield.

Scheme 101: The conjugate addition of cyclohexyl radicals to maleimide (86).

As shown in Scheme 101, the maleimide-adduct (234) was formed in a reasonable 45% yield, as a 6 : 1 mixture (trans- : cis-) of diastereoisomers, as indicated by 1H NMR spectroscopy.  Using flash chromatography, trans-234a was isolated from the crude reaction mixture in 18% yield; however, due to difficult separation, cis-234b was not isolated from the crude mixture.  The maleimide-adduct trans-234a was heated in toluene for 4 h, affording the 3-substituted maleimide 235 in 99% yield.  Using this methodology, compounds 234a and 235 were prepared for the first time.  
Analysis of the 3-substituted maleimide 235 by 1H NMR spectroscopy revealed the presence of a 4 : 1 mixture of isomers, which was unexpected based on previous results for the formation of compound 155, reported in Chapter 3 - Section 3.3, as a single isomer.  Initially, a possible explanation for the appearance of two isomers in the 1H NMR spectrum of 235 involved changes in conformation of the cyclohexyl ring, which could place the maleimide at the equatorial or axial positions.  For example, the 1H NMR spectrum of 235 showed two signals representing Ha [Scheme 102 (a)], which are different for the two isomers.  The major signal for Ha, at 2.48 ppm (ttd, J = 11.5, 3.0, and 1.5 Hz) contained the characteristic large J value (J = 11.5 Hz) that is associated with the trans-diaxial coupling between H-atoms in a cyclohexane ring.  This suggested that Ha was occupying an axial position in the major isomer of 235, and that the bulky maleimide group was occupying the equatorial position.  In contrast, the minor signal for Ha, at 2.35 ppm (m), was much more difficult to assign, due to the presence of smaller, more similar, coupling constants associated with the equatorial-axial and equatorial-equatorial coupling between H-atoms in a cyclohexane ring.  This suggested that Ha was occupying an equatorial position in the minor isomer of 235.  The selectivity of the reaction to form 235, in favour of the bulky maleimide preferentially occupying the equatorial position, results from unfavourable 1,3-diaxial steric interactions between the maleimide group and the axial H-atoms of the cyclohexyl ring in the minor regioisomer.  This means that placing the maleimide at the axial position is disfavoured, hence the observed selectivity.
The observation of two conformational isomers in the 1H NMR spectrum of 235 was unprecedented, based on previous spectral analysis of the 3-substituted maleimides that are derived from N-ethylmaleimide (164) and N-phenylmaleimide (29).  The 1H NMR spectra of compounds 171 and 155 show the presence of only one conformational isomer, with the maleimide group occupying an equatorial position on the cyclohexyl ring [Scheme 102 (b)].  



Scheme 102: (a) Elimination of TEMPO-H (71) from trans-234a to form 235 as a 4 : 1 mixture of isomers, as observed by 1H NMR spectroscopy.  The isomers could arise from conformational changes in the cyclohexyl ring.  (b) Elimination of TEMPO-H (71) leads to the formation of the 3-substituted maleimides (R = Ph, Et) as a single isomer.  
(c) Compound 235 could exist as keto-enol tautomers, which could explain the appearance of isomers in the 1H NMR spectrum of 235.

As shown in Scheme 102, the difference in the 1H NMR spectra of 3-cyclohexyl substituted maleimides is related to the N-substituent (R = H, Ph, Et).  For maleimides with an N-H substituent, the nitrogen lone pair could be interacting with the adjacent carbonyl groups, which could increase the double bond character of the C-N bonds.  This would decrease the size of the maleimide ring and also decrease the N-C-O bond angle,148 meaning the C=O double bonds would point away from the cyclohexyl ring.  Thus, the 1,3-diaxial interactions between the maleimide group and the axial H-atoms are less prominent in maleimides with an N-H substituent, and the ring could place the maleimide group in the axial position more freely.  Hence, a 4 : 1 ratio of isomers was observed in the 1H NMR spectrum of 235.  In contrast, the larger steric bulk of the N-substituent in maleimides that contain an N-Ph or N-Et group results in steric interference between the N-substituent and the C=O double bonds, which means that the N-C-O bond angle is increased in order to reduce the steric interactions between these groups.148  This means the C=O double bonds would point more towards the cyclohexyl ring than for maleimides with a N-H substituent.  Thus, the unfavourable 1,3-diaxial steric interactions between the maleimide and the axial H-atoms are more prominent, which means the ring cannot place the maleimide in an axial position as freely.  Hence, only one conformational isomer is observed in the 1H NMR spectra of 3-substituted maleimides 155 or 171.    
Another possible explanation for the appearance of a 4 : 1 mixture of isomers in the 1H NMR spectrum of 235 involves keto-enol tautomerisation of the maleimide.  It is believed that the acidic maleimide proton could interact with the electronegative oxygen atom of the adjacent carbonyl group, which would lead to compound 235 existing as a mixture of keto and enol tautomers [Scheme 102 (c)].     
After showing that a cyclohexyl substituent can be introduced at the 3-position of maleimide (86), the application of this procedure towards the preparation of showdomycin analogues was investigated.  The conjugate addition of functionalised cyclopentyl radicals, derived from the hydroboration of 1-hydroxymethyl-3-cyclopentene (222), to maleimide (86), is shown in Scheme 103.


a Determined by 1H NMR spectroscopy.

Scheme 103: The synthesis of 221, a carbocyclic analogue of showdomycin.

As shown in Scheme 103, the synthesis of showdomycin analogue 221 was achieved in 38% overall yield, using radical methodology developed for the synthesis of 3-substituted maleimides.  The sequence in Scheme 103 begins with the hydroboration of functionalised cyclopentene 222 with catecholborane (109) to form the organoborole (236), which was then reacted with TEMPO (15) to release a functionalised cyclopentyl radical.  This radical was then added to the C=C double bond of maleimide (86), and the resulting carbon-centred adduct-radical was trapped by another equivalent of TEMPO (15), to form the maleimide-adduct (237) in 38% yield.  Analysis of compound 237 by 1H NMR spectroscopy revealed a 6 : 1 mixture (3S*,4S* : 3S*,4R*) of diastereoisomers across the maleimide ring, with each of the diastereoisomers also observed as a 1 : 1 mixture of diastereoisomers across the disubstituted cyclopentyl ring.  This is similar to the diastereoselectivity of maleimide-adduct 231, which was reported in Scheme 100, Section 4.3.4.  
The maleimide-adduct (237) was heated in toluene for 4 h, affording 3-substituted maleimide 221 in 99% yield.  Analysis of compound 221 by 1H NMR spectroscopy revealed a 1 : 1 mixture of diastereoisomers, which is similar to the diastereoselectivity of 3-susbtituted maleimide 233, which was previously reported in Scheme 100, Section 4.3.4.  Using the procedure outlined in Scheme 103, compounds 237 and 221 have been prepared for the first time.  Interestingly, the synthesis of 221 was completed in reasonable overall yield, without the need for protecting groups to be applied to the primary alcohol or the maleimide nitrogen.  Following the successful formation of 221, attention then turned to preparing other, more functionalised, carbocyclic analogues of showdomycin, which could possess biological activity closer to that of the natural product.
[bookmark: _Toc326825484]Other Showdomycin Analogues
As shown in Section 4.3.5, the synthesis of showdomycin analogue 221 was completed without the need for protecting groups to be applied to the primary alcohol or the maleimide nitrogen (see Scheme 103).  Thus, it was envisaged that more functionalised carbocyclic analogues could be prepared using this methodology.  The retro-synthetic analysis of carbocyclic analogues 238 and 239 is presented in Scheme 104.


Scheme 104: The retro-synthetic analysis of showdomycin analogues 238 and 239.

As shown in Scheme 104 (a), it was envisaged that carbocyclic analogue 238 could be prepared from commercially available maleimide (86) and cis-3,5-cyclopentenediol (240), according to the radical methodology developed for the synthesis of 3-substituted maleimides.  Also, as shown in Scheme 104 (b), we envisaged that carbocyclic analogue 239 could be prepared from maleimide (86) and di-substituted cyclohexene 241.  Compound 241 is not commercially available, however, 241 can be prepared from commercially available cis-1,2,3,6-tetrahydrophthalic anhydride (242), using a procedure widely known in the literature (Scheme 105).149


Scheme 105: The reduction of cis-1,2,3,6-tetrahydrophthalic anhydride (242) using LiAlH4 to afford di-substituted cyclohexene 241 in 67% yield. 

As presented in Scheme 105, the reaction of the cyclic anhydride (242) with LiAlH4 affords the disubstituted cyclopentene (241) in 67% yield.  The conjugate addition of the functionalised carbocyclic radicals derived from cycloalkenes 240 and 241 to the C=C double bond of maleimide (86) was then assessed.  Unfortunately, 1H NMR spectroscopy of the crude reaction mixture revealed that no reaction had occurred, as indicated by the presence of the characteristic alkene signals representing the starting alkenes (241) or (242).  It is believed that the di-hydroxyl functionality of 241 and 242 was reacting with the catecholborane (109), resulting in its decomposition, which means that 109 is not able to perform the hydroboration reaction.  It was hoped that by applying protecting groups to the di-hydroxyl groups of 241 and 242, the hydroboration of these alkenes would proceed to form the organoborole intermediate.  The application of protecting groups to compounds 241 and 242 is presented in Scheme 106.    


Scheme 106: Protection of di-hydroxyl functionalised cyclic alkenes 241 and 242. 

As shown in Scheme 106, compound 241 was reacted with imidazole (247) and TBDMSCl (246) to afford the di-TBTMS ether (243) in 83% yield.  In a separate experiment, compound 241 was heated with acetic anhydride (248) to afford the di-acetate (244) in 85% yield.  Also in Scheme 106, compound 242 was reacted with imidazole (247) and TBDMSCl (246) to afford the di-TBDMS ether (245) in excellent (96%) yield.  After the successful preparation of compounds 243, 244 and 245, the conjugate addition of functionalised cyclic radicals derived from 243, 244 and 245, to the C=C double bond of maleimide (86) was then investigated (Scheme 107). 





	Alkene
	R
	Yield of A / %
	Yield of B / %

	243
	

	(249)   0
	(252)   47

	244
	

	(250)   0
	(253)   41

	245
	

	(251)   0
	(254)   0



Scheme 107: The attempted preparation of maleimide-adducts 249, 250, and 251. 

Using the conditions outlined in Scheme 107, the expected conjugate addition products 249, 250, and 251 were not formed, according to analysis of the crude reaction mixtures by 1H NMR spectroscopy.  For the reaction of functionalised cyclopentenes 243 and 244, a significant amount of the TEMPO-adducts 252 and 253 was recovered (typically 40 - 50% yield).  This suggests that the hydroboration of functionalised cyclopentenes 243 and 244 is performing as expected, and that the released functionalised cyclopentyl radicals are undergoing a fast reaction with TEMPO (15), rather than conjugate addition to the C=C double bond of maleimide (86).  This is due to a steric clash between the bulky alcohol protecting groups and the maleimide (86). 
The reaction of di-substituted cyclohexene 245 did not lead to the formation of maleimide-adduct 251 or the TEMPO-adduct 254, as evidenced by 1H NMR spectroscopy, which revealed a significant amount of the unreacted alkene (245) was present in the crude reaction mixture.  This suggests that the hydroboration of 245 with catecholborane (109) to form the organoborole intermediate did not occur.  It is believed that the hydroboration of 245 with catecholborane (109) was not occurring due to undesirable steric interactions between the bulky TBDMS protecting groups and catecholborane (109).  Using the procedure outlined in Scheme 107, compounds 249 and 250 have been prepared for the first time.     
[bookmark: _Toc326825485]Conclusion
The radical procedure developed for the synthesis of 3-substituted maleimides has been investigated with respect to the preparation of analogues of D-(+)-showdomycin (61), a natural product of interest due to its potent antibiotic activity.  Initially, the intention was to install heterocyclic substituents onto the maleimide 3-position, using a protocol that incorporated the hydroboration of alkenes, conjugate addition-aminoxylation and nitroxide elimination, in an efficient, one-pot procedure.  However, the conjugate addition of heterocyclic radicals to N-phenylmaleimide (29) appeared sluggish compared to a competing coupling reaction of the heterocyclic radicals with TEMPO (15), which resulted in low yields of the maleimide-adducts.  Thus, attention turned towards preparing some carbocyclic analogues of showdomycin, as some of these derivatives had received attention in the literature due to their potential biological activity.
Starting from commercially available reagents, a series of 3-carbocyclic, N-phenyl, analogues of showdomycin were prepared, in reasonable yields, using a mild, 3-step procedure.  In order to produce a carbocyclic analogue of showdomycin that was closer in structure to the natural product, and to avoid potentially problematic, time-consuming steps to protect and de-protect the maleimide nitrogen, the reaction sequence was repeated using maleimide (86).  Pleasingly, this methodology could be used to prepare compound 221 in 38% yield, over 3-steps, from 1-hydroxymethyl-3-cyclopentene 222.  Overall, the radical procedure can be used to prepare showdomycin analogues such as 221, without the need for protecting groups to be applied to the hydroxyl group or the maleimide nitrogen.  As such, it was thought this protocol could provide a quick route towards a wide-ranging series of showdomycin analogues.  Unfortunately, the application of this methodology towards the synthesis of more highly functionalised showdomycin analogues proved unsuccessful, with the coupling of larger substituents to maleimide (86) disfavoured due to the undesirable steric interference between these groups.    



[bookmark: _Toc326825486]Chapter 5: The Synthesis and Reactivity of N-(2,3-Epoxypropyl)maleimide (EPM) (74)
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[bookmark: _Toc326825487]Introduction
[bookmark: _Toc326825488]Background
Maleimide polymers are finding widespread use within the polymer industry, as they possess good thermal stability and chemical resistance, making them suitable for high performance applications.  For example, the high glass transition temperatures (Tg) of poly(BMIs) gives these materials excellent physical properties, which means they are suitable for use as adhesives for carbon-fibre composites, within the aerospace industry.150  The production of high-performance composite materials involves the combination of strong carbon-fibres with a softer matrix that is able to bind the fibres, and transfer energy throughout the material.  Traditionally, the adhesive matrix that binds the carbon fibres is based on epoxide chemistry, whereby an epoxide-containing polymer is reacted with a di-amine in order to create a network of covalent bonds between the polymer chains, in a process known as ‘curing’.  The curing process creates a highly cross-linked thermoset network, which means the material can withstand high temperatures without degradation of its physical properties.    
Recently, poly(BMIs) have been shown to provide an alternative adhesive thermoset network, with the advantage being that the Tg of a cured BMI system (Tg > 230 °C) is significantly higher than for an epoxy resin system (Tg ~ 150 °C).150  Other advantages of BMI-based thermoset networks include similar processing to epoxy resins, and the possibility to cure the polymer without the release of potentially harmful, volatile compounds.  However, a major disadvantage to using BMI-based adhesives is that the cured polymers are extremely brittle, which is due to extensive cross-linking within the thermoset network (Figure 16).  The inherent brittleness of poly(BMI’s) means that they cannot be used successfully as adhesive matrices for carbon-fibre composites, without prior modification in order to improve the fracture toughness of the cured material.  


Figure 16: The cross-linked structure of poly(BMDM).

One way to modify the adhesive matrix is to combine the BMI thermoset material with a thermoplastic ‘toughening agent’, which serves to improve the fracture toughness (reduces brittleness) without compromising the other physical properties.151  A thermoplastic can be loosely defined as a polymer that is strong and rigid below its Tg, whereas above this temperature the polymer becomes soft and malleable.  Due to the weaker, non-covalent interactions between the chains increasing the flexibility of the thermoplastic polymer, the material is more able to absorb the energy of an impact/fracture without undergoing mechanical failure.  Other methods for increasing the flexibility of poly(BMIs) include co-polymerisation with a more flexible polymer,79 and altering the linking unit between the maleimide nitrogen atoms.83  These approaches have been discussed in Chapter 1.
Our approach to increasing the flexibility of poly(BMIs) involves altering the linking unit between the two maleimide groups.  For example, if the pendant N-group of a maleimide was an epoxide, this would allow polar ring opening reactions with a di-amine curing agent [e.g. 4,4`-diaminodiphenylsulfone (4,4`-DDS) (255)],152 to form a flexible linker between the maleimide groups.  Also, room temperature radical polymerisation reactions could be performed at the C=C double bond of the maleimide ring.  Thus, N-(2,3-epoxypropyl)maleimide (EPM) (74) was selected as a suitable target (Scheme 108), as epoxide ring-opening chemistry and radical polymerisation could both be performed on this molecule.



Scheme 108: The structure of N-(2,3-epoxypropyl)maleimide (EPM) (74).  (a) Radical addition to the maleimide C=C double bond.  (b) Polar regioselective ring-opening of the epoxide by an amine.

This chapter will focus on the synthesis of EPM (74) and subsequent epoxide ring-opening reaction with amines [Scheme 108 (b)]; the radical polymerisation of EPM (74) with organoborole radical initiators [Scheme 108 (a)], has been discussed in Chapter 2.
[bookmark: _Toc326825489]Synthetic Approach to EPM (74)
The synthesis of EPM (74) has not previously been reported in the literature; however, the molecule was briefly mentioned by Rao and Ismail in a 2000 paper,153 as they made efforts to prepare α-hydroxyketones from epoxides using ammonium molybdate and H2O2.  Our retro-synthetic analysis of EPM (74) is shown in Scheme 109.  This approach involves first synthesising the N-allylmaleimide (97) pre-cursor from cheap, readily available, maleic anhydride (45) and N-allylamine (256), before subsequent epoxidation of the allyl group using a suitable oxidising agent.


Scheme 109: The retro-synthetic analysis of EPM (74) from cheap, readily available starting materials maleic anhydride (45) and N-allylamine (256).

[bookmark: _Toc326825490]Literature Methods for the Synthesis of N-Allylmaleimide (97)
The traditional method for the synthesis of N-substituted maleimides is to first generate the maleamic acid derivative from maleic anhydride (45) and a suitable primary amine, before closing the 5-membered ring through heating.  For example, this method was used by Jones and co-workers in 2011, whereby they prepared N-allylmaleimide (97) in 31% yield (Scheme 110); compound 97 was subsequently used as a substrate in their efforts to investigate stereoselective intermolecular Friedel-Crafts reactions.154  The low yield of N-allylmaleimide (97) achieved using this procedure can be attributed to the sensitivity of the allyl group to the harsh acidic conditions required for the 5-exo-trig cyclisation. 


Scheme 110: The synthesis of N-allylmaleimide (97), as reported by Jones and co-workers.154

In a 1992 paper,155 Braish and Fox reported another route towards the synthesis of N-substituted maleimides, which involved the use of inexpensive reagents and mild reaction conditions to afford the maleimide products in good yields.  This method also involves the reaction of maleic anhydride (45) with a suitable primary amine, to form the maleamic acid in quantitative yield (Scheme 111).  A subsequent reaction using oxalyl chloride (257) and DMF (258) affords a chlorinated-succinimide intermediate, which was transformed into the maleimide product upon treatment with triethylamine (157).


	R
	Yield of Maleimide 
Product / %

	-CH2CH=CH2
	       (97)      68

	-(C6H4)-p-OMe
	                   58

	Bn
	                   65

	Ph
	       (29)      71

	cyclopropyl
	                   54



Scheme 111: The synthesis of N-substituted maleimides, as reported by Braish and Fox in 1992.155

As shown in Scheme 111, this method can be used for the synthesis of N-substituted maleimides, with a variety of maleimide compounds prepared in good yields (≥ 54%).  The mild conditions for the ring closure allows the preparation of N-allylmaleimide (97) in 68% yield, which is a significant improvement over the previous syntheses of this compound, which required high temperatures and harsh acidic conditions to close the ring.  The mechanism of the cyclisation involves the transformation of the carboxylic acid group of the maleamic acid intermediate into a more reactive acid chloride, which allows the ring to be formed at room temperature.  It is believed that the cyclisation involves a variation of the Vilsmeier-Haack reaction, which traditionally involves the reaction of phosphorus oxychloride (POCl3) and DMF (258) to give a substituted chloroiminium ion (Vilsmeier reagent), that can facilitate the formylation of aromatic groups.  However, in this variation, the reaction of oxalyl chloride (257) and DMF (258) is used to form the reactive chloroiminium ion intermediate (259), with the driving force for this transformation being the release of CO(g) and CO2(g).  A proposed mechanism for the conversion of the carboxylic acid to an acid chloride is shown in Scheme 112.


Scheme 112: Proposed mechanism for the transformation of a carboxylic acid into an acid chloride, using oxalyl chloride (257) and DMF (258).156 

For the preparation of N-allylmaleimide (97), after conversion of the carboxylic acid into a more reactive acid chloride group, according to the mechanism presented in Scheme 112, the cyclisation can be completed at room temperature.  The nitrogen lone-pair attacks the C=O of the acid chloride to form the 5-membered ring and release a chloride ion, which can then add to the C=C double bond of the maleimide, resulting in the formation of a chlorinated-succinimide (260).  The addition of triethylamine (157) to the reaction facilitates the elimination of HCl, which re-forms the maleimide C=C double bond, to afford N-allylmaleimide (97) in an overall yield of 68% (Scheme 111).
An alternative approach to the synthesis of N-substituted maleimides, based on a variation of the Mitsonobu reaction, was reported by Walker in 1994.157  This procedure involved the reaction of an alcohol with maleimide (86), and was used to prepare a variety of N-substituted maleimides, in generally good yields, under neutral conditions at room temperature (Scheme 113).


	R
	Yield of Product / %

	-CH=CH2
	        (97)    75

	Ph
	        (29)    73

	-CH2Ph
	                  52

	-CH2NHBoc
	                  57



Scheme 113: The synthesis of N-substituted maleimides, using a variation of the Mitsonobu reaction, as reported by Walker in 1994.157

As shown in Scheme 113, this method can be used to synthesise a variety of N-substituted maleimides in good yields.  The traditional use of the Mitsonobu reaction involves the reaction of a carboxylic acid and an alcohol to form an ester; whereas, in this variation, the reaction is used to facilitate the reaction of maleimide (86) with an alcohol.  The reaction involves deprotonation of the maleimide N-H bond, in order to form a negatively charged nitrogen nucleophile, which can add to the α-carbon-atom of the activated alcohol species.  The driving force for the reaction is the formation of a strong P=O double bond in the final step.  An advantage to this method is that it can be used to synthesise N-substituted maleimides in good yields, under mild conditions, however a disadvantage is that it requires the use of expensive reagents such as maleimide (86).
Another route to N-substituted maleimides, whereby the maleamic acid intermediate is subjected to a Lewis acid and hexamethyldisilazane (HMDS) (263) promoted cyclisation, was reported by Toru and co-workers in 1997.158  This procedure was used to prepare a series of N-substituted maleimides in good yields, using cheap, commercially available starting materials (Scheme 114).


	R
	time / h
	Yield of Product / %

	-CH2CH=CH2
	4*
	       (97)     73

	-Ph
	1
	       (29)     97

	-Bn
	0.5
	                  98

	-CH2CH2Ph
	0.5
	                  95

	-(CH2)3CH3
	0.5
	                  84

	-CH(Ph)CO2Me
	2
	                  90

	-(C6H4)-CO2Et
	1
	                  93


* ZnCl2 was used as the Lewis acid.

Scheme 114: The synthesis of N-substituted maleimides, as reported by Toru and co-workers in 1997.158

The reactions presented in Scheme 114 begin with the reaction of maleic anhydride (45) and a primary amine to form the maleamic acid intermediate in quantitative yield, with a subsequent 5-exo-trig cyclisation to afford the maleimide product.  The exact involvement of HMDS (263) in the cyclisation was not reported, although it was proposed that HMDS (263) facilitates the transformation of the maleamic acid into a labile trimethylsilyl ester, which can undergo thermal deoxysilylation to form the imide.  Despite the variety of maleimides that can be prepared in good yield using this method, the requirement of high temperatures for the cyclisation would prevent this method being used on a large industrial scale.
After considering the literature methods for the synthesis of N-allylmaleimide (97), the next section focuses on the literature methods for the epoxidation of terminal alkenes.  Subsequently, the literature surrounding the ring-opening of terminal epoxides will be considered in a later section.  Following this, the application of these reactions towards the synthesis of EPM (74), and understanding the reactivity of this molecule, will be discussed.

[bookmark: _Toc326825491]Literature Methods for the Epoxidation of Terminal Alkenes
The most common method for the epoxidation of terminal alkenes, such as that featured in N-allylmaleimide (97), involves the reaction of an alkene with a peroxide reagent.  For example, in a 2001 paper,159 Springer and co-workers used this approach as they reacted N-allylphthalimide (264) with m-CPBA (96), to afford the epoxide product (265) in excellent yield (Scheme 115).  The epoxide (265) was used in a reaction with aliphatic alcohols to form an intermediate, which was subsequently used in their preparation of novel cationic lipids that have applications in gene transfer. 


Scheme 115: The epoxidation of N-allylphthalimide (264) using m-CPBA (96), as reported by Springer and co-workers in 2001.159

The advantages of using m-CPBA (96) as a reagent in epoxidation reactions include; low cost, wide availability, and the ability to preferentially epoxidise electron-rich alkenes.  However, despite its widespread use, m-CPBA (96) is explosive at high concentrations, and long reaction times are required for the epoxidation of terminal alkenes.  This has discouraged the use of m-CPBA (96) in large-scale industrial epoxidation reactions.  
Another method for the epoxidation of alkenes, that was proposed by Curci and co-workers in 1980,160 involved the in situ formation of the highly reactive oxidant dimethyldioxirane (DMDO) (266).  It was reported that DMDO (266) can be formed through the oxidation of acetone with potassium peroxomonosulfate (oxone) (267), and that a variety of alkenes could be epoxidised successfully under mild reaction conditions (Scheme 116).




	Alkene
	Yield of Product / %

	PhCH=CHCO2H     
	 92b

	cyclohexene    
	98

	cyclodecene    
	85

	1-dodecene    
	72


a Buffer = 0.05 M phosphate buffer (pH = 7.5).
b Reaction time = 5 h.

Scheme 116: The epoxidation of alkenes using DMDO (266) that was generated in situ through the oxidation of acetone with KHSO5 (267).

As shown in Scheme 116, the epoxidation of alkenes can be achieved in good yield, using DMDO (266) generated in situ through the oxidation of acetone.  The advantages of this procedure include short reaction times, and the formation of acetone as the only side product.  A disadvantage of using DMDO (266) as an epoxidising agent is that longer reaction times are required to epoxidise electron-deficient alkenes.  Also, due to the unstable nature of the dioxirane group in DMDO (266), this reagent can only be isolated in a dilute solutions (0.01 – 0.1 M); thus, the in situ preparation of dioxiranes has received more attention in the literature.  For example, in a 1995 paper,161 Yang and co-workers reported an efficient procedure for the epoxidation of alkenes using methyl(trifluoromethyl)dioxirane, generated in situ through the oxidation of 1,1,1-trifluoroacetone (268) with KHSO5 (267) (Scheme 117).   






	R
	R1
	R2
	time / h
	Yield of Product / %

	H
	Ph
	CH3
	0.25
	96

	H
	CH3
	CO2Me
	0.3
	97

	Ph
	Ph
	H
	0.5
	99

	Ph
	H
	C(O)Ph
	1.3
	99

	Ph
	H
	CO2Me
	2
	97



Scheme 117: The epoxidation of alkenes using methyl(trifluoromethyl)dioxirane, generated in situ through the oxidation of 268 with KHSO5 (267).

As shown in Scheme 117, a variety of alkenes can be epoxidised using methyl(trifluoromethyl)dioxirane, generated in situ through the oxidation of 268 with KHSO5 (267).  The presence of the electron-withdrawing trifluoromethyl group destabilises the dioxirane ring, making the intermediate more reactive than DMDO (266), hence the shorter reaction times observed in Scheme 117.
A reagent that has found widespread use as an oxidising agent for the epoxidation of alkenes is hydrogen peroxide (269).  For example, in a 1996 paper,162 Noyori and co-workers developed a practical method for the epoxidation of terminal alkenes, using 30% aq. H2O2 (269) as the oxidant (Scheme 118).  In comparison with other commercially available epoxidising agents, such as m-CPBA (96), the use of cheap, commerically available aq. H2O2 (269) is highly favoured.  The advantages of using H2O2 (269) as the oxidant include; faster reaction times, performing the reactions in aqueous media instead of toxic halogenated solvents, and the formation of water as the only side-product.






	R
	Yield of Product / %

	C6H13
	86

	C8H17
	93

	C10H21
	87

	Ph
	23



Scheme 118: The epoxidation of terminal alkenes, using H2O2 (269) as the oxidant.

As shown in Scheme 118, aliphatic terminal alkenes can be oxidised using H2O2 (269), to give the epoxide products in good yield.  However, the epoxidation of styrene was completed in poor yield, due to the sensitivity of the styrene-oxide product to hydrolytic decomposition, which can occur at the aqueous-organic interface.162   
The need to improve the efficiency of the epoxidation of terminal alkenes, lead to the development of specifically designed organocatalysts for the purpose of performing asymmetric epoxidation reactions.  For example, in a 1997 paper,163 Shi and co-workers reported an efficient, catalytic method for the asymmetric epoxidation of alkenes, whereby fructose-derived compound 270 is oxidised by KHSO5 (267) to form a reactive chiral dioxirane species, which can then perform the epoxidation reaction (Scheme 119). 







	R
	R1
	R2
	Yield of Product / %
	e.e. / %

	Ph
	H
	Me
	94
	96

	Ph
	H
	-CH2OTBS
	71
	95

	Ph
	Me
	Me
	93
	76

	cyclohexyl
	Me
	-(CH2)2CO2Me
	89
	94

	Ph
	H
	H
	90
	24

	C8H17
	H
	H
	92
	17

	Ph3SiCH2-
	H
	H
	99
	31


a DMM = dimethoxymethane.
b Buffer = 0.05 M Na2B4O7.10H2O in aq. Na2(EDTA) (4 × 10-4 M).

Scheme 119: The asymmetric epoxidation of alkenes, as reported by Shi and co-workers in 1997.163 

As shown in Scheme 119, the fructose-derived catalyst (270) can be used in conjunction with KHSO5 (267), for the asymmetric epoxidation of alkenes, with good yields and enantioselectivities observed for the reaction of trans- alkenes and trisubstituted alkenes.  However, although the yields for the epoxidation of terminal alkenes are generally good, the enantioselectivity of these reactions is poor.  It is believed that the high enantioselectivity for the epoxidation of the trans- and trisubstituted alkenes arises from the steric clash between the alkene R, R1 and R2 groups and the bulky catalyst (270), which means that only one face of the alkene is subject to epoxidation.  In contrast, in terminal alkenes (R1, R2 = H), there is less steric interference between the alkene and the bulky catalyst, so both faces of the alkene can be epoxidised.
In later work, Shi and co-workers showed that the epoxidation of terminal alkenes could be completed in good yield and good enantioselectivity, using a modified version of catalyst (270) (Scheme 120).164


	R
	Yield of Product / %
	e.e. / %

	Ph
	100
	81

	4-Cl-C6H4
	90
	85

	cyclohexyl
	93
	71


a Buffer = 0.2 M K2CO3-AcOH in aq. EDTA (4 × 10-4 M) and Bu4NHSO4.

Scheme 120: The asymmetric epoxidation of terminal alkenes, as reported by Shi and co-workers in 2001.164

As shown in Scheme 120, the epoxidation of terminal alkenes can be achieved in excellent yields and good enantioselectivities.  The improved enantioselectivity using catalyst 271 is believed to arise from coordination of the spiro-oxazolidinone with the π-system of the aromatic substituent of the alkene, which results in one face of the alkene being preferentially oxidised by the chiral dioxirane.  Hence, the enantioselectivity is lower when R = cyclohexyl, as the alkene does not possess a substituent containing a π-system, and therefore does not coordinate to the spiro-oxazolidinone.
Recent work by Katsuki and co-workers has shown that excellent enantioselectivities can be achieved for the epoxidation of styrene derivatives (Scheme 121), through the use of a proline-derived, C1-symmetric Ti(salan) complex, and 30% aq. H2O2 as the oxidant.165    





	R
	Yield of Product / %
	e.e. / %

	Ph
	71
	98

	4-Cl-C6H4
	66
	98

	3-Cl-C6H4
	66
	98

	2-Cl-C6H4
	16
	96

	4-Me-C6H4
	80
	98



Scheme 121: The asymmetric epoxidation of styrene derivatives, as reported by Katsuki and co-workers in 2009.165

As shown in Scheme 121, the asymmetric epoxidation of styrene derivatives can be completed in generally high yields, and excellent enantioselectivity.  The low yield for the epoxidation of 2-chlorostyrene is believed to result from undesirable steric interference between the Cl-group and the titanium complex.  
The examples presented in this section show that a variety of methods are available for the epoxidation and asymmetric epoxidation of terminal alkenes.  The next section will focus on the literature surrounding the reaction of terminal epoxides with amines, as it is our intention to perform this transformation on EPM (74). 
[bookmark: _Toc326825492]Literature Methods for the Reaction of Terminal Epoxides with Amines
For the new functionalised maleimide derivative EPM (74) to be considered for use as an additive in the polymer industry, the reaction of the terminal epoxide group with amines must be assessed.  The reaction of terminal epoxides with primary amines is an important reaction during the ‘curing’ process of some industrial polymers, whereby the newly formed cross-links between the polymer chains serve to increase the Tg, and the rigidity, of the thermoset polymer.  The traditional method for the curing process involves reacting the epoxide with a suitable diamine at high temperatures (~ 190 °C) for 2-3 h,166 with this method proving reliable for achieving a large degree of cross-linking between the polymer chains.  However, more recently, there has been much attention given towards performing the epoxide ring-opening reactions with amines at room temperature.  For example, in a 2002 paper,167 Cossy and co-workers reported a mild, efficient procedure for the ring-opening of epoxides with primary or secondary amines, which was mediated by the non-toxic lithium salt LiNTf2 (274) (Scheme 122).


	R
	R1
	R2
	LiNTf2 / (eq.)
	Yield of Product / %

	Ph
	H
	-CH2CH2Ph
	0.1
	(275)    77*

	BnOCH2-
	H
	Bn
	0.1
	95

	BnOCH2-
	H
	-CH2CH2Ph
	0.1
	86

	PMBOCH2-
	H
	-CH2CH2Ph
	0.1
	85

	BnOCH2-
	allyl
	allyl
	0.5
	60

	BnOCH2-
	i-Pr
	i-Pr
	0.5
	88


* 8:2 mixture of regioisomers (terminal attack : benzylic attack).

Scheme 122: The reaction of terminal epoxides with amines, mediated by LiNTf2 (274).

As presented in Scheme 122, the reaction of epoxides with primary or secondary amines can form the epoxide ring-opened products in good yield, using mild reaction conditions and non-toxic additives.  The epoxide ring-opening reactions generally proceeded with good regioselectivity, whereby the amine attacks the less sterically hindered, terminal carbon of the epoxide to form a secondary alcohol.  The addition of LiNTf2 (274) to the reaction ensures that the ring-opening reaction proceeds under basic conditions, which prevents an alternative, acid catalysed epoxide ring-opening pathway that could lead to the formation of the regioisomeric β-amino alcohol.  The reaction of styrene oxide (276) to form compound 275 produced an 8 : 2 mixture (terminal attack : benzylic attack) of regioisomers, which result from an attack of the amine on the epoxide at both positions.  Similar to the reactions of epoxides that do not feature an aromatic substituent, the major product is formed through an attack of the amine at the least sterically hindered, terminal carbon of the epoxide.  Whereas, the minor product is formed through an alternative pathway, which is dictated by carbocation-stabilisation by the aromatic ring.  In styrene oxide (276), resonance-stabilisation by the aromatic ring results in the benzylic carbon being the most electrophilic; thus, the amine nucleophile can attack this position, leading to the formation of the minor product.  The formation of the terminal ring-opened product as the major regioisomer suggests that the nucleophilic attack at the least hindered, terminal position is occurring faster than at the benzylic position under basic conditions.  
In contrast, the use of Lewis acid additives in the reaction of styrene oxide (276) with amines can lead to different regioselectivity.  For example, in a 2004 paper,168 Chakraborti and co-workers reported that cheap, commercially available LiBr (277) could be used as a Lewis acid catalyst in the reaction of epoxides with aniline (278), with the resulting β-amino alcohols formed in excellent yields and good regioselectivity (Scheme 123).


	R
	R1
	Total Yield (A + B) / %
	Ratio of A : B*

	Ph
	Ph
	98
	92 : 2

	4-Me-C6H4-
	Ph
	98
	100 : 0

	4-Cl-C6H4-
	Ph
	100
	100 : 0

	CH3-
	Ph
	100
	0 : 100

	Ph-O-CH2-
	Ph
	100
	0 : 100


* Determined by 1H NMR spectroscopy.

Scheme 123: The reaction of terminal epoxides with aniline (278), using LiBr (277) as a Lewis acid catalyst.

As shown in Scheme 123, the reaction of styrene oxide (276) with aniline (278), using LiBr (277) as a Lewis acid catalyst, resulted in a highly regioselective attack of the amine nucleophile at the benzylic position.  However, the reaction of epoxides that do not contain an aromatic substituent, with aniline (278) in the presence of LiBr (277), resulted in a highly regioselective attack of the amine nucleophile at the terminal position, which suggests that these reactions are dictated by steric effects, rather than electronic effects (involving the stabilisation of positive charge by the adjacent R group).
In a 2011 paper,169 Chakraborti and co-workers reported that the Zn-catalysed, epoxide ring-opening reaction of styrene oxide (276) with amines proceeds with different regioselectivity, depending on the nature of the amine.  They observed that the reaction of styrene oxide (276) with aromatic amines occurred preferentially at the benzylic position, whereas the reaction with aliphatic amines occurred preferentially at the least substituted, terminal position (Scheme 124). 


	Amine
	t / h
	Total Yield (A + B) / %
	Ratio of (A : B)b

	aniline 
	0.7
	95
	99 : 1

	4-methylaniline
	1
	89
	89 : 11

	4-chloroaniline
	1
	96
	98 : 2

	2,6-dimethylaniline
	2
	94
	96 : 4

	piperidine
	1
	90
	1 : 99

	morpholine
	1
	100
	9 : 91

	cyclohexylamine
	2
	95
	8 : 92


a Catalyst loading: 0.5 mol% for aromatic amines, 2 mol% for aliphatic amines.
b Determined by 1H NMR spectroscopy.

Scheme 124: The reaction of styrene oxide (276) with amines, using Zn(BF4)2.xH2O (279) as a Lewis acid catalyst.

As shown in Scheme 124, the reaction of styrene oxide (276) with aromatic amines leads to the preferential formation of regioisomer A.  The rationale for this regioselectivity arises from the different behaviour of the aromatic and aliphatic amines in the presence of the Zn-species.  In the case of the poorly nucleophilic, aromatic amines, the reactions proceed with complexation of the epoxide oxygen to the Zn-species to form an oxonium ion.  The positive charge can be stabilised by delocalisation through the adjacent C-C σ-bond (which possesses partial π-character), which increases the electrophilicity of the carbon atoms in the epoxide.  The carbocationic character of the benzylic carbon will be further increased by resonance stabilisation with the aromatic ring; thus, the less nucleophilic, aromatic amines prefer to react with the most electrophilic, benzylic carbon.  In contrast, the reaction of styrene oxide (276) with aliphatic amines is dictated by steric factors.  The aliphatic amines are more nucleophilic, and are more likely to undergo complexation of the nitrogen lone pair and the Zn-species, which increases the overall steric bulk of the effective nucleophilic species; thus, the aliphatic amines are more likely to react with the less sterically hindered, terminal carbon.

[bookmark: _Toc326825493]Synthesis of EPM (74)
[bookmark: _Toc326825494]Synthesis of N-Allylmaleimide (97)
In order to synthesise EPM (74), it was thought a suitable synthetic route, involving the preparation and subsequent epoxidation of the N-allylmaleimide (97) pre-cursor, could be achieved using cheap reagents and mild reaction conditions.  Although the synthesis of N-allylmaleimide (97) has been achieved in good yield using a modified Mitsonobu reaction (see Scheme 113, Section 5.1.3),157 the high cost of maleimide (86) meant that this procedure was not used to prepare (97).  The first attempt to prepare N-allylmaleimide (97), from cheap starting materials N-allylamine (256) and maleic anhydride (45), is shown in Scheme 125.  The sequence starts with the reaction of N-allylamine (256) and maleic anhydride (45) to form the maleamic acid (280) in quantitative yield, with a subsequent heat-induced, acid mediated, 5-exo-trig cyclisation, in order to afford N-allylmaleimide (97).  


Scheme 125: The synthesis of N-allylmaleimide (97) involving 5-exo-trig cyclisation mediated by (a) acetic acid reflux.170 (b) acetic anhydride / sodium acetate reflux.171

As presented in Scheme 125, N-allylmaleimide (97) can be prepared in poor overall yield, using a simple reaction procedure and cheap, commercially available reagents.  However, the harsh, acidic conditions required for the cyclisation are incompatible with the allyl group, which suggests that a milder procedure should be used in order to improve the yield of N-allymaleimide (97).  For this reason, the method of Braish and Fox was chosen for the preparation of N-allylmaleimide (97),155 as it involved cheap reagents and could be completed at room temperature (Scheme 126).


* Overall yield for a telescoped procedure (where intermediate 260 is not isolated).
Scheme 126: The synthesis of N-allylmaleimide (97), using a procedure adapted from the method of Braish and Fox.155

As shown in Scheme 126, the method of Braish and Fox was adapted to prepare N-allylmaleimide (97) in 45% overall yield, using a room temperature, one-pot procedure.  It was found that using the original conditions for the final step [e.g. Et3N (157) (1 eq.), DCM, r.t., 1 h], did not give good yields for the elimination of HCl to form the maleimide C=C double bond.  Thus, two equivalents of Et3N (157) were added slowly over 0.5 h, and the reaction was allowed to stir overnight at room temperature; this resulted in an excellent yield of 97 in the final step.  In a separate experiment, the chlorinated-succinimide (260) was isolated in 65% yield, with a subsequent elimination of HCl from 260 affording the maleimide (97) in 60% overall yield.  This suggests that in order to achieve good overall yields of N-allylmaleimide (97), the chlorinated-succinimide (260) must be isolated from the reaction mixture before the elimination step.  Overall, this method has been shown to be reliable, having been repeated several times to provide 1 – 4 g batches of N-allylmaleimide (97).  Also, by using this method, compounds 97 and 260 have been isolated in good yields, which could lead to two alternative pathways for the synthesis of EPM (74).
[bookmark: _Toc326825495]Epoxidation of N-Allylmaleimide (97)
After the preparation of N-allylmaleimide (97) in good yield, the next stage in the synthesis of EPM (74) was to investigate the epoxidation of the allyl group in 97 using a suitable oxidising agent.  It was thought that the sterically unhindered, electron-rich allyl group of 97 would undergo an efficient epoxidation reaction with m-CPBA (96), however the results in Scheme 127 show that the yield of EPM (74) was poor [Scheme 127 (a)].  Analysis of the crude reaction mixture by 1H NMR spectroscopy indicated that a significant quantity of the N-allylmaleimide (97) had remained unreacted, suggesting that the epoxidation with m-CPBA (96) is proceeding very sluggishly at room temperature.  


* A solution of DMDO (266) (0.07 M in acetone) was used in the reaction.
Scheme 127: The epoxidation of N-allylmaleimide (97) using (a) m-CPBA (96) or (b) DMDO (266) as the oxidant.
Attention then turned to a more reactive oxidising agent.  The epoxidation of 97 using DMDO (266) as the oxidant resulted in the formation of EPM (74) in good yield [Scheme 127 (b)].  Despite the high reactivity of DMDO (266), its use as a reagent is limited, because its high instability makes the handling of 266 at high concentrations difficult; as such, only dilute solutions can be prepared safely.  The epoxidation of N-allylmaleimide (97) was attempted, using DMDO (266) generated in situ;172 however, analysis of the crude reaction mixture by 1H NMR spectroscopy revealed that no reaction had taken place.  Overall, EPM (74) has been prepared in ~50% overall yield from maleic anhydride (45) and N-allylamine (256).  
[bookmark: _Toc326825496]Epoxidation of the Chlorinated-Succinimide (260)
After the successful synthesis of EPM (74) through the epoxidation of the N-allylmaleimide (97) pre-cursor, an alternative pathway, involving the epoxidation of the chlorinated-succinimide (260), was explored.  The epoxidation of the chlorinated-succinimide (260) using m-CPBA (96) as the oxidant, followed by the elimination of HCl to form the maleimide C=C double bond, is shown in Scheme 128.


a Determined by 1H NMR spectroscopy.
b Overall yield for a telescoped procedure (where intermediate 281 is not isolated).

Scheme 128: The epoxidation of the chlorinated-succinimide (260) with m-CPBA (96), followed by elimination of HCl to form the maleimide C=C double bond.

As shown in Scheme 128, the epoxidation of chlorinated-succinimide 260 with m-CPBA (96), followed by subsequent elimination of HCl to form the maleimide C=C double bond, afforded EPM (74) in 59% overall yield, using a one-pot procedure at room temperature.  In a separate experiment, the chlorinated epoxide-intermediate (281) was isolated from the reaction in 48% yield.  Analysis of 281 by 1H NMR spectroscopy revealed a 1 : 1 mixture of diastereoisomers, which arise from epoxidation of both faces of the alkene.  The reaction of chlorinated epoxide-intermediate 281 with Et3N (157) afforded EPM (74) in 48% yield, which suggests that EPM (74) is produced in the highest yield when a telescoped procedure is used.  Overall, EPM (74) can be prepared in 35% overall yield from maleic anhydride (45) and N-allylamine (256), using cheap, commercially available reagents.  Also, using this methodology, compound 281 has been prepared for the first time.
[bookmark: _Toc326825497]Reaction of EPM (74) with Primary Amines
[bookmark: _Toc326825498]Reaction without Additives
Following the preparation of EPM (74) in good overall yield, the reactivity was investigated with respect to an epoxide ring-opening reaction with primary amines.  For EPM (74) to be considered a suitable additive for use in the polymer industry, the epoxide must undergo a successful reaction with a di-amine cross-linking agent (e.g. 4,4`-DDS (255)) in a process known as curing.  However, before commencing an investigation into the reaction of EPM (74) with diamines, the behaviour of EPM (74) with respect to a reaction with primary amines must be understood.  Also, it was expected that the simple addition products of the reaction between EPM (74) and primary amines would be easier to isolate and characterise than the bismaleimides formed through the reaction of EPM (74) with di-amines.  It was expected that a reaction of EPM (74) with primary amines at room temperature would take place at the epoxide ring, and lead to the formation of a β-amino alcohol (e.g. Scheme 129 - product A); however, results show that a competing reaction between the amine and the maleimide C=C double was occurring, which lead to the formation of alternative products B and C (Scheme 129).


	R
	Solvent
	T / °C
	Yield of A / %
	Yield of B / %
	Yield of C / %

	propyl
	THF
	r.t.
	0
	  (282)    99a
	  (285)      0

	cyclohexyl
	THF
	r.t.
	0
	  (283)    36a (99b)
	  (286)      0

	Ph
	THF
	r.t.
	0
	  (284)      0
	  (287)      0

	Ph
	THF
	65
	0
	  (284)    15a
	  (287)    75a

	Ph
	EtOH
	78
	0
	  (284)      0
	  (287)    81a

	Ph
	EtOH
	r.t.
	0
	  (284)      0
	  (287)      0


a d.r. = 1:1 (as determined by 1H NMR spectroscopy).
b Yield was determined by 1H NMR spectroscopy.
 
Scheme 129: The reaction of EPM (74) with primary amines.

As shown in Scheme 129, the reaction of EPM (74) with primary amines did not result in the formation of product A.  The reaction of EPM (74) with n-propylamine (288) in THF at room temperature lead to a conjugate addition process, whereby the amine is added to the maleimide C=C double bond, resulting in the formation of Michael-type product 282 in 99% yield.  Analysis of 282 by 1H NMR spectroscopy revealed a 1 : 1 mixture of diastereoisomers, which arise from the amine attacking both faces of the maleimide C=C double bond (as expected).  n-Propylamine (288) was easily removed from the crude reaction mixture through evaporation under reduced pressure, meaning that purification by flash chromatography was not required.  The reaction of EPM (74) with cyclohexylamine (289), in THF at room temperature, afforded the Michael-type product (283) in 36% yield, after purification of 283 by flash chromatography.  Analysis of the crude reaction mixture by 1H NMR spectroscopy revealed that all of the EPM (74) had been consumed in the reaction.  However, the separation of 283 from cyclohexylamine (289) by flash chromatography proved more difficult than expected, hence the isolation of 283 was achieved in only 36% yield.  The removal of cyclohexylamine (289) from the crude reaction mixture through distillation also proved difficult, due to the higher boiling point of this amine.  
As the nucleophilic primary amines n-propylamine (288) and cyclohexylamine (289) prefer to undergo a conjugate addition reaction with the electron-poor C=C double bond of EPM (74), it was thought that a less nucleophilic amine such as aniline (278) may prefer to react with the epoxide ring.  EPM (74) and aniline (278) were stirred in THF at room temperature, however no reaction was observed, which can be attributed to the lower nucleophilicity of aniline (278).  As such, the reaction was repeated at 65 °C, which resulted in the recovery of Michael-type product 284 in 15% yield.  Also recovered was compound 287 in 75% yield, which is formed through the reaction of EPM (74) with two molecules of aniline (278), at both the maleimide C=C double bond and the epoxide ring.  This suggests that although the conjugate addition and epoxide ring-opening reactions are taking place (using aniline (278)), the conjugate addition reaction is occurring faster under these conditions.  
It was thought that the use of a more polar, protic solvent such as ethanol would lead to the epoxide ring-opening reaction becoming more favoured, due to the increased stabilisation of the formed oxygen anion, and the faster rate of proton transfer from the amine nitrogen to the oxygen.  The reaction of EPM (74) with aniline (278), in refluxing EtOH, afforded the diamino-adduct (287) in 81% yield as the only product.  This suggests that although using a more polar solvent at higher temperatures reduces the amount of Michael-type adduct 284 being formed, the reaction to form the desired product A is still not favoured using these conditions.  Overall, using the procedure outlined in Scheme 129, compounds 282, 283, 284, and 287 have been prepared for the first time.  In order to influence the reaction of EPM (74) and aniline (278) to favour the formation of compound A, attention turned to the addition of Lewis acid additives in an effort to promote epoxide ring-opening.
[bookmark: _Toc326825499]Reaction with Lewis Acid Additives
In the preceding section (5.3.1), it was shown that a direct reaction between EPM (74) and aniline (278) at high temperature resulted in the formation of diamino-adduct 287, whereby the amine reacted with the maleimide C=C double bond and the epoxide ring.  It was thought that the reaction of EPM (74) with aniline (278), in the presence of a suitable Lewis acid additive, could lead to the epoxide ring-opening and the formation of β-amino alcohol 290.  These reactions are presented in Scheme 130. 


	Additive
	T / °C
	t / h
	Yield of 290 / %
	Yield of 284 / %
	Yield of 287 / %*

	LiBr (277)
	r.t.
	2
	15
	0
	18

	LiBr (277)
	80
	2
	10
	0
	17

	LiBr (277)
	r.t.
	1
	28
	0
	8

	Zn(BF4)2.xH2O (279)
	r.t.
	1
	41
	0
	25


* d.r. = 1:1 (as determined by 1H NMR spectroscopy).

Scheme 130: The reaction of EPM (74) with aniline (278), using Lewis acid additives.

As shown in Scheme 130, the reaction of EPM (74) with aniline (278) in the presence of Lewis acid additives leads to the formation of diamino-adduct 287 and β-amino alcohol 290; the Michael-type adduct (284) was not observed under these conditions.  The initial conditions were derived from those of Chakraborti,168 and involved the reaction of EPM (74) with aniline (278) in the presence of LiBr (277) at room temperature.  The use of these conditions lead to the isolation of 290 in just 15% yield, and 287 in 18% yield.  Analysis of the crude reaction mixture by 1H NMR spectroscopy revealed that all of the EPM (74) was consumed during the reaction, and suggests that the remaining EPM (74) was polymerised, presumably through an anionic reaction at the maleimide C=C double bond, in the presence of aniline (278).  The polymer was insoluble in common organic solvents, so characterisation could not be performed.
It was thought that performing the reaction at higher temperature would increase the conversion of EPM (74) to products 290 or 287; however, performing the reaction at 80 °C did not result in any significant changes in the yield of either 290 or 287.  The reaction was repeated with a shorter reaction time, which resulted in the isolation of compound 290 in an improved 28% yield, and compound 287 in 8% yield.  Also recovered, was unreacted aniline (278) in 64% yield, with the remaining EPM (74) undergoing a polymerisation reaction to form poly(EPM) as an insoluble white solid.        
Following this, it was thought that the addition of an alternative, more oxophilic Lewis acid to the reaction may increase the amount of EPM (74) being converted to the simple addition products, rather than being converted into any polymeric species.  As shown in Section 5.1.5, Chakraborti and co-workers reported that Zn(BF4)2.xH2O (279) could be used as a Lewis acid for the ring-opening reaction of epoxides with aniline (278).169  They postulated that the poorly nucleophilic aniline NH2 group is activated through H-bonding with a fluorine atom in one of the BF4¯ counterions, and this serves to hold the amine in close proximity to the electrophilic carbon atoms.  The reaction of EPM (74) with aniline (278) in the presence of Zn(BF4)2.xH2O (279) resulted in the isolation of compound 290 in a much improved 41% yield, and diamino-adduct 287 in 25% yield.  The combined yield of 290 and 287 is 66%, which shows that the use of Zn(BF4)2.xH2O (279) is causing the reaction to favour the formation of simple addition products over polymers.  The β-amino alcohol (290) is formed through the nucleophilic addition of the amine to the least sterically hindered, terminal carbon of the epoxide, which suggests that the regioselectivity is defined by the minimisation of steric interactions between the maleimide and the amine.  Overall, using the methods presented in Scheme 130, compound 290 has been prepared for the first time.   
[bookmark: _Toc326825500]Reaction of EPM (74) with Organoborole Radical Initiators
In the preceding section, it was shown that the chemoselectivity of the reaction between EPM (74) and aniline (278) can be affected in favour of epoxide ring-opening, by the introduction of a Lewis acid additive such as Zn(BF4)2.xH2O (279).  Another way to affect the chemoselectivity in favour of the epoxide ring-opening reaction would be to first react the maleimide C=C double bond before the addition of an amine.  For example, if a large substituent was installed at the maleimide C=C double bond, steric interference between this substituent and the amine could prevent a conjugate addition reaction; thus, the amine would be more likely to react with the epoxide ring.  It was thought that the methodology developed for the synthesis of 3-substituted maleimides (see Chapter 3) could be adapted for the purpose of introducing a large substituent onto the maleimide C=C double bond of EPM (74).  The transformation begins with the hydroboration of cyclohexene (13) to form an organoborole radical initiator (108); the introduction of TEMPO (15) facilitates the release of a cyclohexyl radical that can undergo conjugate addition to the C=C double bond of EPM (74).  The resulting carbon-centred adduct-radical is trapped by a second equivalent of TEMPO (15), leading to the formation of compound 291.  Finally, the reaction mixture is heated to eliminate TEMPO-H (71), resulting in the formation of compound 292.  The synthesis of compounds 291 and 292 is presented in Scheme 131.   


* Determined by 1H NMR spectroscopy.
Scheme 131: The synthesis of compounds 291 and 292, using the newly developed procedure for the synthesis of 3-substituted maleimides (see Chapter 3).

As shown in Scheme 131, radical methodology can be used to prepare compounds 291 and 292 in good yields.  This represents the first reported synthesis of 291 and 292.  After the installation of a cyclohexyl group onto the maleimide C=C double bond, the reaction of the epoxide ring with aniline (278) was investigated (Scheme 132).  


Scheme 132: The reaction of compound 292 with aniline (278) affords compound 293 in 72% yield.

The reaction of compound 292 with aniline (278) affords the β-amino alcohol (293) in 72% yield.  Analysis of the crude reaction mixture by 1H NMR spectroscopy revealed that the maleimide C=C double bond had not reacted, which suggests that the large cyclohexyl group is effectively shielding the maleimide alkene from the amine.  In an alternative pathway to form 293, the TEMPO-H (71) elimination and epoxide ring-opening reactions can be combined in a single step (Scheme 133).


Scheme 133: The elimination of TEMPO-H (71) to re-form the maleimide C=C double bond, and the epoxide ring-opening with aniline (278), can be combined in a single step.

As shown in Scheme 133, the elimination of TEMPO-H (71) and the epoxide ring-opening reaction can be combined in a single step, leading to the formation of β-amino alcohol 293 in an excellent yield of 89%.  Overall, using the procedure outlined in Schemes 132 and 133, compound 293 has been prepared for the first time.
[bookmark: _Toc326825501]Conclusions
The synthesis and reactivity of EPM (74) has been explored, with respect to the assessment of this molecule as a candidate for use as an additive in the polymer industry.  In particular, EPM (74) can undergo radical reactions at the maleimide C=C double bond, and polar chemistry at the epoxide ring.  The synthetic route to EPM (74) involved the preparation of the N-allylmaleimide (97) pre-cursor, and subsequent epoxidation of the allyl group.  The synthesis of N-allylmaleimide (97) was completed in good yield, from cheap starting materials, using a room temperature procedure.  Epoxidation of the terminal alkene using m-CPBA (96) proved sluggish at room temperature, producing EPM (74) in poor yield.  However, the epoxidation of the allyl group using DMDO (266) proved more effective, which resulted in the preparation of EPM (74) in 50% overall yield from maleic anhydride (45) and N-allylamine (256).
The epoxide ring-opening reaction of EPM (74) with primary amines was investigated.  The reaction of EPM (74) with n-propylamine (288) and cyclohexylamine (289) did not occur at the epoxide, with a conjugate addition of the amine to the maleimide C=C double bond taking place instead, leading to the formation of Michael-type products 282 and 283.  The reaction of EPM (74) with aniline (278), a less nucleophilic amine, proceeded at both the maleimide C=C double bond and at the epoxide ring, to produce the diamino-adduct (287) in good yield.  The introduction of Lewis acid additives to the reaction resulted in different chemoselectivity, with the reaction of EPM (74) and aniline (278) occurring preferentially at the epoxide ring.  In particular, the use of Zn(BF4)2.xH2O (279) as a Lewis acid additive resulted in the formation of the desired β-amino alcohol (290) in 41% yield.   
An alternative approach to achieving an epoxide ring-opening reaction with aniline (278) was explored, which involved the installation of a large substituent onto the maleimide C=C double bond, in order to block the conjugate addition reaction with aniline (278).  The procedure for the synthesis of 3-substituted maleimides was applied to EPM (74), which involved the conjugate addition of a cyclohexyl radical to the C=C double bond of EPM (74).  According to this methodology, the 3-substituted maleimide (292) was prepared in excellent yield.  Pleasingly, the reaction of the 3-substituted maleimide (292) with aniline (278) occurred exclusively at the epoxide ring. 
Overall, this suggests that in order to achieve an efficient curing reaction between the epoxide ring of EPM (74) and a di-amine, the maleimide C=C double bond must first be reacted.  For example, if EPM (74) was subjected to a radical polymerisation at the C=C double bond to afford a poly(EPM), a subsequent reaction of the epoxide groups of the poly(EPM) with a di-amine could result in the formation of cross-links between the polymer chains.   
 
    


[bookmark: _Toc326825502]Chapter 6: Conclusions
In Chapter 2, it was shown that commercially available organoborole PBD (70) can be used to initiate various radical addition and polymerisation reactions at room temperature; in particular, the radical addition of organophosphorus hydrides to alkenes and the radical polymerisation of maleimides was investigated.  Using PBD (70) as the radical initiator, the radical addition of organophosphorus hydrides DEP (18) and DPO (17) to alkenes such as cyclohexene (13) and 1-octene (23) was more efficient than when Et3B (12) was used as the initiator.  Also, PBD (70) was shown to initiate the radical addition of DPO (17) to the electron-poor C=C double bond of N-phenylmaleimide (29), with the addition-product being isolated in excellent yield.
The radical polymerisation of N-phenylmaleimide (29) using PBD (70) as the radical initiator was investigated, with the resulting polymers being produced in lower yields than when Et3B (12) was used as the initiator.  The radical polymerisation of EPM (74) using PBD (70) as the radical initiator afforded a poly(EPM) in good yield; however, the polymeric product was shown to have an extremely high PDi, which is undesirable as this could lead to the polymer possessing poor physical properties.  The difficulty in achieving reproducible results using commercially available PBD (70) as the radical initiator lead to the exploration of different β-alkylcatecholboranes.  An advantage of using β-alkylcatecholborane radical initiators in polymerisation reactions is the possibility to prepare these reagents in situ through the hydroboration of alkenes; this allows control over the structure of the initiating radical, which could influence the properties (e.g. solubility) of the resulting polymer.  The hydroboration of cyclohexene (13) with catecholborane (109) afforded a β-alkylcatecholborane initiator, which reacted with oxygen to afford a cyclohexyl radical.  The cyclohexyl radical can then add to the C=C double bond of a maleimide (e.g. N-phenylmaleimide (29), or EPM (74)) to begin the polymerisation reaction.  The resulting polymers were produced in good, reproducible yields, and the PDi values were comparable to those achieved using commercially available initiators.  It was thought that MALDI-TOF mass spectrometry could provide a quick, direct alternative to GPC for the identification of polymer molecular weight distribution.  However, MALDI-TOF mass spectrometry could not be used to provide reliable PDi values, as the polymers formed during the course of this work were too polydisperse.  Despite this, MALDI-TOF mass spectrometry was used successfully to elucidate the identity of the repeating units and the polymer end-groups, information that could not be gained from the GPC or 1H NMR spectra.  
In Chapter 3, it was shown that β-alkylcatecholborane radical initiators, generated in situ through the hydroboration of alkenes, can react with TEMPO (15) to form an alkyl radical.  The alkyl radical was added to the C=C double bond of maleimides, with the resulting carbon-centred adduct-radical trapped by a second molecule of TEMPO (15) to produce an alkoxyamine.  It was found that, under thermal conditions, the alkoxyamines underwent a syn-periplanar elimination of TEMPO-H (71) to re-form the maleimide C=C double bond.  Thus, a new one-pot procedure for the synthesis of 3-substituted maleimides was developed, which involved mild conditions and non-toxic reagents.  Also, a new route towards the synthesis of hydroxylated-succinimides has been developed, which involves the reduction of alkoxyamines to alcohols, using Zn in AcOH.  It was thought that the mild, radical procedure for the synthesis of 3-substituted maleimides could be applied to other α,β-unsaturated carbonyl systems (e.g. maleic anhydride, acrylates, acrylamides); however, the yield of these reactions was poor, due to a competing side reaction between the released alkyl radical and TEMPO (15).


Scheme 134: (a) Heating alkoxyamine 122a affords 3-substituted maleimide 155 in 99% yield.  (b) Reacting alkoxyamine 122a with Zn in AcOH affords hydroxylated-succinimide 149 in 96% yield.

In Chapter 4, the newly developed radical procedure for the synthesis of 3-substituted maleimides was investigated, with respect to preparing analogues of the natural product D-(+)-showdomycin (61).  Initially, it was thought that heterocycles (e.g. THF) could be installed at the maleimide 3-position; however, it was shown that the conjugate addition of heterocyclic substituents to N-phenylmaleimide (29) was proceeding sluggishly compared to a direct reaction with TEMPO (15), which lead to the formation of maleimide-adducts in poor yield.  Thus, it was decided to pursue some carbocyclic analogues of D-(+)-showdomycin (61).  From readily available reagents and mild reaction conditions, a series of carbocyclic, N-phenyl analogues of showdomycin were prepared using a 3-step procedure.  In order to produce a carbocyclic analogue of showdomycin that was closer in structure to the natural product, and to avoid potentially problematic, time-consuming steps to protect and deprotect the maleimide nitrogen, the reaction sequence was repeated using maleimide (86).  It was shown that this methodology could be used to prepare compound 221 in reasonable yield, over 3-steps, from 1-hydroxymethyl-3-cyclopentene (222) (Figure 17).  The advantages of using this procedure for the synthesis of analogues of showdomycin are the mild reaction conditions, and that protecting groups do not need to be applied to the hydroxyl group or the maleimide nitrogen.  A disadvantage to this procedure is that the synthesis of more highly functionalised analogues proved unsuccessful, as the coupling of larger substituents to maleimide (86) is disfavoured due to the unfavourable steric interactions between these groups.


Figure 17: Two analogues of the natural product D-(+)-showdomycin (61).

In Chapter 5, the synthesis and reactivity of EPM (74) was explored, with respect to the assessment of this molecule as a candidate for use as an additive in the polymer industry.  The preparation of EPM (74) involved the synthesis of the N-allylmaleimide (97) pre-cursor, and subsequent epoxidation of the allyl group.  The synthesis of N-allylmaleimide (97) was completed in good yield, from cheap starting materials, using a room temperature procedure.  Following this, the epoxidation of the allyl group using DMDO (266) proceeded efficiently to afford EPM (74) in 80% yield.  


Scheme 135: (a) The synthesis of N-allylmaleimide (97) from maleic anhydride (45) and N-allylamine (256).  (b) The epoxidation of N-allylmaleimide (97) using DMDO (266) affords EPM (74) in 83% yield.

The reaction of EPM (74) with primary amines (e.g. n-propylamine (288), or cyclohexylamine (289)) did not occur at the epoxide ring; instead, a conjugate addition reaction of the amine with the maleimide C=C double bond had occurred.  The reaction of EPM (74) with aniline (278), a less nucleophilic amine, proceeded at both the maleimide C=C double bond and at the epoxide ring, to produce the diamino-adduct (287) in good yield.  The introduction of Lewis acid additives to the reaction resulted in different chemoselectivity, with the reaction of EPM (74) and aniline (278) occurring preferentially at the epoxide ring.  In particular, the use of Zn(BF4)2.xH2O (279) as a Lewis acid additive resulted in the formation of the desired β-amino alcohol (290) in 41% yield.   An alternative approach to achieving an epoxide ring-opening reaction with aniline (278) was explored, which involved the installation of a large substituent onto the maleimide C=C double bond, in order to block the conjugate addition reaction with aniline (278).  It was found that the new, radical procedure for the synthesis of 3-substituted maleimides could be applied to EPM (74).  According to this methodology, a cyclohexyl substituent was installed at the 3-position of the maleimide ring in EPM (74), with the 3-substituted maleimide (292) prepared in excellent yield.  The reaction of the 3-substituted maleimide (292) with aniline (278) then occurred exclusively at the epoxide ring, as desired, to form compound 293 in good yield.  The structures of compounds 290, 292 and 293 are shown in Figure 18. 


Figure 18: The structures of β-amino alcohol 290, 3-substituted maleimide 292, and compound 293. 


[bookmark: _Toc326825503]Chapter 7: Future Work
The polymerisation of maleimides using organoborole radical initiators prepared in situ has been shown to produce polymeric materials in good, reproducible yields.  This reaction could be explored further, in order to achieve control over the polymer molecular weight distribution and produce polymers with a low PDi.  For example, the addition of a chain-transfer agent such as DBP (101) could be added to the polymerisation reaction, in an effort to retard chain growth (Scheme 136).


Scheme 136: The polymerisation of maleimides using an organoborole radical initiator, generated in situ through the hydroboration of alkenes, could lead to a polymer with a low PDi, if a chain transfer agent is added.

Other than achieving control over the molecular weight distribution, another way to affect the properties of a polymer is to change the end-groups.  For example, the in situ method for polymerisation could be used in conjunction with organophosphorus hydride radical mediators, which could lead to polymers with organophosphorus end-groups (Scheme 137).



Scheme 137: The polymerisation of maleimides using an organophosphorus hydride radical mediator, leading to the formation of polymers with organophosphorus end-groups.

One of the problems associated with the initiation of radical reactions in air is that the reaction of the initiator with oxygen cannot be controlled, which could lead to incorrect stoichiometry between the initiating radical and the monomer species.  One way to achieve the correct stoichiometry between the initiating radical and the monomer could involve a different oxygen radical source, in the form of a reagent that could be dissolved alongside the monomer species.  For example, a β-alkylcatecholborane initiator could be reacted with TEMPO (15) to facilitate the release of an alkyl radical, which could then initiate the polymerisation reaction.  The molecular weight of the polymer could be controlled by increasing / decreasing the amount of TEMPO (15) in the reaction (Scheme 138).


Scheme 138: The polymerisation of maleimides using an organoborole radical initiator, generated in situ through the hydroboration of alkenes, which involves TEMPO (15) as the oxygen radical source.

The radical polymerisation of maleimides (e.g. EPM (74)), using β-alkylcatecholborane radical initiators generated in situ through the hydroboration of alkenes, can be achieved in a mild, one-pot procedure to afford the poly(EPM) in good yield.  The reaction of the poly(EPM) with di-amines could be investigated, with respect to performing epoxide opening, cross-linking reactions.  It is envisaged that the formation of the radical initiator, radical polymerisation, and subsequent epoxide opening reactions could be combined in a mild, one-pot procedure (Scheme 139).    


Scheme 139: (a) The radical polymerisation of EPM (74). (b) The reaction of poly(EPM) with a di-amine curing agent. 

The reaction of a β-alkylcatecholborane radical initiator with TEMPO (15) releases an alkyl radical that can add to the C=C double bond of a maleimide in a conjugate addition process.  The resulting carbon-centred radical can be trapped by a second molecule of TEMPO (15) to afford an alkoxyamine; subsequent elimination of TEMPO-H (71) through heating affords a 3-substituted maleimide.  The 3-substituted maleimides could be investigated with respect to the transformation of the maleimide into a different heterocycle; for example, reduction of a C=O double bond could lead to the formation of pyrrolidinone derivatives (Scheme 140).


Scheme 140: The synthesis of 3-substituted maleimides could be extended to include the preparation of pyrrolidinone derivatives.

This methodology could be used to target various biologically active target molecules, such as the histone deacetylase (HDAC) inhibitors developed Han and co-workers, which have shown promising anti-cancer activity.  For example, the γ-lactam analogue 294, which features a pyrrolidinone moiety that could be accessible using the methodology shown in Scheme 140.  Alternatively, the glycine receptor ircinialactam A (295),173 shown to have potential applications in the treatment of inflammatory pain and epilepsy, could also be accessible using our new methodology.  Compounds 294 and 295 are shown in Figure 19.    


Figure 19: (a) Compound 294, a γ-lactam analogue of a HDAC inhibitor.174 (b) Iricinialactam A (295).173

For example, the γ-lactam analogue (294) could be accessible using our methodology; a potential route to 294, involving alkene hydroboration, conjugate addition-aminoxylation, TEMPO-H elimination, and the transformation of a maleimide into a pyrrolidinone, is shown in Scheme 141.


Scheme 141: A potential synthetic route to γ-lactam analogue 294, a potential HDAC inhibitor with anti-cancer activity.

Another way to manipulate the alkoxyamines formed after the conjugate addition-aminoxylation reaction is to transform them into alcohols, by heating with Zn and AcOH.  This reaction pathway could be explored as an alternative to the traditional hydroboration-oxidation method for the conversion of an alkene to an alcohol, which generally requires alkaline-H2O2 conditions to afford the transformation.  In particular, this method could be attractive for the ability to introduce hydroxyl groups to electron-deficient alkenes, such as the C=C double bond found in maleimides and maleic anhydride, which are not suitable for hydroboration-oxidation.  This procedure could be investigated with respect to the preparation of various hydroxylated-succinimides, hydroxylated-succinic anhydrides, and hydroxylated succinic acid derivatives (Scheme 142).  For example, the procedure could be used to prepare various homoisocitrate derivatives, such as those used by Eguchi and co-workers in their efforts to investigate the role of homoisocitrate dehydrogenase in the α-aminoadipate pathway for the biosynthesis of lysine, a potential treatment of fungal pathogens.175    


Scheme 142: The procedure for the synthesis of hydroxylated-succinimides could be extended towards the preparation of hydroxylated-succinic anhydrides.




[bookmark: _Toc326825504]Chapter 8: Experimental
5 
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7 
[bookmark: _Toc326825505]General 
Radical initiators PBD (70) and Et3B (12) were used as supplied and stored under nitrogen in a refrigerator.  All reagents were used as purchased, unless otherwise stated.  Dry solvents were used unless otherwise stated.  Petrol refers to the petroleum-ether with a boiling range of 40 - 60 °C.  Non-aqueous reactions were performed using oven-dried glassware under an atmosphere of nitrogen.  
Thin layer chromatography was performed using Merck aluminium backed 0.2 mm Kieselgel 60 (F254) pre-coated plates, with spot visualisation through the use of UV irradiation (254 nm), and staining with KMnO4 followed by heating.  Flash chromatography was performed on Fluka 60 (F254) silica gel, with the column pre-loaded with a slurry prepared by mixing silica gel with the eluent.  
NMR spectra were recorded on a Jeol ECX 400 (1H, 400 MHz; 13C, 100 MHz; 31P, 240 MHz).  Chemical shifts (δ) are reported in parts per million (ppm) downfield of tetramethylsilane, with residual protonated solvent as the internal standard.  Coupling constants (J) are reported to the nearest 0.5 Hz.  Assignments were based upon chemical shift and coupling constants, also using COSY and NOESY experiments where appropriate.  13C NMR spectra were recorded with broad-band decoupling and assigned with the help of DEPT and HSQC experiments.
Infrared spectra were recorded as solutions in CHCl3 using a ThermoNicolet IR100 FT-IR spectrometer.  Absorption maxima (νmax) were recorded in wavenumbers (cm-1) and are classified as strong (s), medium (m), weak (w) and broad (br).  Melting points (M.p.) were measured on a Gallenkamp melting point apparatus and are uncorrected.
Mass spectra were recorded on a Bruker Daltronics microTOF instrument.  m/z values are reported in Daltons and are followed by their % abundances; only peaks with a signal of 10% or greater are included.  High resolution mass spectra were recorded on a Bruker Daltronics microTOF (ESI) instrument.  m/z values were calculated from the molecular formula corresponding to the observed signal, using the most abundant isotopes of each element, to 4 decimal places.  MALDI-TOF mass spectra were recorded on a Bruker solariX FT-MS instrument.  Dithranol (112) or 2,5-dihydroxybenzoic acid (DHB) (113) were used as the matrix, and Ag(TFA) or NaI were used as the ionisation agent, unless otherwise stated.
Analysis of polymers by gel permeation chromatography (GPC) was performed by Intertek MSG.  Molecular weight (Mn, Mw) and molecular weight distribution (Mw / Mn) of polymeric samples was measured GPC using a Viscotek GPC Max with TDA302 instrument containing two PL Olexis GPC columns coupled with an evaporative light scattering detector (ELSD), using dimethylacetamide (DMA) at a flow rate of 0.8 mL / minute as the mobile phase.  The GPC was calibrated against a series of polystyrene standards (350 to 6,000,000 daltons). 



7.1 [bookmark: _Toc326825506]Experimental for Chapter 2 
[bookmark: _Toc326825507]Radical Addition of Organophosphorus Hydrides to Alkenes
Diethyl octylphosphonate (88)85


To a solution of 1-octene (23) (0.24 mL, 1.5 mmol, 1 eq.) and diethyl phosphite (18) (3.9 mL, 30 mmol, 20 eq.) was added PBD (70) (0.35 mL, 2.25 mmol, 1.5 eq.) and the mixture stirred under air for 24 h at room temperature.  The mixture was passed through a thin pad of silica (EtOAc) before being concentrated under reduced pressure, and distilled (75 °C, 1 mmHg) using a Kugelrohr to remove excess diethyl phosphite.  The crude mixture was purified by flash chromatography (7:3 petrol/EtOAc) to afford diethyl octylphosphonate (88) (0.26 g, 69%) as a yellow-orange oil.  Rf 0.30 (EtOAc).  1H NMR (400 MHz, CDCl3) δH 0.80 (t, 3H, J = 7.0 Hz, CH3), 1.21 (t, 6H, J = 7.0 Hz, 2 × -OCH2CH3), 1.22-1.32 (m, 10H, 5 × CH2), 1.46-1.58 (m, 2H, -PCH2CH2), 1.60-1.70 (m, 2H, PCH2CH2), 3.95-4.12 (q, 4H, J = 7.0 Hz, 2 × -OCH2CH3).  31P NMR (240 MHz, CDCl3) δP 33.4.  ESI-MS m/z 251.1778 [MH+] (C12H28O3P requires 251.1776).  Analysis is consistent with the previously recorded data.85  
Diethyl cyclohexylphosphonate (89)85


To a solution of cyclohexene (13) (0.15 mL, 1.5 mmol, 1 eq.) and diethyl phosphite (18) (3.9 mL, 30 mmol, 20 eq.) was added PBD (70) (0.35 mL, 2.25 mmol, 1.5 eq.) and the mixture stirred under air for 24 h at room temperature.  The mixture was passed through a thin pad of silica (EtOAc) before being concentrated under reduced pressure and distilled (75 °C, 1 mmHg) using a Kugelrohr to remove excess diethyl phosphite (18).  The crude mixture was purified by flash chromatography (7:3 petrol/EtOAc) to afford diethyl cyclohexylphosphonate (18) (0.21 g, 63%) as a pale orange oil.  Rf 0.31 (2:1 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 1.09-1.15 (m, 3H, cyclohexyl), 1.21 (t, 6H, J = 7.0 Hz,  2 × -OCH2CH3), 1.23-1.34 (m, 2H, cyclohexyl), 1.54-1.64 (m, 2H, cyclohexyl), 1.64-1.74 (m, 2H, cyclohexyl), 1.80-1.89 (m, 2H, cyclohexyl), 3.92-4.04 (q, 4H, J = 7.0 Hz, 2 × -OCH2CH3).  31P NMR (240 MHz, CDCl3) δP 33.6.  ESI-MS m/z 221.1310 [MH+] (C10H22O3P requires 221.1307).  Analysis is consistent with the previously recorded data.85  
Diphenylphosphine oxide (17)106


To a solution of chlorodiphenylphosphine (90) (9.2 mL, 50 mmol, 1 eq.) in MeCN (76 mL) was added H2O (9 mL, 500 mmol, 10 eq.) and the mixture stirred at reflux for 6 h.  The reaction mixture was cooled to r.t. and concentrated under reduced pressure.  The crude mixture was extracted with CH2Cl2 (120 mL), dried (MgSO4), filtered, and concentrated under reduced pressure to afford diphenylphosphine oxide (17) (7.23 g, 72%) as a white solid.  M.p. 54-56 °C (lit. M.p. 56-57 °C106).  1H NMR (400 MHz, CDCl3) δH 7.20-7.70 (m, 10H, 2 × Ar), 7.50-8.70 (d, 1H, J = 453 Hz, P-H).  31P NMR (240 MHz, CDCl3) δP 22.4.  ESI-MS m/z 203.0626 [MH+] (C12H12OP requires 202.0620).  Analysis is consistent with the published data.106  
Octyl(diphenyl)phosphine oxide (91) 


To a solution of diphenylphosphine oxide (17) (1.0 g, 5.0 mmol, 5 eq.) and 1-octene (23) (0.16 mL, 1.0 mmol, 1 eq.) in dry DCM (15 mL) was added PBD (70) (0.19 mL, 1.2 mmol, 1.2 eq.) and the mixture stirred under air for 24 h at r.t.  The mixture was concentrated under reduced pressure before purification by flash chromatography (7:3 petrol/EtOAc then 100% EtOAc) afforded compound 91 (0.30 g, 96%) as an orange-brown crystalline solid.  M.p. 59.0-60.0 °C (lit. M.p. 59.5-60.5 °C107).  Rf 0.19 (1:2 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 0.75-0.81 (t, 3H, J = 7.0 Hz, CH3), 1.11-1.22 (m, 10H, 5 × CH2), 1.27-1.36 (m, 2H, -PCH2CH2), 1.48-1.60 (m, 2H, -PCH2CH2), 7.38-7.70 (m, 10H, 2 × Ar).  31P NMR (240 MHz, CDCl3) δP 33.6.  ESI-MS m/z 315.1873 [MH+] (C20H28OP requires 315.1872).  Analysis is consistent with the previously recorded data.107  

3-(Diphenylphosphoryl)-N-phenylpyrrolidine-2,5-dione (93)



To a solution of diphenylphosphine oxide (17) (0.71 g, 3.5 mmol, 5 eq.) and N-phenylmaleimide (29) (0.121 g, 0.70 mmol, 1 eq.) in dry DCM (15 mL) was added PBD (70) (0.13 mL, 0.84 mmol, 1.2 eq.) and the mixture stirred under air for 24 h at r.t.  The solvent was removed under reduced pressure and the crude mixture was purified by flash chromatography (7:3 petrol/EtOAc then 100% EtOAc) to afford compound 93 (0.21 g, 80%) as a cream residue.  Rf 0.32 (EtOAc).  1H NMR (400 MHz, CDCl3) δH 3.05-3.15 (2 × dd, 1H, J = 19.0 and 10.0 Hz, Hb), 3.30-3.41 (2 × dd, 1H, J = 19.0 and 4.0 Hz, Hc), 4.02-4.12 (2 × dd, 1H, J = 10.0 and 4.0 Hz, Ha), 7.24-8.00 (m, 15H, 3 × Ar).  31P NMR (240 MHz, CDCl3) δP 31.1.  ESI-MS m/z 398.0927 [MNa+] (C22H18NNaO3P requires 398.0917).  Analysis is consistent with the previously recorded data.107  
3-(Diphenylphosphoryl)-N-allylpyrrolidine-2,5-dione (98)


To a solution of diphenylphosphine oxide (17) (0.81 g, 4.0 mmol, 5 eq.) and N-allylmaleimide (97) (0.11 g, 0.80 mmol, 1 eq.) in dry DCM (15 mL) was added PBD (70) (0.15 mL, 0.96 mmol, 1.2 eq.) and the mixture stirred in air for 24 h at r.t.  The solvent was removed under reduced pressure and the crude mixture was purified by flash chromatography (EtOAc) to afford compound 98 (0.101g, 32%) as a cream residue.  Rf 0.29 (EtOAc).  νmax (CHCl3) 1194 (s, P=O), 1337 (m, C=C), 1394 (m, C=C), 1437 (m, C=C), 1705 (s, C=O).  1H NMR (400 MHz, CDCl3) δH 2.89-2.99 (2 × dd, 1H, J = 19.0 and 9.5 Hz, Hb), 3.12-3.22 (2 × dd, 1H, J = 19.0 and 4.0 Hz, Hc), 3.94-3.95 (m, 2H, –NCH2CH=CH2), 3.96-4.00 (2 × dd, 1H, J = 9.5 and 4.0 Hz, Ha), 5.04-5.11 (ddt, 2H, J = 16.0, 10.0 and 1.0 Hz, -NCH2CH=CH2), 5.45-5.55 (ddt, 1H, J = 16.0, 10.0 and 5.5 Hz, -NCH2CH=CH2), 7.43-7.77 (m, 10H, 2 × Ar).  13C NMR (100 MHz, CDCl3) δC 29.8 (CH2, CHbHc), 41.3 (CH2, -NCH2), 42.0-42.6 (CH, d, Ph2P(O)CHa), 118.5 (CH2, -NCH2CH=CH2), 128.6 (CH, Ar), 128.7 (CH, Ar), 128.9 (CH, Ar), 129.0 (CH, Ar), 129.6 (N-C, Ar), 129.8 (CH, -CH=CH2), 130.0 (N-C, Ar), 131.3 (CH, Ar), 131.4 (CH, Ar), 131.6 (CH, Ar), 131.7 (CH, Ar), 132.7 (CH, Ar), 132.7 (CH, Ar), 172.4 (C=O), 174.2 (C=O).  31P NMR (240 MHz) δP 30.8.  m/z 340 (100%) [MH+], 362 (20) [MNa+].  ESI-MS m/z 340.1104 [MH+] (C19H19NO3P requires 340.1097).
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	GPC
	MALDI-MS

	Polymer
	Yield* / %
	Mw
	Mn
	PDi
	Mw
	Mn
	PDia

	99
	88
	20800
	3700
	5.6
	3204
	2965
	1.1

	103 
	93
	-
	3735
	3484
	1.1

	106
	60
	17700
	2900
	6.2
	2872
	2644
	 1.1b

	107
	92
	2.7 e6
	7900
	342
	-


* Yield based on recovered monomer.
a Dithranol (112) : AgTFA : Polymer (10:1:1) in THF (10 mg / mL).
b DHB (113) : NaI : Polymer (10:1:1) in THF (10 mg / mL).

Table 1: The results of the molecular weight characterisation of the poly(N-phenylmaleimides) and poly(EPMs) presented in this section (8.2.2).

Poly(N-phenylmaleimide) (99)85



To a solution of N-phenylmaleimide (29) (0.35 g, 2.0 mmol, 10 eq.) in dry DCM (2 mL) was added Et3B (12) (1 M solution in THF) (0.20 mL, 0.20 mmol, 1 eq.) and the reaction stirred in air for 2 h at r.t.  The mixture was added to MeOH (100 mL), pre-cooled over ice, to precipitate the polymer.  The solid was filtered, washed (MeOH), and dried on a high vacuum line to afford compound 99 (0.23 g, 88%*) as a white powder.  [* Yield based on recovered unreacted N-phenylmaleimide (29) monomer.  The crude filtrate was concentrated under reduced pressure, before purification by flash chromatography (7:3 petrol/EtOAc) afforded N-phenylmaleimide (29) (0.043 g, 12%) as a yellow solid].  1H NMR (400 MHz, CDCl3) δH 1.04 (s (br), CH3), 1.90 (s (br), CH2), 3.76-4.14 (s (br), HC-CH), 6.84-7.38 (s (br), Ar).  13C NMR (100 MHz, CDCl3) δC 126.5 (s (br), Ar), 129.2 (s (br), Ar).  Analysis is consistent with the previously recorded data.85
Poly(N-phenylmaleimide) (100)85



To a solution of N-phenylmaleimide (29) (0.35 g, 2.0 mmol, 10 eq.) in dry DCM (1 mL) was added PBD (70) (0.031 mL, 0. 2 mmol, 1 eq.) and the mixture stirred in air for 2 h at room temperature.  The crude mixture was added dropwise to cold MeOH (100 mL), pre-cooled over ice, to precipitate the polymer.  The solid was filtered, washed (MeOH), and dried on a high vacuum line to afford compound 99 (0.041 g, 19%*) as a pale-brown powder.  [* Yield based on recovered unreacted N-phenylmaleimide (29) monomer.  The filtrate was concentrated under reduced pressure, before purification by flash chromatography (7:3 petrol/EtOAc) afforded N-phenylmaleimide (29) (0.28 g, 81%) as a yellow solid].  The product was insoluble in common organic solvents (e.g. CHCl3, DCM, EtOAc, Et2O, MeCN, THF, toluene, and acetone).  
Poly(N-phenylmaleimide) (102)85


To a solution of N-phenylmaleimide (29) (0.35 g, 2.0 mmol, 10 eq.) and DBP (101) (0.002 mL, 0.02 mmol, 0.1 eq.) in dry DCM (2 mL) was added Et3B (12) (1 M solution in THF) (0.2 mL, 0.2 mmol, 1 eq.) and the reaction stirred in air, for 2 h at r.t.  The mixture was added to MeOH (100 mL), pre-cooled over ice, to precipitate the polymer.  The solid was filtered, washed (MeOH), and dried on a high vacuum line to afford compound 102 (0.24 g, 93%*) as a white powder.  [* Yield based on recovered unreacted N-phenylmaleimide (29) monomer.  The crude filtrate was concentrated under reduced pressure, before purification by flash chromatography (7:3 petrol/EtOAc) afforded N-phenylmaleimide (29) (0.024 g, 7%) as a yellow solid].  Analytical data is consistent with that previously reported for an N-phenylmaleimide polymer.
Poly(N-phenylmaleimide) (103)85


To a solution of N-phenylmaleimide (29) (0.35 g, 2.0 mmol, 10 eq.) and DBP (101) (0.002 mL, 0.02 mmol, 0.1 eq.) in dry DCM (1 mL) was added PBD (70) (0.031 mL, 0. 2 mmol, 1 eq.) and the mixture stirred in air for 2 h at room temperature.  The crude mixture was added dropwise to cold MeOH (100 mL), pre-cooled over ice, to precipitate the polymer.  The solid was filtered, washed (MeOH), and dried on a high vacuum line to afford compound 103 (0.013 g, 20%*) as a pale-brown powder.  [* Yield based on recovered unreacted N-phenylmaleimide (29) monomer.  The filtrate was concentrated under reduced pressure, before purification by flash chromatography (7:3 petrol/EtOAc) afforded N-phenylmaleimide (29) (0.28 g, 80%) as a yellow solid].  1H NMR (400 MHz, CDCl3) δH 0.90 (s (br), CH3), 1.30 (s (br), CH2), 1.60 (s (br), CH2), 3.70-4.70 (s (br), HC-CH), 6.50-7.40 (s (br), Ar).  Analysis is consistent with the previously recorded data.85
Poly(N-allylmaleimide) (104)


To a solution of N-allylmaleimide (97) (0.14 g, 1.0 mmol, 10 eq.) in dry DCM (1 mL) was added Et3B (12) (1 M solution in THF) (0.12 mL, 0.12 mmol, 1.2 eq.) and the mixture stirred in air, for 2 h at r.t.  The crude mixture was added dropwise to MeOH (100 mL), pre-cooled over ice, to precipitate the polymer.  The solid was filtered, washed (MeOH), and dried on a high vacuum line to afford compound 104 (0.13 g, 95%*) as a white powder.  [* Yield based on recovered unreacted N-allylmaleimide (97) monomer.  The crude filtrate was concentrated under reduced pressure, before purification by flash chromatography (7:3 petrol/EtOAc) afforded 97 (0.007 g, 5%) as a colourless crystalline solid].  1H NMR (400 MHz, CDCl3) δH 0.80-1.31 (s (br), CH3), 1.37-2.00 (s (br), CH2), 3.99-4.16 (s (br), -NCH2 & HC-CH), 5.11-5.25 (s (br), -CH=CH2), 5.62-5.83 (s (br), -CH=CH2).
Poly(N-allylmaleimde) (105)


To a solution of N-allylmaleimide (97) (0.14 g, 1.0 mmol, 10 eq.) in dry DCM (1 mL) was added PBD (70) (0.018 mL, 0.12 mmol, 1.2 eq.) and the reaction stirred in air, for 2 h at r.t.  The crude mixture was added dropwise to MeOH (100 mL), pre-cooled over ice, to precipitate the polymer.  The solid was filtered, washed (MeOH), and dried on a high vacuum line to afford compound 105 (0.11 g, 80%*) as a white powder.  [* Yield based on recovered unreacted N-allylmaleimide (97) monomer.  The crude filtrate was concentrated under reduced pressure, before purification by flash chromatography (7:3 petrol/EtOAc) afforded 97 (0.025 g, 20%) as a colourless crystalline solid].  Product was insoluble in common organic solvents (e.g. CHCl3, CH2Cl2, DMSO, acetone, toluene, MeCN etc).
Poly[N-(2,3-epoxypropyl)maleimide] [poly(EPM)] (106)


To a solution of EPM (74) (0.077 g, 0.05 mmol, 10 eq.) in dry DCM (1 mL) was added Et3B (12) (1 M solution in THF) (0.06 mL, 0.12 mmol, 1.2 eq.) and the reaction stirred in air, for 2 h at r.t.  The crude mixture was added dropwise to MeOH (100 mL), pre-cooled over ice, to precipitate the polymer.  The solid was filtered, washed (MeOH), and dried on a high vacuum line to afford 106 (0.55 g, 60%*) as a white powder.  [* Yield based on recovered unreacted EPM (74) monomer.  The crude filtrate was concentrated under reduced pressure, before purification by flash chromatography (1:1 petrol/EtOAc) afforded 74 (0.030 g, 40%) as a colourless crystalline solid].  1H NMR (400 MHz, CDCl3) δH 0.95 (s (br), CH3), 1.85 (s (br), CH2), 2.50 (s (br), -CHOCH2), 2.69 (s (br), -CHOCH2), 3.05 (s (br), HC-CH), 3.63 (s (br), -NCH2).
Poly(EPM) (107)


To a solution of EPM (74) (0.15 g, 1.0 mmol, 10 eq.) in dry DCM (1 mL) was added PBD (70) (0.015 mL, 0.12 mmol, 1 eq.) and the reaction stirred in air, for 2 h at r.t.  The crude mixture was added dropwise to MeOH (100 mL), pre-cooled over ice, to precipitate the polymer.  The solid was filtered, washed (MeOH), and dried on a high vacuum line to afford 107 (0.50 g, 92%*) as a brown powder.  [* Yield based on recovered unreacted EPM (74) monomer.  The crude filtrate was concentrated under reduced pressure, before purification by flash chromatography (1:1 petrol/EtOAc) afforded EPM (74) (0.012 g, 8%) as a white crystalline solid].  Product was insoluble in common organic solvents (e.g. CHCl3, CH2Cl2, DMSO, acetone, toluene, MeCN etc).
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	GPC
	MALDI-MS

	Polymer
	Yield* / %
	Mw
	Mn
	PDi
	Mw
	Mn
	PDi

	110
	69
	15500
	3800
	4.1
	3620
3831
3534
	3333
3585
3313
	 1.1a
 1.1b
 1.1c

	111
	95
	112000
	5500
	20.4
	-


* Yield based on recovered monomer.
a Dithranol (112) : AgTFA : Polymer (10:1:1) in THF (10 mg / mL).
b Dithranol (112) : NaI : Polymer (10:1:1) in THF (10 mg / mL).
c Dithranol (112) : Polymer (10:1) in THF (10 mg / mL).

Table 2: The results of the molecular weight characterisation of the maleimide polymers presented in this section (8.2.3).



Poly(N-phenylmaleimide) (110)


To a solution of cyclohexene (13) (0.30 mL, 3.0 mmol, 1 eq.) and DMA (75) (0.028 mL, 0.30 mmol, 0.1 eq.) in DCM (2.0 mL) at 0 °C under N2, was added catecholborane (109) (0.64  mL, 6.0 mmol, 2 eq.) dropwise.  The reaction mixture was stirred at reflux for 3 h before EtOH (0.42 mL, 7.2 mmol, 1.2 eq.) was added at 0 °C, and the mixture stirred for 0.25 h at r.t.  To this solution was added N-phenylmaleimide (29) (5.2 g, 30.0 mmol, 10 eq.) in DCM (10 mL) and the resulting mixture stirred in air for 20 h at r.t.  The solvent was removed under reduced pressure before the crude mixture was re-dissolved in the minimum volume of DCM (5 mL).  The crude mixture was added dropwise to MeOH (300 mL), pre-cooled over ice, to precipitate the polymer.  The solid was filtered, washed (MeOH), and dried on a high vacuum line to afford compound 110 (2.1 g, 69%*) as an off-white powder.  [* Yield based on recovered unreacted N-phenylmaleimide (29) monomer.  The crude filtrate was concentrated under reduced pressure, before purification by flash chromatography (7:3 petrol/EtOAc) afforded 29 (1.6 g, 31%) as a yellow solid].  1H NMR (400 MHz, CDCl3) δH 1.00-2.20 (m (br), cyclohexyl), 3.76-4.14 (s (br), HC-CH), 6.84-7.38 (s (br), Ar).  13C NMR (100 MHz, CDCl3) δC 126.0 (s (br), Ar), 129.0 (s (br), Ar).  Analysis is consistent with that of an N-phenylmaleimide polymer.   
Poly(EPM) (111)


To a solution of cyclohexene (13) (0.025 mL, 0.25 mmol, 1 eq.) and DMA (75) (0.002 mL, 0.03 mmol, 0.1 eq.) in DCM (0.5 mL) at 0 °C under N2, was added catecholborane (109) (0.053  mL, 0.50 mmol, 2 eq.) dropwise.  The reaction mixture was stirred at reflux for 3 h before EtOH (0.18 mL, 0.30 mmol, 1.2 eq.) was added at 0 °C, and the mixture stirred for 0.25 h at r.t.  To this solution was added EPM (74) (0.38 g, 2.5 mmol, 10 eq.) in DCM (0.5 mL) and the resulting mixture stirred in air, for 20 h at r.t.  The crude mixture was added dropwise to MeOH (100 mL), pre-cooled over ice, to precipitate the polymer.  The solid was filtered, washed (MeOH), and dried on a high vacuum line to afford compound 111 (0.29 g, 95%*) as a white powder.  [* Yield based on recovered unreacted EPM (74) monomer.  The crude filtrate was concentrated under reduced pressure, before purification by flash chromatography (1:1 petrol/EtOAc) afforded EPM (74) (0.020 g, 5%) as a white solid].  1H NMR (400 MHz, DMSO) δH 1.20-1.80 (m (br), cyclohexyl), 2.70-4.10 (m (br), -NCH2CHOCH2).  Analysis is consistent with that of an EPM polymer.  


7.2 [bookmark: _Toc326825510]Experimental for Chapter 3 
[bookmark: _Toc326825511]Synthesis of Alkoxyamines
2,2,6,6-Tetramethyl-N-propoxypiperidine (138)


To a solution of PBD (70) (0.46 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) under N2, was added TEMPO (15) (1.0 g, 6.60 mmol, 2.2 eq.) in DCM (4 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.).  The mixture was stirred overnight at room temperature, before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford compound 138 (0.15 g, 24%) as a colourless oil.  Rf 0.69 (9:1 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 0.91-0.95 (t, 3H, J = 7.5 Hz, CH3), 1.09 (s (br), 6H, 2 × CH3, TEMPO), 1.15 (s (br), 6H, 2 × CH3, TEMPO), 1.20-1.45 (m, 6H, 3 × CH2, piperidinyl), 1.49-1.58 (m, 2H, CH2, propyl), 3.67-3.70 (t, 2H, J = 7.0 Hz, -OCH2).  13C NMR (100 MHz, CDCl3) δC 10.9 (CH3, propyl), 17.1 (CH2, piperidinyl), 20.1 (2 × CH3, TEMPO), 22.0 (CH2, propyl), 29.7 (2 × CH3, TEMPO), 38.1 (CH2, piperidinyl), 39.6 (CH2, piperidinyl), 59.5 (-C(CH3)2), 59.7 (-C(CH3)2), 78.3 (CH2, -OCH2).  m/z (ESI) 200 (100%) [MH+].  ESI-MS m/z 200.2013 [MH+] (C12H26NO requires 200.2009).
General procedure for the preparation of β-alkylcatecholborane radical initiators.  Hydroboration method A.
To a solution of alkene 13, 23, 40 or 139 (0.30 - 0.60 mL, 3.0 - 6.0 mmol, 1 eq.) and DMA (75) (0.028 -0.056 mL, 0.30 - 0.60 mmol, 0.1 eq.) in DCM (2 – 4 mL) at 0 °C under N2, was added catecholborane (109) (0.64 - 1.6  mL, 6 - 12 mmol, 2 eq.) dropwise.  The reaction mixture was stirred at reflux for 3 h before EtOH (0.2 - 0.4 mL, 3.6 - 7.2 mmol, 1.2 eq.) was added at 0 °C and the solution stirred for 0.25 h at room temperature.  


trans- and cis-3-Cyclohexyl-4-(2,2,6,6-tetramethylpiperidin-N-yloxy)-N-phenyl-2,5-pyrrolidinedione (122)22

    
A solution of cyclohexene (13) (0.60 mL, 6.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (5.2 g, 30.0 mmol, 5 eq.) in DCM (26 mL) and DMPU (136) (0.72 mL, 6.0 mmol, 1 eq.) successively, followed by TEMPO (15) (2.0 g, 13.2 mmol, 2.2 eq.) in DCM (12 mL) via syringe-pump over 2 h at r.t.  The reaction mixture was stirred overnight at r.t., before the mixture was treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic layer was dried (MgSO4), filtered, and concentrated under reduced pressure and the crude mixture purified by flash chromatography (9:1 petrol/EtOAc) to afford trans- 122a [1.78 g, 72% (single diastereoisomer (3S*,4S*) as indicated by 1H NMR spectroscopy)] as a white crystalline solid.  M.p. 73-77 °C (lit. Mp 73-76 °C22).  Rf 0.40 (9:1 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 1.05 (s, 3H, CH3, TEMPO), 1.08 (s, 3H, CH3, TEMPO), 1.17 (s (br), 6H, 2 × CH3, TEMPO), 1.19-1.57 (m, 10H, cyclohexyl), 1.58-1.76 (m, 6H, 3 × CH2, piperidinyl), 1.84-1.94 (m, 1H, Ha), 2.94-2.97 (dd, 1H, J = 4.0 and 1.5 Hz, Hb), 4.56-4.58 (d, 1H, J = 1.5 Hz, Hc), 7.28-7.30 (d, 2H, J = 8.5 Hz, Ar), 7.37 (t, 1H, J = 7.5 Hz, Ar), 7.44-7.48 (dd, 2H, J = 8.5 and 7.5 Hz, Ar).  13C NMR (100 MHz, CDCl3) δC 17.0 (CH2, piperidinyl), 20.3 (2 × CH3, TEMPO), 25.8 (CH2), 26.2 (CH2), 26.3 (CH2), 29.6 (CH2), 30.0 (CH2), 32.8 (CH3, TEMPO), 33.4 (CH3, TEMPO), 34.3 (CH2), 39.9 (CH2), 40.1 (CH, CHa), 52.8 (CH, CHb), 60.2 (-C(CH3)2), 60.7 (-C(CH3)2), 82.1 (CH, CHc), 126.3 (2 × CH, Ar), 128.4 (CH, Ar), 129.0 (2 × CH, Ar), 131.7 (N-C, Ar), 173.5 (C=O), 176.7 (C=O).  ESI-MS m/z 413.2806 [MH+] (C25H37N2O3 requires 413.2799).  Analysis is consistent with the published data.22
Also isolated cis- 122b [0.213 g, 9% (single diastereoisomer (3S*,4R*) as indicated by 1H NMR spectroscopy)] as a white powder.  M.p. 146-148 °C.  Rf 0.22 (9:1 petrol / EtOAc).  1H NMR (400 MHz, CDCl3) δH 1.22-1.36 (s (br), 12H, 4 × CH3, TEMPO), 1.40-1.61 (m, 10H, cyclohexyl), 1.62-1.83 (m, 6H, 3 × CH2, piperidinyl), 2.23-2.33 (m, 1H, Ha), 3.10-3.13 (dd, 1H, J = 8.0 and 3.0 Hz, Hb), 5.13 (d, 1H, J = 8.0 Hz, Hc), 7.29-7.32 (d, 2H, J = 8.5 Hz, Ar), 7.37 (t, 1H, J = 7.5 Hz, Ar), 7.43-7.47 (dd, 2H, J = 8.5 and 7.5 Hz, Ar).  13C NMR (100 MHz, CDCl3) δC 16.8 (CH2, piperidinyl), 20.3 (2 × CH3, TEMPO), 20.4 (2 × CH3, TEMPO), 25.9 (CH2, cyclohexyl), 26.5 (CH2, cyclohexyl), 26.9 (CH2, cyclohexyl), 28.4 (CH2, cyclohexyl), 30.9 (CH2, cyclohexyl), 37.2 (CH, CHa), 41.0 (2 × CH2, piperidinyl), 51.5 (CH, CHb), 60.1 (-C(CH3)2), 61.1 (-C(CH3)2), 83.5 (CH, CHa), 126.3 (2 × CH, Ar), 128.4 (CH, Ar), 129.0 (2 × CH, Ar), 131.4 (N-C, Ar), 173.9 (C=O), 175.4 (C=O).  m/z 413 (100%) [MH+].  ESI-MS m/z 413.2803 [MH+] (C25H37N2O3 requires 413.2799).
trans- and cis-3-(4-Methylpentyl)-4-(2,2,6,6-tetramethylpiperidin-N-yloxy)-N-phenyl-pyrrolidine-2,5-dione (141) 

    
A solution of 4-methyl-1-pentene (139) (0.38 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (7.8 g, 45.0 mmol, 15 eq.) in DCM (26 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.6 mmol, 2.2 eq.) in DCM (10 mL) via syringe-pump over 4 h at room temperature.  The mixture was stirred overnight at r.t., before the mixture was treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic layer was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude product was purified by flash chromatography (12:1 petrol/EtOAc) to afford trans- 141a [0.30 g, 23% (2 : 1 mixture of regioisomers as indicated by 1H NMR spectroscopy)] as a pale yellow oil.  Rf 0.29 (12:1 petrol/EtOAc).  1H NMR (both regioisomers) (400 MHz, CDCl3) δH 0.82 (d, 6H, J = 6.5 Hz, CH3, 4-methylpentyl), 1.10-1.19 (s (br), 12H, 4 × CH3, TEMPO), 1.20-1.55 (m, 10H, alkyl & piperidinyl), 1.54-1.62 (m, 2H, CH2, 4-methylpentyl), 1.93-2.04 (m, 1H, -CH(CH3)2), 3.05-3.16 (2 × dd, 0.35H, J = 3.5 and 2.0 Hz, Ha1), 3.17-3.21 (td, 0.65H, J = 6.5 and 3.0 Hz, Ha), 4.62-4.64 (2 × d, 0.35H, J = 2.0 Hz, Hb1), 4.68 (d, 0.65H, J = 3.0 Hz, Hb), 7.27-7.31 (d, 2H, J = 8.5 Hz, Ar), 7.36-7.40 (t, 1H, J = 7.5 Hz, Ar), 7.45-7.48 (dd, 2H, J = 8.5 and 7.5 Hz, Ar).  13C NMR (100 MHz, CDCl3) δC 16.7 (CH2, piperidinyl), 22.1 (2 × CH3, TEMPO), 22.3 (2 × CH3, TEMPO), 23.9 (CH2, alkyl), 27.4 (CH2, alkyl), 30.1 (CH2, alkyl), 33.0 (CH3, 4-methylpentyl), 33.7 (CH3, 4-methylpentyl), 38.4 (CH, -CH(CH3)2, 4-methylpentyl), 39.9 (CH2, piperidinyl), 40.0 (CH2, piperidinyl), 46.8 (CH, CHa), 59.8 (-C(CH3)2), 60.8 (-C(CH3)2), 83.1 (CH, CHb), 126.0 (2 × CH, Ar), 128.2 (CH, Ar), 128.7 (2 × CH, Ar), 131.4 (N-C, Ar), 173.2 (C=O), 176.8 (C=O).  m/z (ESI) 415 (100%) [MH+].  ESI-MS m/z 415.2950 [MH+] (C25H39N2O3 requires 415.2955).
Also isolated was cis- 141b [0.055 g, 4.5% (single diastereoisomer (3S*,4R*) as indicated by 1H NMR spectroscopy)] as a cream solid.  Rf 0.14 (12:1 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 0.88 (d, 6H, J = 6.5 Hz, 2 × CH3, 4-methylpentyl), 1.21-1.27 (s (br), 12H, 4 × CH3, TEMPO), 1.29-1.61 (m, 11H, alkyl & piperidinyl), 1.71-1.81 (m, 1H, alkyl), 2.01-2.10 (m, 1H, alkyl), 3.11-3.16 (dt, 1H, J = 7.0 and 6.5 Hz, Ha), 5.07 (d, 1H, J = 7.0 Hz, Hb), 7.29-7.31 (d, 2H, J = 8.5 Hz, Ar), 7.34-7.38 (t, 1H, J = 7.5 Hz, Ar), 7.43-7.47 (dd, 2H, J = 8.5 and 7.5 Hz, Ar).  13C NMR (100 MHz, CDCl3) δC 16.9 (CH2, piperidinyl), 22.5 (2 × CH3, TEMPO), 22.6 (2 × CH3, TEMPO), 24.4 (CH2, alkyl), 24.4 (CH2, alkyl), 26.9 (CH2, alkyl), 27.7 (2 × CH3, 4-methylpentyl), 38.9 (CH2, piperidinyl), 40.6 (CH2, piperidinyl), 46.5 (CH, CHa), 60.4 (-C(CH3)2), 60.8 (-C(CH3)2), 82.4 (CH, CHb), 126.1 (2 × CH, Ar), 128.3 (CH, Ar), 129.0 (2 × CH, Ar), 131.6 (N-C, Ph), 174.4 (C=O), 175.8 (C=O).  m/z (ESI) 415 (100%) [MH+].  ESI-MS m/z 415.2961 [MH+] (C25H39N2O3 requires 415.2955).
trans- and cis-3-Octyl-4-(2,2,6,6-tetramethylpiperidin-N-yloxy)-N-phenyl-pyrrolidine-2,5-dione (142)


A solution of 1-octene (23) (0.47 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (2.6 g, 15.0 mmol, 5 eq.) in DCM (13 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.6 mmol, 2.2  eq.) in DCM (6 mL) via syringe-pump over 2 h at r.t.  The mixture was stirred overnight at r.t., before the mixture was treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic layer was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude product was purified by flash chromatography (16:1 petrol/EtOAc) to afford compound 142 {0.41 g, 31% [d.r. = 4 : 1 (trans- / cis-) as indicated by 1H NMR spectroscopy]} as a yellow crystalline solid.  Rf 0.60 (16:1 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 0.78-0.84 (2 × t, 3H, J = 6.5 Hz, CH3, octyl), 1.04-1.48 (m, 28H, alkyl & piperidinyl), 1.54-1.62 (m, 2H, CH2, octyl), 1.72-1.86 (m, 2H, CH2, octyl), 3.09-3.14 (td, 1H, J = 6.0 and 3.0 Hz, Ha), 4.59-4.63 (d, 1H, J = 3.0 Hz, Hb), 7.20-7.42 (m, 5H, Ar).  m/z (ESI) 443 (100%) [MH+].  ESI-MS m/z 443.3282 [MH+] (C27H43N2O3 requires 443.3268).
trans- and cis-3-(3-Phenylpropyl)-4-(2,2,6,6-tetramethylpiperidin-N-yloxy)-N-phenyl-pyrrolidine-2,5-dione (143)

    
A solution of allylbenzene (40) (0.40 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (7.8 g, 45.0 mmol, 15 eq.) in DCM (30 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.6 mmol, 2.2 eq.) in DCM (10 mL) via syringe-pump over 3 h at room temperature.  The mixture was stirred overnight at r.t., before the mixture was treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic layer was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol / EtOAc) to afford compound 143 {0.727 g, 54% [d.r. = 5 : 1 (trans- / cis-) as indicated by 1H NMR spectroscopy]} as a colourless oil.  Rf 0.15 (9:1 petrol/EtOAc).  νmax (CHCl3) 1098 (m), 1261 (m), 1391 (m, C-O), 1502 (m, N-O), 1713 (s, C=O), 2927 (m, C-H).  1H NMR (both diastereoisomers) (400 MHz, CDCl3) δH 1.04 (s, 3H, CH3, TEMPO), 1.10 (s, 3H, CH3, TEMPO), 1.12 (s, 3H, CH3, TEMPO), 1.20 (s, 3H, CH3, TEMPO), 1.35-1.55 (m, 6H, 3 × CH2, piperidinyl), 1.66-1.97 (m, 4H, 2 × CH2, alkyl), 2.60-2.65 (m, 2H, CH2, alkyl), 3.11-3.14 (td, 0.85H, J = 6.0 and 3.0 Hz, Ha (trans)), 3.20 (m, 0.15 H, Ha (cis)), 4.59 (d, 0.85H, J = 3.0 Hz, Hb (trans)), 5.01 (d, 0.15H, J = 8.0 Hz, Hb (cis)), 7.11-7.40 (m, 10H, 2 × Ar).  13C NMR (both isomers) (100 MHz, CDCl3) δC 16.79 and 16.83 (CH2, piperidinyl), 18.2 (CH3, TEMPO), 18.3 (CH3, TEMPO), 21.9 (CH2, alkyl), 24.87 and 24.90 (CH2, alkyl), 32.7 (2 × CH3, TEMPO), 39.9 (CH2, piperidinyl), 40.4 (CH2, piperidinyl), 41.1 (CH2, -CH2Ph), 43.5 (CH, CHa (minor)), 43.9 (CH, CHa (major)), 59.5 (-C(CH3)2), 60.2 (-C(CH3)2), 81.75 (CH, CHb (major), 81.83 (CH, CHb (minor)), 125.7 (CH, Ar), 125.8 (2 × CH, Ar), 126.4 (CH, Ar), 127.6 (CH, Ar), 128.3 (2 × CH, Ar), 128.9 (2 × CH, Ar), 129.0 (2 × CH, Ar), 131.0 (Ar), 138.7 (N-C, Ar), 173.2 (C=O), 174.8 (C=O).  m/z (ESI) 449 (100%) [MH+].  ESI-MS m/z 449.2793 [MH+], (C28H37N2O3 requires 449.2799).
N-(Cyclohexyloxy)-2,2,6,6-tetramethylpiperidine (123)22


A solution of cyclohexene (13) (0.30 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added TEMPO (15) (1.0 g, 6.6 mmol, 2.2 eq.) in DCM (6 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively and the mixture stirred overnight at r.t.  The mixture was treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude product was purified by flash chromatography (9:1 petrol/EtOAc) to afford compound 123 (0.56 g, 78%) as a colourless oil.  Rf 0.60 (9:1 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 1.00-1.60 (m, 24H, TEMPO & cyclohexyl), 1.69-1.77 (m, 2H, CH2, cyclohexyl), 2.00-2.08 (m, 2H, CH2, cyclohexyl), 3.54-3.62 (m, 1H, Ha).  13C NMR (100 MHz, CDCl3) δC 17.4 (CH2, piperidinyl), 20.4 (2 × CH3, TEMPO), 25.2 (2 × CH2, cyclohexyl), 26.0 (2 × CH2, cyclohexyl), 33.0 (3 × CH2, cyclohexyl), 34.5 (2 × CH3, TEMPO), 40.3 (2 × CH2, piperidinyl), 59.7 (2 × -C(CH3)2), 81.8 (CH, CHa).  ESI-MS m/z 240.2328 [MH+] (C15H30NO requires 240.2322).  Analysis is consistent with the published data.22
N-(4-Methylpentyloxy)-2,2,6,6-tetramethylpiperidine (145)


A solution of 4-methyl-1-pentene (139) (0.38 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added TEMPO (15) (1.0 g, 6.6 mmol, 2.2 eq.) in DCM (4 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively and the mixture stirred overnight at r.t.  The mixture was treated with sat. aq. NaHCO3 and extracted with EtOAc, before the organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure.  The crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford compound 145 (0.43 g, 59%) as a colourless oil.  Rf 0.71 (9:1 petrol/EtOAc).  νmax (CHCl3) 1360 (m, C-O), 1375 (m, N-O), 1468 (m, N-O), 2934 (s, C-H).  1H NMR (400 MHz, CDCl3) δH 0.87-0.89 (d, 6H, J = 6.5 Hz, 2 × CH3, 4-methylpentyl), 1.08 (s (br), 6H, 2 × CH3, TEMPO), 1.14 (s (br), 6H, 2 × CH3, TEMPO), 1.20-1.26 (m, 11H, alkyl & piperidinyl), 3.70 (t, 2H, J = 7.0 Hz, -OCH2).  13C NMR (100 MHz, CDCl3) δC 17.2 (CH2, piperidinyl), 20.1 (CH3), 22.6 (4 × CH3, TEMPO), 26.6 (CH2), 28.0 (CH3), 33.1 (CH, -CH(CH3)2), 35.5 (CH2), 39.6 (2 × CH2, piperidinyl), 59.6 (-C(CH3)2), 59.6 (-C(CH3)2), 77.2 (CH2, -OCH2).  m/z (ESI) 242 (100%) [MH+].  ESI-MS m/z 242.2484 [MH+] (C15H32NO requires 242.2478).
[bookmark: _Toc326825512]Conversion of an Alkoxyamine into an Alcohol
(3S*,4S*)-3-Cyclohexyl-4-hydroxy-N-phenyl-pyrrolidine-2,5-dione (149)


To a solution of trans- 122a (0.21 g, 0.50 mmol, 1 eq.) in 50% aq. AcOH (7.5 mL), was added Zn powder (0.49 g, 7.50 mmol, 15 eq.) and the mixture stirred at 100 °C for 1 h.  The mixture was cooled to r.t. and diluted with H2O (7.5 mL), before being extracted with Et2O.  The combined organic layers were washed with sat. aq. NaHCO3, dried (MgSO4), filtered and concentrated under reduced pressure to afford compound 149 [0.13 g, 94% (single diastereoisomer (3S*,4S*) as indicated by 1H NMR spectroscopy)] as a white powder.  M.p. 158-161 °C.  Rf 0.15 (8:2 petrol/EtOAc).  Found: C, 70.2; H, 7.1; N, 4.8% (C16H19NO3 requires C, 70.3; H, 7.0; N, 5.1%).  νmax (CHCl3) 1195 (m, C-O), 1388 (w), 1500 (w), 1717 (s, C=O), 2929 (m, C-H), 3385 (br, OH).  1H NMR (400 MHz, CDCl3) δH 1.40-1.85 (m, 10H, cyclohexyl), 2.04-2.12 (m, 1H, Ha), 2.79 (t (br), 1H, J = 5.0 Hz, Hb), 2.80-3.00 (s (br), 1H, -OH), 4.51-4.52 (d, 1H, J = 5.0 Hz, Hc), 7.18-7.43 (m, 5H, Ar).  13C NMR (100 MHz, CDCl3) δC 26.0 (CH2), 26.0 (CH2), 26.2 (CH2), 28.8 (CH2), 30.6 (CH2), 37.1 (CH, CHa), 53.9 (CH, CHb), 69.3 (CH, CHc), 126.2 (2 × CH, Ar), 128.8 (CH, Ar), 129.2 (2 × CH, Ar), 144.2 (N-C, Ar), 174.8 (C=O), 176.7 (C=O).  m/z (ESI) 274 (100%) [MH+], 296 (30) [MNa+], 258 (90), 198 (26), 177 (50), 107 (18), 85 (37).  ESI-MS m/z 274.1442 [MH+], C16H20NO3 requires 274.1438.
[bookmark: _Toc326825513]Synthesis of 3-Substituted Maleimides
General procedure for the preparation of β-alkylcatecholborane radical initiators.  Hydroboration method A.
To a solution of alkene 13, 23, 40, or 160 - 163 (0.30 - 0.60 mL, 3.0 - 6.0 mmol, 1 eq.) and DMA (75) (0.028 - 0.056 mL, 0.30 - 0.60 mmol, 0.1 eq.) in DCM (2 – 4 mL) at 0 °C under N2, was added catecholborane (109) (0.64 - 1.6  mL, 6 - 12 mmol, 2 eq.) dropwise.  The reaction mixture was stirred at reflux for 3 h before EtOH (0.2 - 0.4 mL, 3.6 - 7.2 mmol, 1.2 eq.) was added at 0 °C and the solution stirred for 0.25 h at room temperature.
Hydroboration method B.
To a solution of cyclohexene (13) (0.30 - 0.60 mL, 3.0 - 6.0 mmol, 1 eq.) and DMA (75) (0.028 - 0.056 mL, 0.30 - 0.60 mmol, 0.1 eq.) in toluene (2 – 4 mL) at 0 °C under N2, was added catecholborane (109) (0.64 - 1.6  mL, 6 - 12 mmol, 2 eq.) dropwise.  The reaction mixture was stirred at 40 °C for 3 h before EtOH (0.2 - 0.4 mL, 3.6 - 7.2 mmol, 1.2 eq.) was added at 0 °C and the solution stirred for 0.25 h at room temperature.
Hydroboration method C.
To a solution of cyclohexene (13) (0.30 - 0.60 mL, 3.0 - 6.0 mmol, 1 eq.) and DMA (75) (0.028 - 0.056 mL, 0.30 - 0.60 mmol, 0.1 eq.) in CHCl3 (2 – 4 mL) at 0 °C under N2, was added catecholborane (109) (0.64 - 1.6  mL, 6 - 12 mmol, 2 eq.) dropwise.  The reaction mixture was stirred at 60 °C for 3 h before EtOH (0.2 - 0.4 mL, 3.6 - 7.2 mmol, 1.2 eq.) was added at 0 °C and the solution stirred for 0.25 h at room temperature.





3-Cyclohexyl-N-phenyl-1H-pyrrole-2,5-dione (155)


a) A solution of trans- 122a (0.52 g, 1.25 mmol, 1 eq.) in toluene (5 mL) was stirred at reflux for 2 h.  The mixture was cooled to r.t., concentrated under reduced pressure, and dried on a high vacuum line (20 °C, 1 mm Hg) for 0.5 h.  The crude mixture was passed through a thin pad of silica (7:3 petrol/EtOAc) to afford compound 155 (0.31 g, 96%) as a white crystalline solid.  M.p. 100-102 °C.  Rf 0.33 (9:1 petrol/EtOAc).  Found: C, 75.3; H, 6.9; N, 5.8% (C16H17NO2 requires C, 75.3; H, 6.7; N, 5.5%).  νmax (CHCl3) 1390 (m), 1502 (m, C=C), 1713 (s, C=O), 2933 (m, C-H).  1H NMR (400 MHz, CDCl3) δH 1.20-2.05 (m, 10H, cyclohexyl), 2.55-2.65 (m, 1H, cyclohexyl), 6.35 (d, 1H, J = 1.5 Hz, Ha), 7.32-7.36 (m, 3H, Ar), 7.42-7.48 (m, 2H, Ar).  13C NMR (100 MHz, CDCl3) δC 25.7 (CH2), 25.8 (CH2), 25.8 (CH2), 31.3 (CH2), 31.3 (CH2), 34.9 (CH), 124.8 (2 × CH, Ar), 125.8 (CH, Ar), 127.5 (CH, Ha), 128.9 (2 × CH, Ar), 131.5 (N-C, Ar), 154.6 (C=CHa), 169.8 (C=O), 169.9 (C=O).  m/z (ESI) 256 (100%) [MH+], 278 (31%) [MNa+].  ESI-MS m/z 256.1339 [MH+] (C16H18NO2 requires 256.1332).

b) A solution of cyclohexene (13) (0.30 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (2.6 g, 15.0 mmol, 5 eq.) in DCM (13 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.6 mmol, 2.2 eq.) in DCM (6 mL) via syringe-pump over 2 h at r.t.  The mixture was stirred overnight at r.t., before the solvent was removed under reduced pressure.  The mixture was re-dissolved in toluene (20 mL), and stirred at reflux for 2 h.  The mixture was cooled to r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford compound 155 (0.70 g, 91%) as a white crystalline solid.  All analytical data is consistent with that previously reported for this compound.

c) A solution of cyclohexene (13) (0.30 mL, 3.0 mmol, 1 eq.) in toluene (2 mL) was reacted according to hydroboration method B.  To this solution was added N-phenylmaleimide (29) (2.6 g, 15.0 mmol, 5 eq.) in toluene (13 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.60 mmol, 2.2 eq.) in toluene (6 mL) via syringe-pump over 2 h at r.t.  The mixture was stirred overnight at r.t., before being stirred at reflux for 2 h.  The mixture was cooled to r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford compound 155 (0.40 g, 52%) as a white crystalline solid.  All analytical data is consistent with that previously reported for this compound.

d) A solution of cyclohexene (13) (0.15 mL, 1.5 mmol, 1 eq.) in CHCl3 (2 mL) was reacted according to hydroboration method C.  To this solution was added N-phenylmaleimide (29) (1.3 g, 7.5 mmol, 5 eq.) in CHCl3 (10 mL) and DMPU (136) (0.18 mL, 1.5 mmol, 1 eq.) successively, followed by TEMPO (15) (0.5 g, 3.3 mmol, 2.2 eq.) in CHCl3 (4 mL) via syringe-pump over 3 h at r.t.  The mixture was stirred overnight at r.t., before the solution was stirred at 60 °C for 48 h.  The mixture was cooled to r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford (0.36 g, 85%) as a white crystalline solid.  All analytical data is consistent with that previously reported for this compound.
3-(4-Methylpentyl)-N-phenyl-1H-pyrrole-2,5-dione (156)


A solution of alkoxyamine 141 (0.083 g, 0.20 mmol, 1 eq.) in toluene (2 mL) was stirred at reflux for 24 h.  The mixture was cooled to r.t., concentrated under reduced pressure and dried on a high vacuum line (20 °C, 1 mm Hg) for 0.5 h.  The crude mixture was passed through a thin pad of silica (7:3 petrol/EtOAc) to afford compound 156 (0.045 g, 87%) as a white solid.  Rf 0.28 (9:1 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 0.90-0.92 (d, 6H, J = 6.5 Hz, 2 × CH3), 1.25-1.35 (m, 2H, 4-methylpentyl), 1.55-1.70 (m, 3H, CH2 & CH, 4-methylpentyl), 2.47-2.57 (m, 2H, 4-methylpentyl), 6.43 (t, 1H, J = 2.0 Hz, Ha), 7.32-7.37 (m, 3H, Ar), 7.43-7.47 (m, 2H, Ar).  13C NMR (100 MHz, CDCl3) δC 22.5 (2 × CH3), 24.9 (CH2), 25.7 (CH2), 27.7 (CH), 38.4 (CH2), 125.9 (2 × CH, Ar), 126.3 (CH, Ar), 127.6 (CH, C=CHa), 129.0 (2 × CH, Ar), 131.6 (C=CHa), 169.7 (C=O), 170.4 (C=O).  m/z (ESI) 258 (100%) [MH+], 280 (12) [MNa+], 197 (60).  ESI-MS m/z 258.1492 [MH+] (C16H20NO2 requires 258.1489).
3-Cyclopentyl-N-phenyl-1H-pyrrole-2,5-dione (165)


A solution of cyclopentene (160) (0.27 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (2.6 g, 15.0 mmol, 5 eq.) in DCM (13 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.6 mmol, 2.2 eq.) in DCM (6 mL) via syringe-pump over 2 h at r.t.  The mixture was stirred overnight at r.t., before the solvent was removed under reduced pressure.  The crude mixture was dissolved in toluene (10 mL) and stirred at reflux for 2 h.  The mixture was cooled to r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford compound 165 (0.46 g, 63%) as an orange-brown solid.  M.p. 63-65 °C.  Rf 0.25 (9:1 petrol/EtOAc).  νmax (CHCl3) 1212 (m), 1391 (m), 1503 (w, C=C), 1713 (s, C=O), 3019 (m, C-H).  1H NMR (400 MHz, CDCl3) δH 1.58-1.84 (m, 6H, cyclopentyl), 2.06-2.16 (m, 2H, cyclopentyl), 2.98-3.07 (m, 1H, cyclopentyl), 6.38 (d, 1H, J = 1.5 Hz, Ha), 7.33-7.37 (m, 3H, Ar), 7.43-7.58 (m, 2H, Ar).  13C NMR (100 MHz, CDCl3) δC 25.9 (2 × CH2), 31.4 (2 × CH2), 35.0 (CH), 124.8 (2 × CH, Ar), 125.9 (2 × CH, Ar), 127.6 (CH, C=CHa), 128.9 (CH, Ar), 129.0 (N-C, Ar), 154.7 (C=CHa), 169.9 (C=O), 170.0 (C=O).  m/z (ESI) 242 (100%) [MH+], 264 (50) [MNa+].  ESI-MS m/z 242.1176 [MH+] (C15H16NO2 requires 242.1176).
3-Cyclooctyl-N-phenyl-1H-pyrrole-2,5-dione (166)


A solution of cyclooctene (161) (0.39 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (2.6 g, 15.0 mmol, 5 eq.) in DCM (13 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.60 mmol, 2.2 eq.) in DCM (6 mL) via syringe-pump over 2 h at r.t.  The mixture was stirred overnight at r.t., before the solvent was removed under reduced pressure.  The crude mixture was dissolved in toluene (10 mL) and stirred at reflux for 2 h.  The mixture was cooled to r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford compound 166 (0.53 g, 63%) as an orange-brown solid.  M.p. 77-80 °C.  Rf 0.36 (9:1 petrol/EtOAc).  νmax (CHCl3) 1392 (m), 1502 (m, C=C), 1712 (s, C=O), 2927 (m, C-H).  1H NMR (400 MHz, CDCl3) δH 1.50-1.90 (m, 14H, cyclooctyl), 2.80-2.84 (m, 1H, cyclooctyl), 6.29 (d, 1H, J = 1.5 Hz, Ha), 7.25-7.30 (m, 3H, Ph), 7.35-7.41 (m, 2H, Ph).  13C NMR (100 MHz, CDCl3) δC 25.0 (2 × CH2), 25.9 (CH2), 26.6 (2 × CH2), 30.3 (2 × CH2), 34.6 (CH, cyclooctyl), 124.5 (CH, Ph), 125.7 (2 × CH, Ph), 127.4 (C=CH), 128.8 (2 × CH, Ph), 131.5 (N-C, Ph), 155.8 (C=CH), 169.7 (C=O), 170.1 (C=O).  m/z (ESI) 182 (100%), 306 (38) [MNa+], 284 (62) [MH+], 203 (42), 163 (46), 142 (24), 126 (73), 101 (54), 79 (64), 61 (34).  ESI-MS m/z 284.1643 [MH+] (C18H22NO2 requires 284.1645).





3-(4-Methylcyclohexyl)-N-phenyl-1H-pyrrole-2,5-dione and 3-(3-methylcyclohexyl)-N-phenyl-1H-pyrrole-2,5-dione (167)


A solution of 4-methylcyclohexene (162) (0.36 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (2.6 g, 15.0 mmol, 5 eq.) in DCM (13 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.6 mmol, 2.2 eq.) in DCM (6 mL) via syringe-pump over 2 h at r.t.  The mixture was stirred overnight at r.t., before the solvent was removed under reduced pressure.  The crude mixture was dissolved in toluene (10 mL) and stirred at reflux for 2 h.  The mixture was cooled to r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford 167 {0.50 g, 62% [3 : 2 mixture of regioisomers (4-methylcyclohexyl : 3-methylcyclohexyl) as indicated by 1H NMR spectroscopy)]} as an orange-brown solid.  M.p. 91-94 °C.  Rf 0.36 (9:1 petrol/EtOAc).  νmax (CHCl3) 1216 (m), 1390 (m), 1502 (w, C=C), 1712 (s, C=O), 2931 (m, C-H).  1H NMR (both regioisomers) (400 MHz, CDCl3) δH 0.93-1.02 (3 × d, 3H, J = 7.0 Hz, CH3), 1.08-2.05 (m, 9H cyclohexyl), 2.50-2.66 (2 × ttd, 0.6H, J = 12.0, 3.0 and 1.5 Hz, Ha), 2.74-2.99 (2 × m, 0.4H, Ha1), 6.34 (2 × d, 0.6H, J = 1.5 Hz, Hb), 6.42-6.45 (2 × d, 0.4 H, J = 1.5 Hz, Hb1).  13C NMR (both regioisomers) (100 MHz, CDCl3) δC 20.8 (CH2, minor), 22.4 and 22.5 (CH3, major), 25.7 and 26.6 (CH2, major), 27.5 (CH2, major), 28.8 and 28.9 (CH3, minor), 30.2 and 30.3 (CH, CH3CH(CH2)2, minor), 30.9 and 31.3 (CH2, major), 32.1 and 32.3 (CH, CH3CH(CH2)2), major), 32.5 (CH2, minor), 34.4 and 34.5 (CH2, major), 34.8 (CH, CHa1, minor), 35.0 (CH, CHa, major), 36.8 (2 × CH2, minor), 124.7 (2 × CH, Ar), 125.9 (CH, Ar), 127.5 (CH, C=CHb), 129.0 (CH, Ar), 131.5 (N-C, Ar), 153.9 and 154.2 (C=CH, minor), 154.6 and 154.6 (C=CH, major), 169.7 (C=O), 169.8 (C=O), 170.0 (C=O), 170.1 (C=O).  m/z (ESI) 126 (100%), 292 (15) [MNa+], 270 (24) [MH+], 215 (13), 175 (50), 142 (24), 101 (45), 79 (50), 61 (46).  ESI-MS m/z 270.1483 [MH+] (C17H20NO2 requires 270.1489).
trans- and cis-3-(2-Methylcyclohexyl)-N-phenyl-1H-pyrrole-2,5-dione (168)


A solution of 1-methylcyclohexene (163) (0.36 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (2.6 g, 15.0 mmol, 5 eq.) in DCM (13 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.6 mmol, 2.2 eq.) in DCM (6 mL) via syringe-pump over 2 h at r.t.  The mixture was stirred overnight at r.t., before the solvent was removed under reduced pressure.  The crude mixture was dissolved in toluene (10 mL) and stirred at reflux for 2 h.  The mixture was cooled to r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford compound 168 {0.55 g, 68% [d.r. = 3 : 1 (trans- / cis-) as indicated by 1H NMR spectroscopy]} as a cream solid.  M.p. 44-46 °C.  Rf 0.34 (9:1 petrol/EtOAc).  νmax (CHCl3) 1226 (m), 1391 (m), 1503 (m, C=C), 1713 (s, C=O), 2927 (m), 3024 (m, C-H).  1H NMR (both isomers) (400 MHz, CDCl3) δH 0.78 (d, 0.3H, J = 7.0 Hz, CH3, minor), 0.81 (d, 2.7H, J = 6.5 Hz, CH3, major), 1.35-1.85 (m, 9H, cyclohexyl), 2.23-2.31 (m, 1H, cyclohexyl), 6.27-6.30 (2 × d, 0.15H, J = 1.5 Hz, 1H, Ha1), 6.29-6.31 (2 × d, 0.85 H, J = 1.5 Hz, Ha), 7.27-7.29 (m, 3H, Ar), 7.37-7.38 (m, 2H, Ar).  13C NMR (100 MHz, CDCl3) δC 20.4 (CH3), 25.65 and 25.68 (CH2), 25.7 (CH2), 32.6 (CH2), 34.7 (CH2), 36.1 (CH, -CHCH3), 41.6 (CH), 125.3 (CH, Ar), 125.6 (2 × CH, Ar), 127.3 (CH, C=CHa), 128.9 (2 × CH, Ar), 131.3 (N-C, Ar), 153.8 (C=CHa), 169.6 (C=O), 170.0 (C=O).  m/z (ESI) 175 (100%), 292 (45) [MNa+], 270 (80) [MH+], 254 (31), 196 (25), 163 (24), 126 (45), 101 (31), 79 (37), 61 (21).  ESI-MS m/z 270.1488 [MH+] (C17H20NO2 requires 270.1489).

3-(1-Octyl)-N-phenyl-1H-pyrrole-2,5-dione (169)


A solution of 1-octene (23) (0.36 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (2.6 g, 15.0 mmol, 5 eq.) in DCM (13 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.6 mmol, 2.2 eq.) in DCM (6 mL) via syringe-pump over 2 h at r.t.  The mixture was stirred overnight at r.t., before the solvent was removed under reduced pressure.  The crude mixture was dissolved in toluene (10 mL) and stirred at reflux for 2 h.  The mixture was cooled to r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford compound 169 (0.30 g, 35%) as an orange-brown solid.  M.p. 54-56 °C.  Rf 0.30 (9:1 petrol/EtOAc).  νmax (CHCl3) 1219 (m), 1392 (m), 1502 (m, C=C), 1712 (s, C=O), 2929 (m), 3019 (s, C-H).  1H NMR (400 MHz, CDCl3) δH 0.82 (t, 3H, J = 7.0 Hz, CH3), 1.18-1.50 (m, 16H, piperidinyl & alkyl), 1.55-1.62 (m, 2H, -CH2, alkyl), 2.43-2.47 (td, 2H, J = 7.5 and 1.5 Hz, -CH2C=CHa), 6.36 (t, 1H, J = 1.5 Hz, Ha), 7.25-7.30 (m, 3H, Ar), 7.36-7.41 (m, 2H, Ar).  13C NMR (100 MHz, CDCl3) δC 13.9 (CH3), 22.5 (CH2), 25.4 (CH2), 26.9 (CH2), 29.0 (CH2), 29.1 (2 × CH2), 31.6 (CH2), 125.8 (2 × CH, Ar), 126.2 (CH, Ar), 127.5 (CH, C=CHa), 128.9 (2 × CH, Ar), 131.5 (N-C, Ar), 150.2 (C=CHa), 169.6 (C=O), 170.3 (C=O).  m/z (ESI) 270 (100%), 286 (56) [MH+], 183 (20), 158 (87).  ESI-MS m/z 286.1802 [MH+] (C18H24NO2 requires 286.1807).





3-(3-Phenylpropyl)-N-phenyl-1H-pyrrole-2,5-dione (170) and 3-(1-phenylpropan-2-yl)-N-phenyl-1H-pyrrole-2,5-dione (170a)

   
A solution of allylbenzene (40) (0.40 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (2.6 g, 15.0 mmol, 5 eq.) in DCM (13 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.6 mmol, 2.2 eq.) in DCM (6 mL) via syringe-pump over 2 h at r.t.  The mixture was stirred overnight at r.t., before the solvent was removed under reduced pressure.  The crude mixture was dissolved in toluene (10 mL) and stirred at reflux for 2 h.  The mixture was cooled to r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford compound 170 (0.25 g, 25%) as a pale yellow solid.  M.p. 71-72 °C.  Rf 0.11 (9:1 petrol/EtOAc).  νmax (CHCl3) 1102 (w), 1206 (m), 1225 (m), 1392 (m), 1502 (m, C=C), 1714 (s, C=O), 2938 (w), 3023 (m, C-H).  1H NMR (400 MHz, CDCl3) δH 1.89-1.97 (m, 2H, CH2, alkyl), 2.45-2.50 (td, 2H, J = 7.5 and 1.5 Hz, -CH2C=CHa), 2.67 (t, 2H, J = 7.5 Hz, -CH2Ph), 6.33 (t, 1H, J = 1.5 Hz, C=CHa), 7.10-7.40 (m, 10H, 2 × Ar).  13C NMR (100 MHz, CDCl3) δC 25.0 (CH2), 28.6 (CH2), 35.3 (CH2), 125.9 (2 × CH, Ar), 126.2 (CH, Ar), 126.4 (CH, Ar), 127.6 (CH, C=CHa), 128.4 (2 × CH, Ar), 128.5 (2 × CH, Ar), 129.0 (2 × CH, Ar), 131.5 (N-C, Ar), 141.0 (N-C, Ar), 149.8 (C=CHa), 169.5 (C=O), 170.2 (C=O).  m/z (ESI) 292 (67%) [MH+], 314 (20) [MNa+], 186 (23), 165 (40), 104 (20).  ESI-MS m/z 292.1330 [MH+] (C19H18NO2 requires 292.1332).
Also isolated was regioisomer 170a (0.029 g, 3%) as a red-brown residue.  Rf 0.11 (9:1 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 1.15-1.17 (d, 3H, J = 6.5 Hz, -CH3), 2.63-2.68 (dd, 1H, J = 13.0 and 8.0 Hz, Hc), 2.98-3.03 (dd, 1H, J = 13.0 and 5.5 Hz, Hc), 3.04-3.11 (m, 1H, Hb), 6.27 (s (br), 1H, C=CHa1), 7.10-7.40 (m, 10H, 2 × Ar).  m/z (ESI) 292 (100%) [MH+], 314 (30) [MNa+].  
3-Cyclohexyl-N-ethyl-1H-pyrrole-2,5-dione (171)


A solution of cyclohexene (13) (0.30 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (2.6 g, 15.0 mmol, 5 eq.) in DCM (13 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.6 mmol, 2.2 eq.) in DCM (6 mL) via syringe-pump over 2 h at r.t.  The mixture was stirred overnight at r.t., before the solvent was removed under reduced pressure.  The crude mixture was dissolved in toluene (10 mL) and stirred at reflux for 2 h.  The mixture was cooled to r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford compound 171 (0.45 g, 72%) as an orange crystalline solid.  M.p. 53-55 °C.  Rf 0.42 (9:1 petrol/EtOAc).  νmax (CHCl3) 1340 (m), 1448 (m, C=C), 1703 (s, C=O), 2982 (w), 3021 (s, C-H).  1H NMR (400 MHz, CDCl3) δH 1.19 (t, 3H, J = 7.0 Hz, CH3), 1.30-2.00 (m, 10H, cyclohexyl), 2.48-2.50 (ttd, 1H, J = 4.5, 3.0 and 1.5 Hz, CH, cyclohexyl), 3.53-3.58 (q, 2H, J = 7.0 Hz, -NCH2CH3), 6.19 (d, 1H, J = 1.5 Hz, Ha).  13C NMR (100 MHz, CDCl3) δC 13.2 (CH3), 25.1 (CH2, cyclohexyl), 25.1 (2 × CH2, cyclohexyl), 30.7 (2 × CH2, cyclohexyl), 32.0 (CH2, -NCH2), 34.1 (CH, cyclohexyl), 123.9 (CH, C=CHa), 153.9 (C=CHa), 170.3 (C=O), 170.5 (C=O).  m/z (ESI) 240 (100%) [MH+ + MeOH], 208 (60) [MH+].  ESI-MS m/z 208.1336 [MH+] (C12H18NO2 requires 208.1332).
3-Cyclopentyl-N-ethyl-1H-pyrrole-2,5-dione (172)


A solution of cyclopentene (13) (0.27 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (2.6 g, 15.0 mmol, 5 eq.) in DCM (13 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.6 mmol, 2.2 eq.) in DCM (6 mL) via syringe-pump over 2 h at r.t.  The mixture was stirred overnight at r.t., before the solvent was removed under reduced pressure.  The crude mixture was dissolved in toluene (10 mL) and stirred at reflux for 2 h.  The mixture was cooled to r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford 172 (0.50 g, 87%) as an orange-brown oil.  Rf 0.50 (9:1 petrol/EtOAc).  νmax (CHCl3) 1354 (m), 1629 (m, C=C), 1704 (s, C=O), 2945 (s, C-H).  1H NMR (400 MHz, CDCl3) δH 1.16-1.20 (t, 3H, J = 7.0 Hz, CH3), 1.50-1.80 (m, 6H, cyclopentyl), 2.01-2.08 (m, 2H, cyclopentyl), 2.88-3.00 (m, 1H, CH, cyclopentyl), 3.52-3.57 (q, 2H, J = 7.0 Hz, -NCH2CH3), 6.20 (d, 1H, J = 1.5 Hz, Ha).  13C NMR (100 MHz, CDCl3) δC 13.6 (CH3), 24.8 (2 × CH2, cyclopentyl), 31.4 (2 × CH2, cyclopentyl), 32.3 (CH2, -NCH2CH3), 36.1 (CH, cyclopentyl), 123.8 (CH, C=CHa), 153.7 (C=CHa), 170.6 (C=O), 171.0 (C=O).  m/z (ESI) 226 (100%) [MH+ + MeOH], 194 (14) [MH+], 158 (31), 126 (33).  ESI-MS m/z 194.1172 [MH+] (C11H16NO2 requires 194.1176).


7.3 [bookmark: _Toc326825514]Experimental for Chapter 4 
[bookmark: _Toc326825515]Introduction of Heterocycles to the Maleimide 3-Position
General procedure for the preparation of β-alkylcatecholborane radical initiators.  Hydroboration method D.
To a solution of alkene 218, 222, 223, or 225 (0.042  – 0.1 g, 0.2 - 1.5 mmol, 1 eq.) and ClRh(PPh3)3 (118) (0.019 - 0.14 g, 0.02 - 0.15 mmol, 0.1 eq.) in THF (1.0 mL) at 0 °C under N2, was added catecholborane (109) (0.04 - 0.32 mL, 0.4 - 3.0 mmol, 2 eq.) dropwise.  The mixture was stirred at room temperature for 4 – 6 h, before EtOH (0.014 – 0.21 mL, 0.14 - 3.6 mmol, 1.2 eq.) was added at 0 °C and the solution stirred for 0.25 h at room temperature.  
2,2,6,6-tetramethyl-N-(tetrahydrofuran-3-yloxy)piperidine (219)


A solution of 2,5-dihydrofuran (218) (0.11 mL, 1.5 mmol, 1 eq.) in THF (1 mL) was reacted according to hydroboration method D.  To this solution was added TEMPO (15) (0.52 g, 3.3 mmol, 2.2 eq.) in THF (6 mL) and DMPU (136) (0.18 mL, 1.5 mmol, 1 eq.) successively and the mixture was stirred overnight at r.t.  The solvent was removed under reduced pressure and the mixture re-dissolved in DCM.  The mixture was treated with sat. aq. NaHCO3 and extracted with EtOAc, before the organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure.  The crude product was purified by flash chromatography (9:1 petrol / EtOAc) to afford compound 219 (0.26 g, 76%) as a pale orange oil.  Rf 0.26 (9:1 petrol / EtOAc).  νmax (CHCl3) 1075 (m, C-O), 1132 (m, C-O), 1360 (m, N-O).  1H NMR (400 MHz, CDCl3) δH 1.14 (s, 3H, CH3, TEMPO), 1.16 (s, 3H, CH3, TEMPO), 1.18 (s, 3H, CH3, TEMPO), 1.25 (s, 3H, CH3, TEMPO), 1.37-1.61 (m, 6H, 3 × CH2, piperidinyl), 2.05-2.13 (m, 1H, CH2, tetrahydrofuranyl), 2.19-2.28 (m, 1H, CH2, tetrahydrofuranyl), 3.76-3.82 (m, 1H, CH2, tetrahydrofuranyl), 3.86-3.89 (dd, 1H, J = 9.5 and 6.0 Hz, CH2, tetrahydrofuranyl), 4.58-4.64 (m, 1H, Ha).  13C NMR (100 MHz, CDCl3) δC 16.2 (CH2, piperidinyl), 19.2 (2 × CH3), 32.3 (CH2), 32.6 (CH3), 33.1 (CH3), 39.1 (2 × CH2, piperidinyl), 58.6 (2 × -C(CH3)2), 66.3 (CH2, -CH2O), 71.6 (CH2, -OCH2), 85.1 (CH, CHa).  m/z (ESI) 228 (100%) [MH+].  ESI-MS m/z 228.1959 [MH+] (C13H26NO2 requires 228.1958).    
3-(Tetrahydrofuran-3-yl)-N-phenyl-1H-pyrrole-2,5-dione (220)


A solution of 2,5-dihydrofuran (218) (0.23 mL, 3.0 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added N-phenylmaleimide (29) (2.6 g, 15.0 mmol, 5 eq.) in DCM (13 mL) and DMPU (136) (0.36 mL, 3.0 mmol, 1 eq.) successively, followed by TEMPO (15) (1.0 g, 6.6 mmol, 2.2 eq.) in DCM (6 mL) via syringe-pump over 4 h at r.t.  The mixture was stirred overnight at r.t., before the solvent was removed under reduced pressure.  The crude mixture was dissolved in toluene (10 mL) and stirred at reflux for 2 h.  The mixture was cooled to r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (7:3 petrol/EtOAc) to afford compound 220 (0.12 g, 15%) as a cream residue.  Rf 0.51 (7:3 petrol / EtOAc).  νmax (CHCl3) 1061 (m, C-O), 1116 (m, C-O), 1502 (s, C=C), 1713 (s, C=O).  1H NMR (400 MHz, CDCl3) δH 1.97-2.06 (m, 1H, CH2, tetrahydrofuranyl), 2.33-2.42 (m, 1H, CH2, tetrahydrofuranyl), 3.39-3.46 (m, 1H, Hb), 3.78-3.82 (dd, 1H, J = 9.0 and 6.0 Hz, Hc), 3.90-4.03 (m, 2H, -OCH2), 4.08-4.12 (dd, 1H, J = 9.0 and 7.0 Hz, Hc), 6.48 (d, 1H, J = 1.5 Hz, Ha), 7.33-7.37 (m, 3H, Ar), 7.44-7.48 (m, 2H, Ar).  13C NMR (100 MHz, CDCl3) δC 31.4 (CH2), 35.8 (CH, CHb), 67.8 (CH2, -CH2O), 71.7 (CH2, -OCH2), 125.8 (2 × CH, Ar), 125.8 (CH, C=CHa), 127.8 (CH, Ar), 129.1 (2 × CH, Ar), 131.3 (N-C, Ar), 150.4 (C=CHa), 169.3 (C=O), 169.8 (C=O).  m/z 244 (100%) [MH+], 266 (80%) [MNa+].  ESI-MS m/z 244.0968 [MH+] (C14H14NO3 requires 244.0968).   



[bookmark: _Toc326825516]Synthesis of Carbocyclic Analogues of Showdomycin
4-Ethoxycarbonyl-1,6-heptadiene (224)176


To a solution of diethyldiallylmalonate (22) (1.2 mL, 5.0 mmol, 1 eq.) in DMSO (25 mL) under N2, was added water (0.09 mL, 5.0 mmol, 1 eq.) and LiCl (0.42 g, 10 mmol, 2 eq.) and the mixture stirred at 180 °C for 7 h.  After cooling, the mixture was diluted with brine (50 mL), and extracted with Et2O.  The combined organic layers were dried (MgSO4), filtered and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (95:5 petrol / Et2O) to afford compound 224 (0.58 g, 69%) as a pale yellow oil.  Rf 0.29 (95:5 petrol/Et2O).  1H NMR (400 MHz, CDCl3) δH 1.23 (t, 3H, J = 7.0 Hz, CH3), 2.21-2.27 (m, 2H, -CH2CH=CH2), 2.32-2.39 (m, 2H, -CH2CH=CH2), 2.46-2.53 (m, 1H, Ha), 4.06-4.15 (q, 2H, J = 7.0 Hz, -OCH2CH3), 5.00-5.08 (m, 4H, 2 × -CH2CH=CH2), 5.68-5.78 (m, 2H, 2 × -CH2CH=CH2).  13C NMR (100 MHz, CDCl3) δC 14.3 (CH3), 35.8 (2 × CH2, 2 × -CH2CH=CH2), 44.9 (CH, CHa), 60.2 (CH2, -OCH2CH3), 116.9 (2 × CH2, 2 × -CH2CH=CH2), 135.2 (2 × -CH2CH=CH2), 174.9 (C=O).  Analysis is consistent with the published data.176    
Ethyl cyclopent-3-ene-carboxylate (223) 


To a solution of compound 224 (0.57 mL, 3.40 mmol, 1 eq.) in DCM (100 mL) under N2, was added Grubbs 2nd generation catalyst (0.043 g, 0.050 mmol, 0.02 eq.) and the mixture stirred for 24 h at r.t.  The crude mixture was then purified according to the method of Kim and Cho.177  As such, the mixture was added silica gel (50 mL), before being filtered through a thin pad of silica (5:1 petrol/Et2O).  The resulting mixture was added activated carbon (10 g) and stirred overnight at r.t.  The carbon was removed by filtration through celite, before the mixture was concentrated under reduced pressure and passed through a thin pad of silica (5:1 petrol / Et2O) to afford compound 223 (0.41 g, 87%) as a pale yellow oil.  Rf 0.41 (9:1 petrol/Et2O).  1H NMR (400 MHz, CDCl3) δH 1.25 (t, 3H, J = 7.0 Hz, -OCH2CH3), 2.63-2.65 (m, 4H, 2 × CH2, cyclopentyl), 3.09 (tt, 1H, J = 8.5 and 7.5 Hz, Ha), 4.14 (q, 2H, J = 7.0 Hz, -OCH2CH3), 5.65 (m, 2H, HC=CH).  13C NMR (100 MHz, CDCl3) δC 14.2 (CH3, -OCH2CH3), 36.3 (2 × CH2, cyclopentene), 41.5 (CH, CHa), 60.4 (CH2, -OCH2CH3), 128.9 (2 × CH, HC=CH), 176.2 (C=O).  Analysis is consistent with the published data.178
1-Hydroxymethyl-3-cyclopentene (222)


To a suspension of LiAlH4 (0.11 g, 2.92 mmol, 2 eq.) in Et2O (40 mL) at 0 °C under N2, was added compound 223 (0.21 mL, 1.46 mmol, 1 eq.) dropwise, and the mixture stirred for 2 h at r.t.  The mixture was diluted with Et2O (20 mL) before being added H2O (10 mL) dropwise at 0 °C.  The organic phase was dried (Na2SO4), filtered and concentrated under reduced pressure to afford compound 222 (0.13 g, 87%) as a pale yellow oil.  Rf 0.10 (9:1 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 1.60 (s (br), 1H, OH), 2.06-2.15 (m, 2H, cyclopentyl), 2.43-2.55 (m, 3H, cyclopentyl), 3.54-3.55 (d, 2H, J = 6.5 Hz, -CH2OH), 5.66 (m, 2H, HC=CH).  13C NMR (100 MHz, CDCl3) δC 35.5 (2 × CH2, cyclopentyl), 39.2 (CH, cyclopentyl), 67.0 (CH2, -CH2OH), 129.5 (2 × CH, HC=CH).  Analysis is consistent with the published data.179
Diethyl-3-cyclopentene-1,1-dicarboxylate (225)177


To a solution of diethyl diallylmalonate (22) (1.2 mL, 5.0 mmol, 1 eq.) in DCM (150 mL) under N2, was added Grubbs 2nd generation catalyst (0.064 g, 0.08 mmol, 0.015 eq.) and the mixture stirred for 24 h at r.t.  The crude mixture was then purified according to the method of Kim and Cho.177  As such, the mixture was added silica gel (50 mL), before being filtered through a thin pad of silica (5:1 petrol/EtOAc).  The resulting mixture was added activated carbon (10 g) and stirred overnight at r.t.  The carbon was removed by filtration through celite, before the mixture was concentrated under reduced pressure and passed through a thin pad of silica (5:1 petrol / EtOAc) to afford compound 225 (1.1 g, 99%) as a colourless oil.  Rf 0.39 (9:1 petrol / EtOAc).  1H NMR (400 MHz, CDCl3) δH 1.22 (t, 6H, J = 7.0 Hz, 2 × CH3), 2.98 (m, 4H, 2 × CH2, cyclopentyl), 4.14-4.19 (q, 4H, J = 7.0 Hz, 2 × -OCH2CH3), 5.57 (s, 2H, 2 × CH, HC=CH).  13C NMR (100 MHz, CDCl3) δC 14.0 (2 × CH3), 40.8 (2 × CH2, cyclopentyl), 58.8 (-C(CO2Et)2), 61.4 (2 × CH2, 2 × -OCH2CH3), 127.7 (2 × CH, HC=CH), 172.1 (2 × C=O).  Analysis is consistent with the published data.177  
Diethyl-3-(2,2,6,6-tetramethylpiperidin-N-yloxy)cyclopentane-1,1-dicarboxylate (226)


A solution of 225 (0.042 g, 0.20 mmol, 1 eq.) in THF (1 mL) was reacted according to hydroboration method D.  To this solution was added TEMPO (15) (0.069 g, 0.44 mmol, 2.2 eq.) in THF (1 mL) and DMPU (136) (0.024 mL, 0.20 mmol, 1 eq.) successively and the mixture stirred overnight at r.t.  The solvent was evaporated under reduced pressure, before the crude mixture was re-dissolved in DCM, treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford 226 (0.044 g, 60%) as a colourless oil.  Rf 0.24 (9:1 petrol/EtOAc).  νmax (CHCl3) 1178 (m, C-O), 1374 (m, N-O), 1724 (s, C=O).  1H NMR (400 MHz, CDCl3) δH 1.05 (s (br), 6H, 2 × CH3, TEMPO), 1.14 (s, 3H, CH3, TEMPO), 1.17 (s, 3H, CH3, TEMPO), 1.23 (t, 3H, J = 7.0 Hz, -OCH2CH3), 1.25 (t, 3H, J = 7.0 Hz, -OCH2CH3), 1.42-1.63 (m, 6H, 3 × CH2, piperidinyl), 1.73-1.83 (m, 1H, CH2, cyclopentyl), 1.92-1.99 (m, 1H, CH2, cyclopentyl), 2.03-2.11 (m, 1H, CH2, cyclopentyl), 2.16-2.22 (dd, 1H, J = 14.0 and 7.0 Hz, Hb), 2.34-2.31 (m, 1H, CH2, cyclopentyl), 2.65-2.70 (dd, 1H, J = 14.0 Hz and 7.0 Hz, Hb), 4.12-4.23 (m, 4H, 2 × -OCH2CH3), 4.32 (p, 1H, J = 7.0 Hz, Ha).  13C NMR (100 MHz, CDCl3) δC 13.94 (CH3, -OCH2CH3), 13.97 (CH3, -OCH2CH3), 17.1 (CH2, piperidinyl), 20.1 (2 × CH3, TEMPO), 31.0 (CH2, cyclopentyl), 32.0 (CH2, cyclopentyl), 34.0 (2 × CH3, TEMPO), 40.0 (2 × CH2, piperidinyl), 40.1 (CH2, cyclopentyl), 57.9 (-C(CO2Et)2), 59.2 (-C(CH3)2), 59.5 (-C(CH3)2), 61.3 (2 × CH2, 2 × -OCH2CH3), 86.5 (CH, CHa), 172.0 (C=O), 172.4 (C=O).  m/z (ESI) 370 (100%) [MH+].  ESI-MS m/z 370.2590 [MH+] (C20H36NO5 requires 370.2588).



3-Hydroxymethyl-1-(2,2,6,6-tetramethylpiperidin-1-yloxy)cyclopentane (228)


A solution of 222 (0.057 g, 0.58 mmol, 1 eq.) in THF (1 mL) was reacted according to hydroboration method D.  To this solution was added TEMPO (15) (0.20 g, 1.28 mmol, 2.2 eq.) in THF (1 mL) and DMPU (136) (0.070 mL, 0.58 mmol, 1 eq.) successively and the mixture stirred overnight at room temperature.  The solvent was evaporated under reduced pressure, before the crude mixture was re-dissolved in DCM, treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (1:1 petrol/EtOAc) to afford 228 [0.023 g, 16% (d.r. = 1 : 1 as indicated by 1H NMR spectroscopy)] as a colourless oil.  Rf 0.45 (1:1 petrol/EtOAc).  νmax (CHCl3) 1181 (m, C-O), 1360 (m, N-O), 3369 (br, OH).  1H NMR (both isomers) (400 MHz, CDCl3) δH 1.07 (s (br), 6H, 2 × CH3, TEMPO), 1.17 (s (br), 6H, 2 × CH3, TEMPO), 1.27-1.51 (m, 7H, 3 × CH2, piperidinyl & CH, cyclopentyl), 1.53 (s (br), 1H, OH), 1.61-1.70 (m, 2H, CH2, cyclopentyl), 1.72-1.92 (m, 2H, CH2, cyclopentyl), 2.00-2.09 (m, 1H, cyclopentyl), 2.13-2.22 (m, 0.5 H, Ha), 2.28 (m, 0.5H, Ha), 3.48-3.59 (2 × d, 2H, J = 6.5 Hz, -CH2OH), 4.26 (2 × p, 1H, J = 6.5 Hz, Hb).  13C NMR (both isomers) (100 MHz, CDCl3) δC 17.2 (CH2, piperidinyl), 20.19 (CH3, TEMPO), 20.24 (CH3, TEMPO), 25.6 and 26.8 (CH2, cyclopentyl), 31.8 and 32.9 (CH2, cyclopentyl), 34.0 (CH3, TEMPO), 34.1 (CH3, TEMPO), 35.4 and 36.4 (CH2, cyclopentyl), 39.1 and 39.5 (CH, CHa), 40.1 (2 × CH2, piperidinyl), 59.4 (-C(CH3)2), 59.5 (-C(CH3)2), 67.3 and 67.4 (CH2, -CH2OH), 87.2 and 87.7 (CHb).  m/z (ESI) 256 (100%) [MH+].  ESI-MS m/z 256.2263 [MH+] (C15H30NO2 requires 256.2271).





Diethyl-3-[(3S*,4S*)-2,5-dioxo-N-phenyl-4-(2,2,6,6-tetramethylpiperidin-1-yloxy)pyrrolidin-3-yl]cyclopentane-1,1-dicarboxylate (229)


A solution of 225 (0.042 g, 0.20 mmol, 1 eq.) in THF (1 mL) was reacted according to hydroboration method D.  To this solution was added N-phenylmaleimide (29) (0.35 g, 2.0 mmol, 10 eq.) in THF (1 mL) and DMPU (136) (0.024 mL, 0.20 mmol, 1 eq.) successively, followed by TEMPO (15) (0.069 g, 0.44 mmol, 2.2 eq.) in THF (2 mL) via syringe-pump over 4 h at r.t.  The mixture was stirred overnight at r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure.  Analysis of the crude mixture by 1H NMR spectroscopy revealed a 3 : 1 mixture (trans- / cis-) of diastereoisomers.  The crude mixture was purified by flash chromatography (9:1 petrol / EtOAc) to afford 229 [0.018 g, 17% (single diastereoisomer (3S*,4S*) as indicated by 1H NMR spectroscopy)].  Rf 0.10 (9:1 petrol / EtOAc).  νmax (CHCl3) 1263 (m, C-O), 1389 (m, N-O), 1718 (s, C=O).  1H NMR (400 MHz, CDCl3) δH 1.13 (s, 3H, CH3, TEMPO), 1.16 (s, 3H, CH3, TEMPO), 1.24 (t, 3H, J = 7.0 Hz, -OCH2CH3), 1.25 (t, 3H, J = 7.0 Hz, -OCH2CH3), 1.24 (s, 6H, 2 × CH3, TEMPO), 1.48-1.62 (m, 6H, 3 × CH2, piperidinyl), 1.69-1.74 (m, 1H, cyclopentyl), 1.91-1.98 (m, 1H, Hc), 2.03-2.26 (m, 2H, cyclopentyl), 2.35-2.60 (m, 3H, cyclopentyl), 3.16 and 3.19 (2 × dd, 1H, J = 6.0 and 2.0 Hz, Hb), 4.15-4.21 (q, 2H, J = 7.0 Hz, -OCH2CH3), 4.16-4.22 (q, J = 7.0 Hz, -OCH2CH3), 4.65 and 4.66 (2 × d, 1H, J = 2.0 Hz, Ha), 7.28-7.31 (m, 2H, Ar), 7.36-7.40 (m, 1H, Ar), 7.44-7.48 (m, 2H, Ar).  13C NMR (100 MHz, CDCl3) δC 13.9 (2 × CH3, 2 × -OCH2CH3), 16.9 (CH2, piperidinyl), 20.2 (2 × CH3, TEMPO), 28.6 (CH2, cyclopentyl), 29.4 (CH2, cyclopentyl), 33.1 (CH2, cyclopentyl), 33.3 (2 × CH3, TEMPO), 37.3 (CH2, piperidinyl), 37.7 (CH2, piperidinyl), 40.1 (CH, CHc), 40.3 (2 × -C(CH3)2), 50.0 (CH, CHb), 59.6 (-C(CO2Et)2), 61.5 (2 × CH2, 2 × -OCH2CH3), 81.9 (CH, CHa), 126.2 (2 × CH, Ar), 128.4 (CH, Ar), 129.0 (2 × CH, Ar), 131.5 (N-C, Ar), 171.7 (C=O, ester), 171.9 (C=O, ester), 172.9 (C=O), 176.1 (C=O).  m/z (ESI) 543 (100%) [MH+].  ESI-MS m/z 543.3086 (C30H43N2O7 requires 543.3065). 
(3S*,4S*)- and (3S*,4R*)-3-(3-(Hydroxymethyl)cyclopentyl)-4-(2,2,6,6-tetramethylpiperidin-1-yloxy)-N-phenyl-pyrrolidine-2,5-dione (231)

        
A solution of 222 (0.098 g, 1.0 mmol, 1 eq.) in THF (1 mL) was reacted according to hydroboration method D.  To this solution was added N-phenylmaleimide (29) (1.7 g, 10.0 mmol, 10 eq.) in THF (2 mL) and DMPU (136) (0.12 mL, 1.0 mmol, 1 eq.) successively, followed by TEMPO (15) (0.34 g, 2.2 mmol, 2.2 eq.) in THF (6 mL) via syringe-pump over 6 h at r.t.  The mixture was stirred overnight at r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (8:2 petrol/EtOAc) to afford 231 {0.22 g, 52% [d.r. = 5 : 1 (3S*,4S* : 3S*,4R*) as indicated by 1H NMR spectroscopy]} as an orange oil.  Rf 0.32 (1:1 petrol/EtOAc).  νmax (CHCl3) 1190 (m, C-O), 1384 (m, N-O), 1715 (s, C=O), 3449 (br, OH).  1H NMR (both isomers) (400 MHz, CDCl3) δH 1.13 (s, 3H, CH3, TEMPO), 1.16 (s, 3H, CH3, TEMPO), 1.20-1.28 (m, 2H, cyclopentyl), 1.25 (s, 3H, CH3, TEMPO), 1.33 (s, 3H, CH3, TEMPO), 1.44-1.61 (m, 6H, 3 × CH2, piperidinyl), 1.68-1.83 (m, 2H, CH2, cyclopentyl), 1.87-2.06 (m, 2H, CH2, cyclopentyl), 2.16-2.30 (m, 1H, Hb & Hb1), 2.33-2.45 (m, 1H, Ha & Ha1), 3.13-3.26 (m, 1H, Hc & Hc1), 3.54 (m, 2H, -CH2OH), 4.64 (2 × d, 0.65H, J = 2.0 Hz, Hd), 5.08 (2 × d, 0.35H, J = 7.5 Hz, Hd1), 7.28-7.32 (m, 2H, Ar), 7.37-7.40 (m, 1H, Ar), 7.43-7.49 (m, 2H, Ar).  13C NMR (both isomers) (100 MHz, CDCl3) δC 16.7 (CH2, piperidinyl), 20.0 (2 × CH3, TEMPO), 28.3 and 28.7 (CH2, cyclopentyl), 29.7 and 30.1 (CH2, cyclopentyl), 31.4 and 31.8 (CH2, cyclopentyl), 33.1 (CH3, TEMPO), 34.0 (CH3, TEMPO), 39.6 and 39.7 (CH, CHa & CHa1), 39.8 (CH2, piperidinyl), 40.4 (CH2, piperidinyl), 40.7 and 40.9 (CH, CHb & CHb1), 49.9 and 50.27 and 50.30 and 50.4 (CHc & CHc1), 59.9 (-C(CH3)2), 60.5 (-C(CH3)2), 66.4 and 66.5 (CH2, -CH2OH), 82.2 and 82.3 and 82.37 and 82.39 (CHd & CHd1), 126.0 (2 × CH, Ar), 128.2 (CH, Ar), 128.8 (2 × CH, Ar), 131.3 (N-C, Ar), 173.05 and 173.06 (C=O), 176.4 and 176.5 (C=O).  m/z (ESI) 429 (100%) [MH+].  ESI-MS m/z 429.2748 [MH+] (C25H37N2O4 requires 429.2748).  
Diethyl-3-(N-phenyl-1H-pyrrole-2,5-dione)-cyclopentane-1,1-dicarboxylate (232)


A solution of 229 (0.005 g, 0.01 mmol, 1 eq.) in toluene (2 mL) was stirred at reflux for 4 h.  The mixture was cooled to r.t., before the solvent was evaporated under reduced pressure and the mixture dried on a high vacuum line for 0.5 h to afford 232 (0.004 g, 100%) as a pale yellow oil.  Rf 0.07 (9:1 petrol/EtOAc).  νmax (CHCl3) 1391 (m, C=C), 1502 (m, C=C), 1716 (s, C=O).  1H NMR (400 MHz, CDCl3) δH 1.26 (t, 3H, J = 7.0 Hz, CH3), 1.27 (t, 3H, J = 7.0 Hz, CH3), 1.70-1.80 (m, 1H, cyclopentyl), 2.22-2.47 (m, 4H, cyclopentyl), 2.71-2.76 (dd, 1H, J = 13.5 and 8.0 Hz, cyclopentyl), 3.17-3.26 (ttd, 1H, J = 9.0, 8.0 and 1.5 Hz, Hb), 4.18-4.24 (q, 2H, J = 7.0 Hz, -OCH2CH3), 4.19-4.25 (q, 2H, J = 7.0 Hz, -OCH2CH3), 6.47-6.48 (d, 1H, J = 1.5 Hz, Ha), 7.33-7.37 (m, 3H, Ar), 7.44-7.47 (m, 2H, Ar).  13C NMR (100 MHz, CDCl3) δC 14.0 (2 × CH3), 31.4 (CH2, cyclopentyl), 33.8 (CH2, cyclopentyl), 36.1 (CH, CHb), 38.6 (CH2, cyclopentyl), 59.9 (-C(CO2Et)2), 61.7 (2 × CH2, 2 × -OCH2CH3), 125.5 (CH, Ar), 125.9 (2 × CH, Ar), 127.7 (CH, C=CHa), 129.1 (2 × CH, Ar), 131.5 (N-C, Ar), 151.8 (C=CHa), 169.4 (2 × C=O, maleimide), 171.8 (2 × C=O, ester).  m/z (ESI) 408 (100%) [MNa+], 386 (40) [MH+], 233 (25), 142 (50).  ESI-MS m/z 386.1596 [MH+] (C21H24NO6 requires 386.1598).  
3-(3-(Hydroxymethyl)cyclopentyl)-N-phenyl-1H-pyrrole-2,5-dione (233)


A solution of 231 (0.021 g, 0.048 mmol, 1 eq.) in toluene (2 mL) was stirred at reflux for 4 h.  The mixture was cooled to room temperature, before the solvent was evaporated under reduced pressure and the mixture dried on a high vacuum line for 0.5 h to afford 233 [0.014 g, 100% (d.r. = 1 : 1 as indicated by 1H NMR spectroscopy)] as a white solid.  M.p. 65-68 °C.  Rf 0.08 (1:1 petrol/Et2O).  νmax (CHCl3) 1502 (m, C=C), 1713 (s, C=O), 3437 (br, OH).  1H NMR (both isomers) (400 MHz, CDCl3) δH 1.36-1.49 (m, 2H, CH2, cyclopentyl), 1.60 (s (br), 1H, OH), 1.64-1.73 (m, 1H, cyclopentyl), 1.80-2.05 (m, 2H, cyclopentyl), 2.11-2.21 (m, 1H, cyclopentyl), 2.26-2.41 (m, 1H, Ha), 3.03-3.15 (m, 1H, Hb), 3.58-3.64 (2 × dd, 2H, J = 15.0 and 6.5 Hz, -CH2OH), 6.40 (d, 0.5H, J = 1.5 Hz, Hc), 6.42 (d, 0.5H, J = 1.5 Hz, Hc), 7.33-7.37 (m, 3H, Ar), 7.43-7.48 (m, 2H, Ar).  13C NMR (both isomers) (100 MHz, CDCl3) δC 28.1 and 28.9 (CH2, cyclopentyl), 31.1 and 31.9 (CH2, cyclopentyl), 34.2 and 35.2 (CH2, cyclopentyl), 35.9 and 37.0 (CH, CHa), 40.9 and 42.0 (CH, CHb), 66.7 (CH2, -CH2OH), 124.7 (CH, C=CH), 125.9 (2 × CH, Ar), 127.7 (CH, Ar), 129.0 (2 × CH, Ar), 131.5 (N-C, Ar), 153.4 and 153.6 (C=CH), 169.7 (C=O), 170.1 (C=O).  m/z (ESI) 294 (100%) [MNa+], 272 (40) [MH+], 142 (30), 91 (50).  ESI-MS m/z 272.1272 [MH+] (C16H18NO3 requires 272.1281).
trans-3-cyclohexyl-4-(2,2,6,6-tetramethylpiperidin-1-yloxy)pyrrolidine-2,5-dione (234)


A solution of cyclohexene (13) (0.1 mL, 1.0 mmol, 1 eq.) in THF (1 mL) was reacted according to hydroboration method D.  To this solution was added maleimide (86) (0.49 g, 5.0 mmol, 5 eq.) in THF (2 mL) and DMPU (136) (0.12 mL, 1.0 mmol, 1 eq.) successively, followed by TEMPO (15) (0.34 g, 2.2 mmol, 2.2 eq.) in THF (4 mL) via syringe-pump over 6 h at room temperature.  The mixture was stirred overnight at r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered and concentrated under reduced pressure.  Analysis of the crude mixture by 1H NMR spectroscopy revealed a 6 : 1 mixture (trans- / cis-) of diastereoisomers.  The crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford 234 [0.061 g, 18% (single diastereoisomer (3S*,4S*) as indicated by 1H NMR spectroscopy)] as a white solid.  M.p. 116-119 °C.  Rf 0.49 (7:3 petrol/EtOAc).  νmax (CHCl3) 1166 (m, C-O), 1328 (m, N-O), 1745 (s, C=O), 3040 (m, N-H), 3148 (br, NH).  1H NMR (400 MHz, CDCl3) δH 1.08 (s, 3H, CH3, TEMPO), 1.12 (s, 3H, CH3, TEMPO), 1.13-1.27 (m, 5H, cyclohexyl), 1.19 (s, 3H, CH3, TEMPO), 1.22 (s, 3H, CH3, TEMPO), 1.28-1.34 (m, 1H, cyclohexyl), 1.35-1.53 (m, 6H, 3 × CH2, piperidinyl), 1.62-1.68 (m, 3H, cyclohexyl & NH), 1.73-1.78 (m, 2H, cyclohexyl), 1.81-1.90 (m, 1H, Ha), 2.86 (dd, 1H, J = 4.0 and 2.0 Hz, Hb), 4.54 (d, 1H, J = 2.0 Hz, Hc).  13C NMR (100 MHz, CDCl3) δC 16.8 (CH2, piperidinyl), 20.1 (2 × CH3, TEMPO), 25.6 (CH2, cyclohexyl), 25.9 (CH2, cyclohexyl), 26.1 (CH2, cyclohexyl), 29.1 (CH2, cyclohexyl), 29.9 (CH2, TEMPO), 32.9 (CH3, TEMPO), 34.1 (CH3, TEMPO), 39.0 (CHa), 39.9 (CH2, piperidinyl), 40.0 (CH2, piperidinyl), 53.9 (CHb), 59.9 (-C(CH3)2), 60.7 (-C(CH3)2), 82.9 (CHc), 174.9 (C=O), 177.7 (C=O).  m/z (ESI) 337 (100%) [MH+].  ESI-MS m/z 337.2490 [MH+] (C19H33N2O3 requires 337.2486).
The formation of the cis- isomer was indicated by the following signals in the 1H NMR spectrum: 2.96-2.99 (dd, 0.14H, J = 8.0 and 4.0 Hz, Hb (cis), 4.98 (d, 0.14H, J = 8.0 Hz, Hc (cis)). 
3-Cyclohexyl-1H-pyrrole-2,5-dione (235)


A solution of 234 (0.061 g, 0.18 mmol, 1 eq.) in toluene (5 mL) was stirred at reflux for 6 h.  The mixture was cooled to room temperature, before the solvent was removed under reduced pressure.  The crude mixture was purified by flash chromatography (7:3 petrol/EtOAc) to afford 235 {0.035 g, 100% [4 : 1 mixture (Ha(ax) : Ha(eq.)) of conformational isomers as indicated by 1H NMR spectroscopy]} as a white solid.  M.p. 107-110 °C.  νmax (CHCl3) 1599 (m, C=C), 1748 (s, C=O), 3214 (br, N-H), 3385 (m, N-H).  1H NMR (both isomers) (400 MHz, CDCl3) δH 1.08-1.28 (m, 4H, cyclohexyl), 1.31-1.48 (m, 2H, cyclohexyl), 1.70-1.83 (m, 2H, cyclohexyl), 1.91-1.95 (m, 2H, cyclohexyl), 2.35 (m, 0.2 H, Ha(eq.)), 2.48 (ttd, 0.8H, J = 11.5, 3.0 and 1.5 Hz, Ha(ax.)), 6.19 and 6.25 (2 × d, 1H (0.8H and 0.2 H), J = 1.5 Hz, Hb), 7.88 (s (br), 1H, NH).  13C NMR (both isomers) (100 MHz, CDCl3) δC 25.7 (CH2, cyclohexyl), 25.8 (2 × CH2, cyclohexyl), 31.3 (2 × CH2, cyclohexyl), 34.8 (CHa), 124.8 and 125.6 (CH, C=CHa), 154.8 and 155.7 (C=CH), 170.9 (C=O), 171.3 (C=O).  m/z (ESI) 180 (100%) [MH+].  ESI-MS m/z 180.1020 [MH+] (C10H14NO2 requires 180.1019).



(3S*,4S*) and (3S*,4R*)-3-(3-(Hydroxymethyl)cyclopentyl)-4-(2,2,6,6-tetramethylpiperidin-1-yloxy)pyrrolidine-2,5-dione (237)


A solution of 222 (0.098 g, 1.0 mmol, 1 eq.) in THF (1 mL) was reacted according to hydroboration method D.  To this solution was added maleimide (86) (0.49 g, 5.0 mmol, 5 eq.) in THF (1 mL) and DMPU (136) (0.12 mL, 1.0 mmol, 1 eq.) successively, followed by TEMPO (15) (0.34 g, 2.2 mmol, 2.2 eq.) in THF (6 mL) via syringe-pump over 6 h at r.t.  The mixture was stirred overnight at r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic layer was dried (MgSO4), filtered and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (1:1 petrol/EtOAc) to afford 237 {0.14 g, 38% [d.r. = 6 : 1 (3S*,4S* : 3S*,4R*) as indicated by 1H NMR spectroscopy]} as an orange oil.  Rf 0.16 (1:1 petrol/EtOAc).  νmax (CHCl3) 1183 (m, C-O), 1362 (m, N-O), 1721 (s, C=O), 3077 (m, N-H), 3232 (br, N-H), 3398 (br, OH).  1H NMR (both isomers) (400 MHz, CDCl3) δH 1.08 (s, 3H, CH3, TEMPO), 1.13 (s, 3H, CH3, TEMPO), 1.18 (s, 3H, CH3, TEMPO), 1.21 (s, 3H, CH3, TEMPO), 1.25-1.31 (m, 2H, cyclopentyl), 1.41-1.57 (m, 6H, 3 × CH2, piperidinyl), 1.60-1.96 (m, 5H, 2 × CH2 & Hb, cyclopentyl), 2.25 (m, 1H, Ha), 2.95 and 2.99 (2 × dd, 0.85H, J = 6.0 and 2.0 Hz, Hc), 3.03 and 3.08 (2 × dd, 0.15H, J = 7.5 and 6.0 Hz, Hc1), 3.49-3.56 (m, 3H, -CH2OH & NH), 4.50 and 4.51 (2 × d, 0.85H, J = 2.0 Hz, Hd), 4.99 and 5.03 (2 × d, 0.15H, J = 7.5 Hz, Hd1).  13C NMR (both isomers) (100 MHz, CDCl3) δC 16.7 (CH2, piperidinyl), 20.0 (2 × CH3, TEMPO), 27.2 and 27.7 (CH2, cyclopentyl), 28.3 and 29.0 (CH2, cyclopentyl), 31.4 and 31.9 (CH2, cyclopentyl), 32.9 (CH3, TEMPO), 34.1 (CH3, TEMPO), 39.1 and 39.2 (CH, CHa & CHa1), 39.9 (CH2, piperidinyl), 40.4 (CH2, piperidinyl), 40.76 and 40.82 (CH, CHb & CHb1), 51.1 and 51.5 and 51.60 and 51.64 (CH, CHc & CHc1), 59.8 (-C(CH3)2), 60.7 (-C(CH3)2), 65.6 and 66.4 and 66.5 and 66.9 (CH2, -CH2OH), 83.2 and 83.36 and 83.44 and 83.7 (CH, CHd & CHd1), 174.75 and 174.79 (C=O), 177.9 and 178.1 (C=O).  m/z (ESI) 353 (100%) [MH+].  ESI-MS m/z 353.2443 [MH+] (C19H33N2O4 requires 353.2435).  
3-(3-(Hydroxymethyl)cyclopentyl)-1H-pyrrole-2,5-dione (221)


A solution of 237 (0.053 g, 0.15 mmol, 1 eq.) in toluene (5 mL) was stirred at reflux for 3 h.  The mixture was cooled to room temperature, before the solvent was removed under reduced pressure.  The mixture was purified by flash chromatography (1:1 petrol/EtOAc) to afford 221 [0.029 g, 99% (d.r. = 1 : 1 as indicated by 1H NMR spectroscopy)] as a white solid.  M.p. 62-66 °C.  Rf 0.11 (1:1 petrol/EtOAc).  νmax (CHCl3) 1626 (w, C=C), 1726 (s, C=O), 3250 (br, NH), 3442 (br, OH).  1H NMR (400 MHz, CDCl3) δH 1.24-1.55 (m, 2H, CH2, cyclopentyl), 1.72 (s (br), 1H, OH), 1.74-1.79 (m, 1H, CH2, cyclopentyl), 1.82-1.91 (m, 1H, CH2, cyclopentyl), 1.92-2.08 (m, 1H, CH2, cyclopentyl), 2.09-2.25 (m, 1H, CH2, cyclopentyl), 2.28-2.39 (m, 1H, Ha), 2.92-3.02 (m, 1H, Hb), 3.55-3.61 (2 × dd, 2H, J = 15.0 and 6.5 Hz, -CH2OH), 6.24 and 6.26 (2 × d, 1H, J = 1.5 Hz, Hc), 7.58 (s (br), 1H, NH).  13C NMR (both isomers) (100 MHz, CDCl3) δC 28.0 and 28.8 (CH2, cyclopentyl), 31.0 and 31.8 (CH2, cyclopentyl), 34.2 and 35.1 (CH2, cyclopentyl), 35.7 and 36.7 (CH, CHb), 40.9 and 41.9 (CH, CHa), 66.6 (CH2, CH2OH), 125.5 (CH, C=CH), 154.4 and 154.6 (C=CH), 170.7 (C=O), 171.3 (C=O).  m/z (ESI) 218 (100%) [MNa+], 196 (95) [MH+], 178 (80), 158 (50), 138 (20), 116 (30), 82 (35).  ESI-MS m/z 196.0959 [MH+] (C10H14NO3 requires 196.0968).
(3R,5S)-3,5-Bis(tert-butyldimethylsilyloxy)cyclopent-1-ene (243)180


To a solution of cis-3,5-cyclopentenediol (240) (0.10 g, 1.0 mmol, 1 eq.) in DMF (2 mL) was added imidazole (247) (0.34 g, 5.0 mmol, 5 eq.) and TBDMSCl (246) (0.38 g, 2.50 mmol, 2.5 eq.) and the mixture stirred for 16 h at r.t.  The mixture was added H2O and extracted with EtOAc.  The mixture was washed with brine and H2O, before the organic phase was dried (MgSO4), filtered and concentrated under reduced pressure.  The crude mixture was passed through a thin pad of silica (Et2O) to afford 243 (0.27 g, 83%) as a colourless oil.  Rf 0.78 (Et2O).  1H NMR (400 MHz, CDCl3) δH 0.065 (s, 6H, 2 × CH3, TBS), 0.075 (s, 6H, 2 × CH3, TBS), 0.89 (s, 18H, 2 × t-Bu, TBS), 1.50 (dt, 1H, J = 13.0 and 6.0 Hz, CH2), 2.65 (dt, 1H, J = 13.0 and 7.0 Hz, CH2), 4.62 (m, 2H, 2 × -CH(OTBS)), 5.79 (m, 2H, HC=CH).  13C NMR (100 MHz, CDCl3) δC -4.66 (2 × CH3, TBS), -4.57 (2 × CH3, TBS), 18.2 (2 × -C(CH3)3), 25.9 (6 × CH3, 2 × t-Bu), 45.2 (CH2), 74.9 (2 × CH, 2 × -CH(OTBS), 135.9 (2 × CH, HC=CH).  Analysis is consistent with the published data.180
(1R,3S)-Cyclopent-4-ene-1,3-diyl diacetate (244)181


A solution of cis-3,5-cyclopentenediol (240) (0.10 g, 1.0 mmol, 1 eq.) in acetic anhydride (1.9 mL, 20.0 mmol, 20 eq.) was heated at 100 °C for 16 h.  The mixture was cooled to room temperature, before water (10 mL) was added.  The mixture was extracted with Et2O, washed with brine and H2O, before the organic phase was dried (MgSO4), filtered and concentrated under reduced pressure.  The crude mixture was passed through a thin pad of silica (7:3 petrol/EtOAc) to afford 244 (0.16 g, 85%) as a pale yellow oil.  Rf 0.53 (7:3 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 1.74 (dt, 1H, J = 15.0 and 4.0 Hz, CH2), 2.06 (s, 6H, 2 × CH3), 2.88 (dt, 1H, J = 15.0 and 7.5 Hz, CH2), 5.53-5.56 (m, 2H, 2 × CH, 2 × -CH(OAc)), 6.09 (m, 2H, HC=CH).  13C NMR (100 MHz, CDCl3) δC 21.1 (2 × CH3), 37.1 (CH2), 76.5 (2 × CH, 2 × CH(OAc)), 134.6 (2 × CH, HC=CH), 170.7 (2 × C=O).  Analysis is consistent with the published data.181
1-((2R,4R)-2,4-Bis(tert-butyldimethylsilyloxy)cyclopentyloxy)-2,2,6,6-tetramethylpiperidine (252)


A solution of 243 (0.16 g, 0.50 mmol, 1 eq.) in THF (1 mL) was reacted according to hydroboration method D.  To this solution was added maleimide (86) (0.24 g, 2.5 mmol, 5 eq.) in THF (1 mL) and DMPU (136) (0.060 mL, 0.50 mmol, 1 eq.) successively, followed by TEMPO (15) (0.17 g, 1.1 mmol, 2.2 eq.) in THF (6 mL) via syringe-pump over 6 h at room temperature.  The mixture was stirred overnight at r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered and concentrated under reduced pressure before the crude mixture was purified by flash chromatography (1:1 petrol/EtOAc) to afford 252 (0.12 g, 47%) as a colourless oil.  Rf 0.72 (9:1 petrol/EtOAc).  νmax (CHCl3) 1029 (s (br), Si-O), 1080 (s (br), Si-O), 1237 (s, Si-CH3), 1340 (m, N-O).  1H NMR (400 MHz, CDCl3) δH 0.035 (s, 6H, 2 × CH3, OTBS), 0.045 (s, 6H, 2 × CH3, OTBS), 0.87 (s, 9H, 3 × CH3, t-Bu), 0.89 (s, 9H, 3 × CH3, t-Bu), 0.99-1.22 (s (br), 12H, 4 × CH3, TEMPO), 1.26-1.45 (m, 6H, 3 × CH2, piperidinyl), 1.49 (m, 1H, cyclopentyl), 1.84-1.91 (m, 1H, cyclopentyl), 1.96-2.02 (m, 1H, cyclopentyl), 2.24 (dt, 1H, J = 13.5 and 7.0 Hz, CH2, cyclopentyl), 4.05 (m, 1H, -CH(OTBS)), 4.18 (m, 1H, Ha), 4.30 (m, 1H, -CH(OTBS).  13C NMR (100 MHz, CDCl3) δC -4.80 (CH3, Si-CH3), -4.74 (CH3, Si-CH3), -4.71 (CH3, Si-CH3), -4.56 (CH3, Si-CH3), 17.2 (CH2, piperidinyl), 17.9 (-C(CH3)3, t-Bu), 18.0 (-C(CH3)3, t-Bu), 20.2 (2 × CH3, TEMPO), 25.81 (3 × CH3, t-Bu), 25.84 (3 × CH3, t-Bu), 33.9 (CH3, TEMPO), 34.5 (CH3, TEMPO), 39.9 (CH2, cyclopentyl), 40.2 (2 × CH2, piperidinyl), 43.4 (CH2, cyclopentyl), 59.0 (-C(CH3)2, TEMPO), 60.2 (-C(CH3)2, TEMPO), 69.8 (CH, -CH(OTBS)), 75.9 (CH, -CH(OTBS)), 89.3 (CH, CHa).  m/z (ESI) 486 (100%) [MH+].  ESI-MS m/z 486.3796 [MH+] (C26H56NO3Si2 requires 486.3799).
(1S,3R)-4-(2,2,6,6-Tetramethylpiperidin-1-yloxy)cyclopentane-1,3-diyl diacetate (253)


A solution of 244 (0.092 g, 0.5 mmol, 1 eq.) in THF (1 mL) was reacted according to hydroboration method D.  To this solution was added maleimide (86) (0.24 g, 2.5 mmol, 5 eq.) in THF (1 mL) and DMPU (136) (0.060 mL, 0.50 mmol, 1 eq.) successively, followed by TEMPO (15) (0.17 g, 1.1 mmol, 2.2 eq.) in THF (6 mL) via syringe-pump over 6 h at r.t.  The mixture was stirred overnight at r.t., before being treated with sat. aq. NaHCO3 and extracted with EtOAc.  The organic phase was dried (MgSO4), filtered and concentrated under reduced pressure, before the crude mixture was purified by flash chromatography (1:1 petrol/EtOAc) to afford 253 (0.070 g, 41%) as a colourless oil.  Rf 0.12 (9:1 petrol/EtOAc).  νmax (CHCl3) 1115 (m, C-O), 1150 (m, C-O), 1355 (m, N-O), 1706 (s, C=O).  1H NMR (400 MHz, CDCl3) δH 1.06 (s (br), 6H, 2 × CH3, TEMPO), 1.14 (s, 3H, CH3, TEMPO), 1.19 (s, 3H, CH3, TEMPO), 1.43-1.57 (m, 6H, 3 × CH2, piperidinyl), 1.63-1.68 (m, 1H, cyclopentyl), 2.02 (s, 3H, CH3, OAc), 2.05 (s, 3H, CH3, OAc), 2.08 (m, 1H, cyclopentyl), 2.18-2.25 (m, 1H, cyclopentyl), 2.55 (dt, 1H, J = 15.0 and 7.5 Hz, CH2, cyclopentyl), 4.51 (dt, 1H, J = 7.0 and 4.5 Hz, Ha), 5.12-5.17 (m, 2H, 2 × -CH(OAc)).  13C NMR (100 MHz, CDCl3) δC 16.9 (CH2, piperidinyl), 19.91 (CH3, TEMPO), 19.93 (CH3, TEMPO), 21.0 (CH3, OAc), 21.1 (CH3, OAc), 33.5 (CH3, TEMPO), 34.1 (CH3, TEMPO), 36.8 (CH2, cyclopentyl), 37.4 (CH2, cyclopentyl), 39.9 (CH2, piperidinyl), 40.0 (CH2, piperidinyl), 59.6 (-C(CH3)2), 59.8 (-C(CH3)2), 72.8 (CH, -CH(OAc)), 77.7 (CH, -CH(OAc)), 87.7 (CH, Ha), 170.3 (C=O), 170.5 (C=O).  m/z (ESI) 342 (100%) [MH+].  ESI-MS m/z 342.2284 [MH+] (C18H32NO5 requires 342.2280).
(1R,2S)-Cyclohex-4-ene-1,2-diyldimethanol (241)149


To a solution of cis-1,2,3,6-tetrahydrophthalic anhydride (242) (3.0 g, 20.0 mmol, 1 eq.) in THF (50 mL) at 0 °C under N2, was added LiAlH4 (1.5 g, 40 mmol, 2 eq.) in THF (50 mL) dropwise over 0.3 h.  The mixture was allowed to warm to r.t., before being stirred overnight.  The mixture was cooled to 0 °C, before water (50 mL) was added over a period of 0.5 h.  The mixture was extracted with Et2O, washed (H2O), before the organic phase was dried (MgSO4), filtered and concentrated under reduced pressure.  The crude mixture was passed through a thin pad of silica (EtOAc) to afford 241 (1.90 g, 67%) as a colourless oil.  Rf 0.24 (EtOAc).  1H NMR (400 MHz, CDCl3) δH 2.00-2.16 (m, 6H, 2 × CH2 & 2 × CH, cyclohexyl), 3.12 (s, 2H, 2 × OH), 3.57 (dd, 2H, J = 11.0 and 3.5 Hz, 2 × -CH2OH), 3.72 (dd, 2H, J = 11.0 and 7.0 Hz, 2 × -CH2OH), 5.61 (m, 2H, HC=CH).  13C NMR (100 MHz, CDCl3) δC 26.9 (2 × CH2, cyclohexyl), 37.8 (2 × CH, cyclohexyl), 64.1 (2 × CH2, 2 × -CH2OH), 125.5 (2 × CH, HC=CH).  Analysis is consistent with the published data.149
(4R,5S)-4,5-Bis((tert-butyldimethylsilyloxy)methyl)cyclohex-1-ene (245)182


To a solution of 241 (0.43 g, 3.0 mmol, 1 eq.) in DMF (2 mL) was added imidazole (247) (1.0 g, 15.0 mmol, 5 eq.) and TBDMSCl (246) (1.1 g, 7.5 mmol, 2.5 eq.) and the mixture stirred for 16 h at r.t.  The mixture was added H2O, and extracted with EtOAc.  The mixture was washed with brine and H2O, before the organic phase was dried (MgSO4), filtered and concentrated under reduced pressure.  The crude mixture was passed through a thin pad of silica (Et2O) to afford 245 (1.07 g, 96%) as a colourless oil.  Rf 0.76 (Et2O).  1H NMR (400 MHz, CDCl3) δH 0.03 (s, 12H, 4 × SiCH3), 0.89 (s, 18H, 6 × CH3, 2 × t-Bu), 1.90-2.11 (m, 6H, 2 × CH2 & 2 × CH, cyclohexyl), 3.51 (dd, 2H, J = 10.0 and 7.5 Hz, 2 × -CH2OTBS), 3.63 (dd, 2H, J = 10.0 and 5.5 Hz, 2 × -CH2OTBS), 5.62 (m, 2H, HC=CH).  13C NMR (100 MHz, CDCl3) δC -5.36 (4 × CH3, 4 × SiCH3), 18.3 (2 × -C(CH3)3, 2 × t-Bu), 26.0 (6 × CH3, 2 × t-Bu), 26.6 (2 × CH2, cyclohexyl), 37.5 (2 × CH, cyclohexyl), 63.4 (2 × CH2, 2 × -CH2OTBS), 125.7 (2 × CH, HC=CH).  Analysis is consistent with the published data.182


7.4 [bookmark: _Toc326825517]Experimental for Chapter 5 
[bookmark: _Toc326825518]Synthesis of EPM (74)
N-Allylmaleimide (97) 



a) To a solution of maleic anhydride (45) (1.96 g, 20 mmol, 1 eq.) in glacial acetic acid (60 mL) was added allylamine (256) (1.5 mL, 20 mmol, 1 eq.) dropwise and the mixture stirred at reflux for 7 h.  The mixture was added to H2O (300 mL), pre-cooled in an ice bath, before the crude mixture was extracted with EtOAc, dried (MgSO4), filtered, and concentrated under reduced pressure before purification by flash chromatography (9:1 petrol/EtOAc) afforded N-allylmaleimide (97) (0.66 g, 25%) as a colourless crystalline solid.  M.p. 43-44 °C (lit. M.p. 42-44 °C155).  Rf 0.71 (1:1 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 4.10-4.13 (dt, 2H, J = 5.5 and 1.5 Hz, -NCH2CH=CH2), 5.08-5.14 (ddt, 2H, J = 17.0, 10.0 and 1.5 Hz, -NCH2CH=CH2), 5.69-5.77 (ddt, 1H, J = 17.0, 10.0 and 5.5 Hz -NCH2CH=CH2), 6.68 (s, 2H, HC=CH).  13C NMR (100 MHz, CDCl3) δC 39.8 (CH2, -NCH2), 117.6 (CH2, -CH=CH2), 131.4 (CH, -CH=CH2), 134.1 (2 × CH, HC=CH), 170.3 (2 × C=O).  ESI-MS m/z 138.0547 [MH+] (C7H8NO2 requires 138.0555).  Analysis is consistent with the published data.155 

b) To a solution of maleic anhydride (45) (0.98 g, 10.2 mmol, 1 eq.) in glacial acetic acid (20 mL) was added allylamine (256) (0.76 mL, 10.2 mmol, 1 eq.) dropwise and the mixture stirred overnight at room temperature.  The mixture was added to H2O (150 mL), pre-cooled in an ice bath, before the crude mixture was extracted with EtOAc, dried (MgSO4), filtered, and concentrated under reduced pressure.  The crude maleamic acid (280) (0.81 g, 5.2 mmol, 1 eq.) and NaOAc (0.25 g, 3 mmol, 0.58 eq.) were dissolved in acetic anhydride (5 mL), and stirred at 90 °C for 2 h.  The mixture was cooled to r.t., before being added H2O (50 mL).  The crude mixture was extracted with Et2O, dried (MgSO4), filtered, and concentrated under reduced pressure before purification by flash chromatography (1:1 petrol/EtOAc) afforded N-allylmaleimide (97) (0.23 g, 30%) as a colourless crystalline solid.  All analytical data is consistent with that reported previously for this compound.

c) To a solution of maleic anhydride (45) (0.50 g, 5.2 mmol, 1 eq.) in DCM (10 mL) at 0 °C under N2, was added allylamine (256) (0.39 mL, 5.2 mmol, 1 eq.) dropwise and the mixture stirred overnight at r.t.  The mixture was cooled to 0 °C, before being added DMF (258) (1 drop) and oxalyl chloride (257) (0.5 mL, 5.72 mmol, 1.1 eq.) dropwise, and stirring continued for 7 h at r.t.  Et3N (157) (1.5 mL, 10.4 mmol, 2 eq.) was added in three portions over 0.5 h, and the reaction stirred overnight at r.t.  The mixture was washed with 1 M aq. HCl (10 mL) and extracted with EtOAc, before being dried (MgSO4), filtered, and concentrated under reduced pressure.  The crude product was purified by flash chromatography (1:1 petrol/EtOAc) to afford N-allylmaleimide (97) (0.33 g, 48%) as a colourless crystalline solid.  All analytical data is consistent with that reported previously for this compound.
N-Allyl-3-chloropyrrolidine-2,5-dione (260)


To a solution of maleic anhydride (45) (0.96 g, 10.0 mmol, 1 eq.) in dry DCM (20 mL) at 0 °C under N2, was added allylamine (256) (0.75 mL, 10.0 mmol, 1 eq.) dropwise and the mixture stirred overnight at r.t.  The mixture was cooled to 0 °C, before being added DMF (258) (1 drop) and oxalyl chloride (257) (1.0 mL, 11.0 mmol, 1.1 eq.) dropwise, and stirring continued for 7 h at r.t.  The mixture was concentrated under reduced pressure and the crude product purified using flash chromatography (7:3 petrol/EtOAc) to afford 260 (1.13 g, 65%) as a colourless oil.  Rf 0.28 (7:3 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 2.90-2.96 (dd, 1H, J = 19.0 and 4.0 Hz, Hb), 3.29-3.36 (dd, 1H, J = 19.0 and 8.5 Hz, Ha), 4.15-4.16 (dt, 2H, J = 6.0 and 1.5 Hz, -NCH2CH=CH2), 4.62-4.65 (dd, 1H, J = 8.5 and 4.0 Hz, Hc), 5.21-5.28 (ddt, 2H, J = 16.0, 10.0 and 1.5 Hz, -NCH2CH=CH2), 5.74-5.83 (ddt, 1H, J = 16.0, 10.0 and 6.0 Hz, -NCH2CH=CH2).  13C NMR (100 MHz, CDCl3) δC 39.3 (CH2, CHaHb), 41.5 (CH2, -NCH2), 48.7 (CH, -CClHc), 119.1 (CH2, -CH=CH2), 129.8 (CH, -CH=CH2), 172.4 (C=O), 172.5 (C=O).  ESI-MS m/z 174.0315 [MH+] (C7H935ClNO2 requires 174.0316).  Analysis is consistent with the published data.155  
N-(2,3-Epoxypropyl)maleimide (EPM) (74)


a) To a solution of N-allylmaleimide (97) (0.35 g, 2.5 mmol, 1 eq.) in DCM (4 mL) at 0 °C under N2, was added m-CPBA (96) (0.86 g, 5 mmol, 2 eq.) in DCM (6 mL) dropwise, and the reaction stirred for 5 days at room temperature.  A solution of 4% sodium dithionite in H2O (12 mL), was added and the mixture stirred for 0.25 h at r.t.  The solution was washed with H2O, NaHCO3, brine and H2O, before the crude mixture was extracted with EtOAc, dried (MgSO4), filtered, and concentrated under reduced pressure.  The crude product was purified by flash chromatography (1:1 petrol/EtOAc) to afford EPM (74) (0.075 g, 20%) as a white solid.  M.p. 46-48 °C.  Rf 0.23 (1:1 petrol/EtOAc).  Found: C, 54.8; H, 4.6; N, 8.7% (C7H7NO3 requires C, 54.9; H, 4.6; N, 8.7%.  νmax (CHCl3) 1431 (m, C=C), 1713 (s, C=O).  1H NMR (400 MHz, CDCl3) δH 2.54-2.56 (dd, 1H, J = 5.0 and 2.5 Hz, -NCH2CHOCH2), 2.71-2.74 (dd, 1H, 9.0 and 5.0 Hz, -NCH2CHOCH2), 3.05-3.10 (m, 1H, -CH2CHOCH2), 3.57-3.63 (dd, 1H, J = 14.5 and 4.5 Hz, -NCH2CHOCH2), 3.67-3.74 (dd, 1H, J = 14.5 and 5.0 Hz, -CH2CHOCH2), 6.69 (s, 2H, HC=CH).  13C NMR (100 MHz, CDCl3) δC 39.5 (CH2,CHOCH2), 46.0 (CH2, -NCH2), 49.0 (CH, CHOCH2), 134.3 (2 × CH, HC=CH), 170.3 (2 × C=O).  m/z 176 (100%) [MNa+], 154 (91%) [MH+].  ESI-MS m/z 154.0498 [MH+] (C7H8NO3 requires 154.0499).

b) To a flask containing N-allylmaleimide (97) (0.138 g, 1.0 mmol, 1 eq.)  at 0 °C under N2, was added a 0.07 M* solution of DMDO (266) in acetone (28.0 mL, 1.1 mmol, 1.1 eq.) and the mixture stirred for 0.5 h over ice.  The ice bath was removed and stirring continued at r.t. for 4 days before the mixture was dried (MgSO4), filtered, and concentrated under reduced pressure.  The crude product was purified by flash chromatography (1:1 petrol/EtOAc) to afford EPM (74) (0.13 g, 83%) as a white solid.  All analytical data is consistent with that reported previously for this compound.
Titration of DMDO (266)183 
To a 25 mL graduated burette was added 0.02 M aq. sodium thiosulfate (25 mL) [0.50 g Na2S2O3.5H2O in H2O (100 mL)].  To a 100 mL conical flask was added water (20 mL), glacial acetic acid (1 mL), and a freshly prepared solution of 20% sodium iodide in H2O (10 mL), before the solution of DMDO (266) in acetone (2 mL) was then added.  The solution was titrated rapidly with 0.02 M sodium thiosulfate until the disappearance of the yellow iodine colour.  The concentration was calculated according to the following equation [(molarity of titrant) × (vol. titrant)] / [(vol. DMDO) × 2] and the concentration of the DMDO (266) was found to be 0.07 M.
N-(2,3-Epoxypropyl)-3-chloropyrrolidine-2,5-dione (281)


To a solution of the chlorinated-succinimide (260) (0.43 g, 2.5 mmol, 1 eq.) in DCM (4 mL) at 0 °C under N2, was added m-CPBA (96) (0.86 g, 5 mmol, 2 eq.) in DCM (6 mL) dropwise, and the mixture stirred for 72 h at r.t.  A solution of 4% sodium dithionite in H2O (12 mL) was added and stirring continued for 0.25 h.  The mixture was then washed with H2O, NaHCO3, brine and H2O, before the crude mixture was extracted with EtOAc, dried (MgSO4), filtered, and concentrated under reduced pressure.  Purification of the crude mixture by flash chromatography (1:1 petrol/EtOAc) afforded 281 [0.226 g, 48% (d.r. = 1 : 1 as indicated by 1H NMR spectroscopy)] as a colourless oil.  Rf 0.25 (1:1 petrol/EtOAc).  1H NMR (both isomers) (400 MHz, CDCl3) δH 2.55-2.60 (dd, 1H, J = 5.0 and 2.5 Hz, Hg), 2.72-2.77 (dd, 1H, J = 9.0 and 5.0 Hz, Hh), 2.86-2.93 (dd, 1H, J = 19.0 and 4.0 Hz, Hb), 3.10-3.15 (m, 1H, Hf), 3.27-3.50 (dd, 1H, J = 19.0 and 8.5 Hz, Ha), 3.65-3.77 (m, 2H, -NCHeHd), 4.60-4.65 (m, 1H, Hc).  13C NMR (both isomers) (100 MHz, CDCl3) δC 39.2 and 39.4 (CH2, CHaHb), 39.5 and 39.7 (CH2, CHOCH2), 46.0 and 46.1 (CH2, -NCH2), 48.7 and 48.9 (CH, -CClHc), 49.0 and 49.1 (CH, -CHf), 172.41 and 172.44 (C=O), 172.7 and 172.8 (C=O).  m/z 212 (100%) [MNa+], 190 (16) [MH+].  ESI-MS m/z 190.0267 [MH+] (C7H935ClNO3 requires 190.0271).
[bookmark: _Toc326825519]Reaction of EPM (74) with Amines
3-(n-Propylamino)-N-(2,3-epoxypropyl)pyrrolidine-2,5-dione (282)


To a solution of EPM (74) (0.077 g, 0.50 mmol, 1.0 eq.) in dry THF (20 mL) at 0 °C under N2, was added n-propylamine (288) (0.82 mL, 10.0 mmol, 20 eq.) and the reaction stirred for 24 h at room temperature.  The solvent and excess n-propylamine (288) were removed under reduced pressure to afford 282 [0.105 g, 99% (d.r. = 1 : 1 as indicated by 1H NMR spectroscopy)] as an orange oil.  Rf 0.23 (7:3 petrol/EtOAc).  νmax (CHCl3) 1119 (m) 1192 (m), 1338 (w), 1397 (m), 1427 (m), 1460 (m), 1710 (s, C=O), 3319 (m, N-H).  1H NMR (both isomers) (400 MHz, CDCl3) δH 0.85-0.89 (t, 3H, J = 7.5 Hz, -NCH2CH2CH3), 1.41-1.50 (m, 2H, -NCH2CH2CH3), 1.85-1.98 (s (br), 1H, NH), 2.46-2.63 (m, 4H, -NCH2CH2CH3 & -NCH2CHOCH2), 2.68-2.71 (m, 1H, Hb), 2.86-2.93 (dd, 1H, J = 18.0 and 8.0 Hz, Ha), 3.05-3.10 (m, 1H, -NCH2CHOCH2), 3.52-5.58 (m, 1H, He), 3.63-3.69 (m, 1H, Hd), 3.72-3.75 (m, 1H, Hc).  13C NMR (both isomers) (100 MHz, CDCl3) δC 11.4 (CH3), 22.9 (CH2, -NHCH2CH2CH3), 36.0 and 36.0 (CH2, CHCH2CO), 40.1 and 40.4 (CH2, -NCH2CHCOCH2), 45.8 and 45.9 (CH2, CHOCH2), 48.2 and 48.2 (CH2, -CHaHb), 49.3 and 49.3 (CH2, -NHCH2CH2CH3), 56.1 and 56.1 (CH, CHc), 174.9 and 174.9 (C=O), 177.5 and 177.6 (C=O).  m/z 213 (100%) [MH+].  ESI-MS m/z 213.1232 [MH+] (C10H17N2O3 requires 213.1239).






3-(Cyclohexylamino)-N-(2,3-epoxypropyl)pyrrolidine-2,5-dione (283) 


To a solution of EPM (74) (0.077 g, 0.50 mmol, 1.0 eq.) in dry THF (20 mL) under N2 was added cyclohexylamine (289) (1.2 mL, 10 mmol, 20 eq.) and the mixture stirred at room temperature for 24 h.  The solvent was removed under reduced pressure and the crude mixture purified by flash chromatography (1:1 petrol/EtOAc) to afford 283 [0.046 g, 36% (d.r. = 1 : 1 as indicated by 1H NMR spectroscopy)] as a cream residue.  Rf 0.21 (1:1 petrol/EtOAc).  νmax (CHCl3) 1706 (s, C=O), 2928 (m).  1H NMR (both isomers) (400 MHz, CDCl3) δH 1.00-1.30 (m, 5H, cyclohexyl), 1.58-1.98 (m, 6H, cyclohexyl & NH), 2.53-2.63 (m, 3H, Hd & Hh & Hb), 2.75-2.78 (dd, 1H, J = 8.5 and 4.0 Hz, Hi), 2.93-3.00 (dd, 1H, J = 18.0 and 8.5 Hz, Ha), 3.12-3.17 (m, 1H, Hg), 3.57-3.64 (m, 1H, He), 3.71-3.77 (m, 1H, Hd), 3.88-3.92 (m, 1H, Hc).  13C NMR (both isomers) (100 MHz, CDCl3) δC 24.8 and 24.9 (CH2, cyclohexyl), 25.82 and 25.83 (2 × CH2, cyclohexyl), 26.06 and 26.09 (2 × CH2, cyclohexyl), 29.7 and 29.7 (CH2, -CHaHb), 33.03 and 33.05 (CH2, CHOCH2), 34.00 and 34.02 (CH2, -NCH2), 42.46 and 42.51 (CH, CHg), 51.6 and 51.8 (CH, -NCHd), 54.0 and 54.1 (CH, -NCHc), 175.3 and 175.5 (C=O), 175.7 and 175.9 (C=O).  m/z 253 (100%) [MH+].  ESI-MS m/z 253.1549 [MH+] (C13H21N2O3 requires 253.1547).     
3-(Phenylamino)-N-(2,3-epoxypropyl)pyrrolidine-2,5-dione (284)


To a solution of EPM (74) (0.077 g, 0.50 mmol, 1.0 eq.) in THF (20 mL) was added aniline (278) (0.91 mL, 10 mmol, 20 eq.) and the reaction stirred at reflux for 24 h.  The solvent was removed under reduced pressure before the crude mixture was purified by flash chromatography (1:1 petrol/EtOAc) to afford 284 [0.018 g, 15% (d.r. = 1 : 1 as indicated by 1H NMR spectroscopy)] as a cream solid.  M.p. 68-71 °C.  Rf 0.28 (1:1 petrol/EtOAc).  νmax (CHCl3) 1714 (s, C=O).  1H NMR (both isomers) (400 MHz, CDCl3) δH 2.64-2.67 (dd, 1H, J = 4.0 and 2.5 Hz, Hg), 2.66-2.72 (dd, 1H, J = 18.0 and 5.0 Hz, Hb), 2.80-2.83 (dd, 1H, J = 8.0 and 4.0 Hz, Hh), 3.19-3.24 (m, 1H, Hf), 3.26-3.33 (dd, 1H, J = 18.0 and 8.0 Hz, Ha), 3.70-3.75 (dd, 1H, J = 14.0 and 5.0 Hz, Hd), 3.77-3.82 (dd, 1H, J = 14.0 and 5.0 Hz, He), 4.35-4.39 (m, 1H, Hc), 4.46 (s (br), 1H, NH), 6.62-6.64 (d, 2H, J = 8.5 Hz, Ar), 6.85 (t, 1H, J = 7.5 Hz, Ar), 7.22-7.26 (dd, 2H,  J = 8.5 and 7.5 Hz, Ar).  13C NMR (both isomers) (100 MHz, CDCl3) δC 38.1 and 38.1 (CH2, -CHCH2CO), 40.8 and 41.0 (CH2, -NCH2CHOCH2), 46.1 and 46.2 (CH2, -NCH2CHOCH2), 48.3 and 48.4 (CH, -NCH2CHOCH2), 52.9 and 52.9 (CH, -CHCH2CO), 113.8 (2 × CH, Ar), 119.6 (CH, Ar), 129.5 (2 × CH, Ar), 146.0 (N-C, Ar), 174.2 and 174.2 (C=O), 176.5 and 176.6 (C=O).  m/z 247 (100) [MH+], 269 (15%) [MNa+].  ESI-MS m/z 247.1080 [MH+] (C13H15N2O3 requires 247.1083).
3-(Phenylamino)-N-(2-hydroxy-3-(phenylamino)propyl)pyrrolidine-2,5-dione (287)


To a solution of EPM (74) (0.077 g, 0.50 mmol, 1.0 eq.) in EtOH (20 mL) was added aniline (278) (0.91 mL, 10 mmol, 20 eq.) and the reaction stirred at reflux for 24 h.  The solvent was removed under reduced pressure before the crude mixture was purified by flash chromatography (1:1 petrol/EtOAc) to afford 287 [0.137 g, 81% (d.r. = 1 : 1 as indicated by 1H NMR spectroscopy)] as a cream solid.  M.p. 123-125 °C.  Rf 0.18 (1:1 petrol/EtOAc).  νmax (CHCl3) 1709 (s, C=O), 3400 (br, OH).  1H NMR (both isomers) (400 MHz, CDCl3) δH 2.55-2.71 (dd, 1H, J = 18.0 and 5.0 Hz, Hb), 3.14-3.20 (2 × dd, 1H, J = 13.5 and 5.5 Hz, Hg), 3.23-3.30 (dd, 1H, J = 18.0 and 8.0 Hz, Ha), 3.24-3.29 (2 × dd, 1H, J = 13.5 and 4.0 Hz, Hh), 3.71-3.79 (2 × dd, 1H, J = 14.0 and 4.0 Hz, Hd), 3.79-3.86 (2 × dd, 1H, J = 14.0 and 7.0 Hz, He), 4.10-4.17 (m, 1H, Hf), 4.34-4.39 (dd, 1H, J = 8.0 and 5.0 Hz, Hc), 6.60-6.63 (2 × d, 2H, J = 8.0 Hz, Ar), 6.65-6.67 (d, 2H, J = 8.0 Hz, Ar), 6.73-6.77 (2 × t, 1H, J = 7.5 Hz, Ar), 6.83-6.87 (2 × t, 1H, J = 7.5 Hz, Ar), 7.17-7.21 (2 × dd, 2H, J = 8.0 and 7.5 Hz, Ar), 7.21-7.25 (2 × dd, 2H, J = 8.0 and 7.5 Hz, Ar).  13C NMR (both isomers) (100 MHz, CDCl3) δC 37.9 (CH2, CHaHb), 43.1 and 43.2 (CH2, CHgHh), 47.5 and 47.5 (CH2, CHdHe), 52.8 and 52.9 (CH, CHc), 68.2 and 68.3 (CH, CHf), 113.3 (2 × CH, Ar), 113.8 and 113.9 (2 × CH, Ar), 118.2 and 118.2 (CH, Ar), 119.6 and 119.6 (CH, Ar), 129.4 (2 × CH, Ar), 129.5 (2 × CH, Ar), 145.9 (N-C, Ar), 147.8 (N-C, Ar), 175.4  and 175.5 (C=O), 177.6 and 177.6 (C=O).  m/z 340 (100%) [MH+].  ESI-MS m/z 340.1654 (C19H22N3O3 requires 340.1656).
N-(2-Hydroxy-3-(phenylamino)propyl)pyrrole-2,5-dione (290)


a) To a flask containing EPM (74) (0.092 g, 0.60 mmol, 1.0 eq.) and LiBr (277) (0.005 g, 0.06 mmol, 0.1 eq.), under N2, was added aniline (278) (0.055 mL, 0.60 mmol, 1 eq.) and the mixture stirred at room temperature for 1 h.  The reaction mixture was diluted with water and extracted with Et2O, before being dried (Na2SO4), filtered and concentrated under reduced pressure.  The crude mixture was purified by flash chromatography (Et2O) to afford 290 (0.042 g, 28%) as an orange crystalline solid.  M.p. 77-80 °C.  Rf 0.24 (Et2O).  νmax (CHCl3) 1706 (s, C=O), 3353 (br, OH).  1H NMR (400 MHz, CDCl3) δH 3.09-3.14 (dd, 1H, J = 13.0 and 7.0 Hz, He), 3.21-3.25 (dd, 1H, J = 13.0 and 5.0 Hz, Hf), 3.67-3.72 (dd, 1H, 15.0 and 5.0 Hz, Hb), 3.71-3.76 (dd, 1H, J = 15.0 and 6.0 Hz, Hc), 4.03-4.08 (tdd, 1H, J = 7.0, 6.0 and 5.0 Hz, Hd), 6.65 (d, 2H, J = 8.5 Hz, Ar), 6.71-6.75 (t, 1H, J = 7.5 Hz, Ar), 6.74 (s, 2H, Ha), 7.16-7.20 (dd, 2H, J = 8.5 and 7.5 Hz, Ar).  13C NMR (100 MHz, CDCl3) δC 41.8 (CH2, -NCH2), 47.5 (CH2, -NCH2), 68.6 (CH, CHd), 113.4 (2 × CH, Ar), 118.2 (CH, Ar), 129.3 (2 × CH, Ar), 134.3 (2 × CH, HC=CH), 147.9 (N-C, Ar), 171.2 (2 × C=O).  m/z 247 (100%) [MH+].  ESI-MS m/z 247.1079 (C13H15N2O3 requires 247.1077).

b) To a flask containing EPM (74) (0.092 g, 0.60 mmol, 1.0 eq.) and Zn(BF4)2.xH2O (279) (0.014 g, 0.06 mmol, 0.1 eq.), under N2, was added aniline (278) (0.055 mL, 0.60 mmol, 1 eq.) and the mixture stirred at room temperature for 1 h.  The reaction mixture was added EtOAc (10 mL) and washed with H2O (10 mL), before the organic phase was dried (Na2SO4), filtered and concentrated under reduced pressure.  The crude mixture was purified by flash chromatography (Et2O) to afford 290 (0.061 g, 41%) as an orange solid.  All analytical data is consistent with that previously reported for this compound.
(3S*,4S*)-3-Cyclohexyl-4-(2,2,6,6-tetramethylpiperidin-N-yloxy)-N-(2,3-epoxypropyl)pyrrolidine-2,5-dione (291)


A solution of cyclohexene (13) (0.15 mL, 1.5 mmol, 1 eq.) in DCM (2 mL) was reacted according to hydroboration method A.  To this solution was added EPM (74) (1.1 g, 7.5 mmol, 5 eq.) in DCM (10 mL) and DMPU (136) (0.18 mL, 1.5 mmol, 1 eq.) successively, followed by TEMPO (15) (0.52 g, 3.3 mmol, 2.2 eq.) in DCM (6 mL) dropwise over a period of 3 h, and the solution stirred overnight at r.t.  The solution was washed with saturated aq. NaHCO3 and extracted with EtOAc before the combined organic layers were dried (Na2SO4), filtered and concentrated under reduced pressure.  Analysis of the crude reaction mixture by 1H NMR spectroscopy revealed a 11 : 1 mixture of diastereoisomers (3S*,4S* : 3S*,4R*).  The crude mixture was purified by flash chromatography (9:1 petrol/EtOAc) to afford (3S*,4S*)- 291 [0.338 g, 57% (d.r. = 1 : 1 as indicated by 1H NMR spectroscopy)] as a colourless oil.  Rf 0.15 (9:1 petrol/EtOAc).  νmax (CHCl3) 1215 (m, C-O), 1395 (w, N-O), 1710 (s, C=O).  1H NMR (both isomers) (400 MHz, CDCl3) δH 1.08-1.22 (m, 20H, cyclohexyl & TEMPO), 1.46-1.68 (m, 8H, cyclohexyl & TEMPO), 1.84-1.91 (m, 1H, Hc), 2.60-2.65 (2 × dd, 1H, J = 5.0 and 2.5 Hz, Hg), 2.74-2.78 (2 × dd, 1H, J = 5.0 and 4.0 Hz, Hh), 2.86-2.89 (2 × dd, 1H, J = 3.5 and 2.0 Hz, Hb), 3.11-3.15 (ddt, 1H, J = 5.5, 4.0 and 2.5 Hz, Hf), 3.49-3.60 (2 × dd, 1H, J = 14.0 and 5.5 Hz, Hd), 3.72-3.79 (2 × dd, 1H, J = 14.0 and 5.5 Hz, He), 4.55-4.57 (2 × d, 1H, J = 2.0 Hz, Ha).  13C NMR (both isomers) (100 MHz, CDCl3) δC 16.3 and 16.6 (CH2, piperidinyl), 19.6 (2 × CH3, TEMPO), 24.4 (CH2), 25.2 (CH2), 25.5 (CH2), 25.7 (CH2), 28.5 and 28.6 (CH2), 29.3 and 29.4 (CH2), 32.2 (CH2), 32.4 (CH3, TEMPO), 33.6 (CH3, TEMPO), 38.7 and 38.8 (CHc), 39.5 and 39.5 (CH2, -NCH2), 45.5 and 45.6 (CH2, CHOCH2), 47.6 and 47.7 (CH, CHb), 52.3 (CH, -CHfOCH2), 59.4 (-C(CH3)2), 60.1 (-C(CH3)2), 81.3 and 81.3 (CH, CHa), 173.6 and 173.6 (C=O), 176.3 and 176.3 (C=O).  m/z 393 (100%) [MH+].  ESI-MS m/z 393.2754 [MH+] (C22H37N2O4 requires 393.2748).
The formation of the cis- isomer was indicated by the following signals in the 1H NMR spectrum: 2.89-2.92 (2 × dd, 0.08H, J = 8.0 and 3.5 Hz, Hb (cis)), 4.94-4.95 (2 × d, 0.08H, J = 8.0 Hz, Ha (cis)).
3-Cyclohexyl-N-(2,3-epoxypropyl)-1H-pyrrole-2,5-dione (292)


A solution of 291 (0.079 g, 0.20 mmol, 1 eq.) in toluene (10 mL) was stirred at reflux for 6 h.  The solvent was evaporated under reduced pressure to afford 292 (0.049 g, 99%) as a pale yellow residue.  Rf 0.42 (7:3 petrol/EtOAc).  1H NMR (400 MHz, CDCl3) δH 1.22-1.29 (m, 3H, cyclohexyl), 1.33-1.41 (m, 2H, cyclohexyl), 1.72-1.77 (m, 1H, cyclohexyl), 1.79-1.85 (m, 2H, cyclohexyl), 1.93-1.97 (m, 2H, cyclohexyl), 2.48-2.56 (ttd, 1H, J = 12.0, 3.0 and 1.5 Hz, Hb), 2.61-2.62 (dd, 1H,  J = 5.0 and 3.0 Hz, Hf), 2.77-2.79 (dd, 1H, J = 5.0 and 4.0 Hz, Hg),  3.11-3.16 (tdd, 1H, J = 5.0, 4.0 and 3.0 Hz, He), 3.58-3.63 (dd, 1H, J = 14.5 and 5.0 Hz, Hc), 3.72-3.77 (dd, 1H, J = 14.5 and 5.0 Hz, Hd), 6.23 (d, 1H, J = 1.5 Hz, Ha).  13C NMR (100 MHz, CDCl3) δC 25.3 (CH2, cyclohexyl), 25.4 (2 × CH2, cyclohexyl), 30.9 (CH2, cyclohexyl), 31.0 (CH2, cyclohexyl), 34.5 (CH, CHb), 39.0 (CH2, -NCH2), 45.7 (CH2, -CHOCH2), 48.6 (CH, CHOCH2), 124.3 (CH, C=CHa), 154.5 (C=CH), 170.2 (2 × C=O).  m/z 258 (100%) [MNa+], 236 (27) [MH+].  ESI-MS m/z 236.1270 [MH+] (C13H18NO3 requires 236.1281).



3-Cyclohexyl-N-(2-hydroxy-3-(phenylamino)propyl)-1H-pyrrole-2,5-dione (293)


To a solution of 291 (0.043 g, 0.11 mmol, 1.0 eq.) in EtOH (10 mL) was added aniline (278) (0.20 mL, 2.2 mmol, 20 eq.) and the mixture stirred at reflux for 24 h.  The solvent was removed under reduced pressure before the crude mixture was purified using flash chromatography (DCM) to afford 293 (0.032 g, 89%) as a cream solid.  M.p. 57-60 °C.  Rf 0.21 (DCM).  νmax (CHCl3) 1579 (m, C=C), 1678 (s, C=O), 3392 (br, OH).  1H NMR (400 MHz, CDCl3) δH 1.20-1.25 (m, 4H, cyclohexyl & NH), 1.30-1.40 (m, 2H, cyclohexyl), 1.70-1.78 (m, 1H, cyclohexyl), 1.79-1.84 (m, 2H, cyclohexyl), 1.91-1.97 (m, 2H, cyclohexyl), 2.48-2.56 (ttd, 1H, J = 11.0, 3.0 and 1.5 Hz, Hb), 2.74 (s (br), 1H, OH), 3.10-3.15 (dd, 1H, J = 13.0 and 7.0 Hz, Hf), 3.19-3.24 (dd, 1H, J = 13.0 and 5.0 Hz, Hg), 3.66-3.71 (dd, 1H, J = 15.0 and 5.0 Hz, Hc), 3.70-3.75 (dd, 1H, J = 15.0 and 5.0 Hz, Hd), 3.87 (s (br), 1H, NH), 4.02-4.08 (qd, 1H, J = 7.0 and 5.0 Hz, He), 6.25 (d, 1H, J = 1.5 Hz, Ha), 6.65-6.67 (d, 2H, J = 8.5 Hz, Ar), 6.70-6.75 (t, 1H, J = 7.5 Hz, Ar), 7.16-7.20 (dd, 2H, J = 8.5 and 7.5 Hz, Ar).  13C NMR (100 MHz, CDCl3) δC 25.7 (CH2, cyclohexyl), 25.8 (CH2, cyclohexyl), 28.9 (CH2, cyclohexyl), 31.3 (CH2, cyclohexyl), 31.3 (CH2, cyclohexyl), 35.1 (CH, CHb), 41.9 (-NCH2), 47.2 (-NCH2), 68.9 (CH, CHe)), 113.3 (2 × CH, Ar), 117.7 (CH, C=CHa), 118.0 (CH, Ar), 124.8 (N-C, Ar), 129.3 (2 × CH, Ar), 155.1 (C=CH), 171.7 (C=O), 171.9 (C=O).  m/z 329 (100%) [MH+].  ESI-MS m/z 329.1855 (C19H25N2O3 requires 329.1860).
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Appendix 1 - 1H NMR (400 MHz) spectrum of compound 155.
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Appendix 1 - 13C NMR (100 MHz) spectrum of compound 155.


[image: ]




Appendix 1 - 1H – 13C HSQC NMR (400 MHz) spectrum of compound 155.
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Appendix 2 - 1H NMR (400 MHz) spectrum of compound 290.
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Appendix 2 - 13C NMR (100 MHz) spectrum of compound 290.
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Appendix 3 - 1H NMR (400 MHz) spectrum of compound 233.
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Appendix 3 - 13C NMR (100 MHz) spectrum of compound 233.
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Appendix 3 - 1H – 13C HSQC NMR (400 MHz) spectrum of compound 233.
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Appendix 4 - Polymerisation of N-phenylmaleimide (29) with PBD (70).  
GPC analysis of poly(N-phenylmaleimide) (99).
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MALDI-TOF analysis of poly(N-phenylmaleimide) (99).
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Appendix 5 - Polymerisation of N-phenylmaleimide (29) using a radical initiator prepared in situ.
GPC analysis of poly(N-phenylmaleimide) (110).
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MALDI-TOF analysis of poly(N-phenylmaleimide) (110).
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Appendix 6 - Polymerisation of EPM (74) using PBD (70).
GPC analysis of poly(EPM) (107).
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Appendix 7 - Polymerisation of EPM (74) using Et3B (12).
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)GPC analysis of poly(EPM) (106).
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MALDI-TOF analysis of poly(EPM) (106).
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Appendix 8 - Polymerisation of EPM (74) using a radical initiator prepared in situ.
GPC analysis of poly(EPM) (111).
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	4-(MeO)HQ
	4-methoxy hydroquinone

	9-BBN
	9-borabicyclo[3.3.1]nonane

	AcOH
	acetic acid

	AIBN
	azobisisobutyronitrile

	aq.
	aqueous

	Ar
	aryl

	Ar
	argon

	atm.
	atmosphere

	ATRP
	atom transfer radical polymerisation

	ax.
	axial

	BMDM
	4,4`-bismaleimidodiphenylmethane

	BMI
	bismaleimide

	Bn
	benzyl

	BPO
	benzoyl peroxide

	CAN
	ceric ammonium nitrate

	cat.
	catalyst

	CatBH
	catecholborane

	Cbz
	carboxybenzyl

	CNE
	2-cyanoethoxy

	CPBD
	2-cyanopropan-2-yl benzodithioate

	d.r.
	diastereomeric ratio

	dba
	dibenzilidene acetone

	DBP
	2,3-dibromopropene

	DBU
	1,8-diazabicyclo[5.4.0]undec-7-ene

	DCC
	N,N`-dicyclohexylcarbodiimide

	DCE
	1,2-dichloroethane

	DCM
	dichloromethane

	DDS
	diaminodiphenyl sulfone

	DEP
	diethyl phosphite

	DEPT (NMR)
	distortionless enhancement by polarisation transfer

	DGEBA
	digylcidyl ether of bisphenol A

	DHP
	2,5-dihydroxybenzoic acid

	DIAD
	diisopropyl azadicarboxylate

	dithranol
	1,8-dihydroxy-9,10-dihydroanthracen-9-one

	DMA
	N,N-dimethylacetamide

	DMAA
	dimethylacrylamide

	DMDO
	dimethyldioxirane

	DMF
	N,N-dimethylformamide

	DMM
	dimethoxymethane

	DMP
	Dess-Martin periodinane

	DMPU
	N,N'-dimethylpropyleneurea

	DMSO
	dimethylsulfoxide

	DPO
	diphenylphosphine oxide

	DSC
	differential scanning calorimetry

	E1cB
	elimination (unimolecular) conjugate Base

	EC
	ethylene carbonate

	EDTA
	ethylenediaminetetraacetic acid

	EPHP
	ethylpiperidinium salt of hypophosphorous acid

	EPM
	N-(2,3-epoxypropyl)maleimide

	eq.
	equivalent

	eq.
	equatorial

	ESI
	electrospray ionisation

	ESR
	electron spin resonance

	Et
	ethyl

	EtOAc
	ethyl acetate

	GPC
	gel permeation chromatography

	h
	hour

	HDAC
	histone deacetylase

	HMDS
	hexamethyldisilazane

	HRMS
	high resolution mass spectrometry

	HSQC (NMR)
	heteronuclear single quantum correlation

	hν
	irradiation

	iBu
	isobutyl

	LFRP
	living free radical polymerisation

	M
	molar

	m-
	meta-

	M.p.
	melting point

	m/z
	mass to charge ratio

	MALDI-TOF
	matrix assisted laser desorption / ionisation time of flight 

	m-CPBA
	meta-chloroperbenzoic acid

	Me
	methyl

	MeCN
	acetonitrile

	MeOH
	methanol

	min.
	minute

	MMA
	methyl methacrylate

	Mn
	molar mass (number average)

	MS
	mass spectrometry

	Mw
	molar mass (weight average)

	Mw
	molecular weight

	NMO
	N-methylmorpholine N-oxide

	NMP
	nitroxide mediated polymerisation

	NMR
	nuclear magnetic resonance

	o-
	ortho-

	p-
	para-

	PBD
	2-propyl-1,3,2-benzadioxaborole

	PDi
	polydispersity index

	PE
	polyethene

	Ph
	phenyl

	PMMA
	poly(methylmethacrylate)

	ppm
	parts per million

	PPTS
	pyridinium para-toluenesulfonate

	Pr
	propyl

	PS
	polystyrene

	PTFE
	poly(tetrafluoroethene)

	r.t.
	room temperature

	RAFT
	reversible addition-fragmentation chain transfer

	SEC
	size exclusion chromatography

	SH2
	homolytic substitution (bimolecular)

	TBD
	1,5,7-triazabicyclo[4.4.0]dec-5-ene

	TBDMS
	tert-butyldimethylsilyl

	TEMPO
	2,2,6,6-tetramethylpiperidine-N-oxyl

	TEMPO-H
	2,2,6,6-tetramethyl-N-hydroxypiperidine

	tert-
	tertiary

	TFA
	trifluoroacetic acid

	TFAA
	trifluoroacetic anhydride

	Tg
	glass transition temperature

	THF
	tetrahydrofuran

	TMEDA
	tetramethylenediamine

	Tol
	toluene

	UV
	ultra-violet

	vol.
	volume
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