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Abstract 
 

This thesis documents attempts to employ succinimide derivatives as ‘anhydride 

surrogates’ in the organocatalytic cycloaddition between aryl succinic anhydrides and 

various electrophiles previously developed in our research group.  Although such a process 

remains elusive, valuable insight into the required substrate reactivity has been gained. 

Thirty-eight years on from the original publication of the Tamura cycloaddition between 

homophthalic anhydride and activated alkenes/alkynes, a combined experimental and 

computational investigation has revealed the base-catalysed reaction previously thought of 

as a Diels-Alder type process proceeds via a stepwise mechanism involving conjugate 

addition and ring closure – verified by both DFT calculations and the isolation of an 

intermediate Michael-type adduct which represents the first example of a catalytic α-

substitution reaction of anhydrides. The calculated reaction pathway was validated through 

the experimental confirmation of a theoretical prediction that a cyclisation step resistant to 

catalysis by Hünig’s base could smoothly occur in the presence of a smaller amine. 

Succinic anhydrides are also compatible with the process and react with maleimides to 

afford chiral α-substituted anhydride addition products of considerable synthetic potential. 

Cinchona alkaloid derived organocatalysts were later found to promote this reaction 

enantioselectively. The Michael adduct formed could be derivatised via aminolysis of the 

anhydride moiety at low temperature, which allowed the formation of a bis-imide structure 

bearing two contiguous stereocentres (one all carbon quaternary) in near optical purity.  

The scope of the reaction with respect to the anhydride component was later extended; 

however only aryl succinic anhydrides substituted with highly electron withdrawing 

groups were found to react at a practical rate. 

A number of substituted aryl succinic anhydrides synthesised for extension of the scope of 

the catalytic α-substitution were fortuitously employed in an asymmetric organocatalytic 

cycloaddition with imines to afford substituted γ-lactams in high levels of optical purity.   
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Introduction 
 

1.1 Cycloaddition reactions of enolisable anhydrides: a brief review 

To this day, anhydrides are best known for their behaviour as electrophilic acylating 

agents. Less commonly known is their ability to behave as C-nucleophiles in aldol-type 

coupling processes.
1
  The last few decades has seen a growing interest in this unusual 

reactivity mode, whereby cyclic enolisable anhydrides have been increasingly exploited in 

cycloaddition reactions with various electrophiles to provide one-step access to a range of 

densely functionalised chiral carbo- and heterocycles.
1
 

1.1.1 Reaction with aldehydes and ketones: a historical perspective 

1.1.1.1 The Perkin reaction 

The first example of anhydrides behaving as nucleophiles was reported by Perkin in 1868,
2
 

when he found aliphatic anhydrides of general type 2 to undergo aldol condensation with 

salicylaldehyde (1) at high temperatures, in the presence of a mild base such as sodium 

acetate (Scheme 1.1).
 

 

Scheme 1.1 The Perkin reaction 

This work was later expanded when cyclic enolisable anhydrides were employed – 

succinic anhydride (5) was reacted with benzaldehyde (4) in the presence of sodium 

succinate (6), to afford 7 after a presumed decarboxylation event (Scheme 1.2).
3  

 

Scheme 1.2 The Perkin reaction with succinic anhydride 
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Fittig and Jayne later obtained evidence supporting the decarboxylation when they 

repeated the same reaction at a reduced temperature of 100 °C – observing the formation 

of mostly γ-butyrolactone 8, which underwent decarboxylation when heated to 180 °C - 

affording the product 7 as first observed by Perkin (Scheme 1.2).
4,3

 From these results it 

was deduced that the reaction must proceed via an initial aldol-type addition process, 

forming an intermediary β-hydroxy compound, which produced the observed α,β-

unsaturated acid 7 after dehydration. 

1.1.1.2 Homophthalic anhydride-aldehyde cycloaddition  

Some 50 years on from Fittig’s synthesis of a γ-lactone using succinic anhydride,
4
 Müller 

described the first use of the fused aromatic homophthalic anhydride in an analogous 

cycloaddition process in which its sodium enolate 9 reacted with  benzaldehyde (4) to form 

the dihydroisocoumarin derivative 10 (Scheme 1.3, A).
5
 This consequently lent strong 

evidence in support of a mechanistic scenario involving initial enolisation of the anhydride 

followed by an aldol-type 1,2-addition to the aldehyde. 

 

Scheme 1.3 Homophthalic anhydride in the cycloaddition reaction with benzaldehyde 

and piperonal, as reported by Müller (A) and Pinder (B)  

Much later, Jones and Pinder
6
 affirmed the reactivity observed by Müller when they 

reacted the sodium enolate of homophthalic anhydride (9) with piperonal (11) at room 

temperature to furnish the dihydroisocoumarin derivative 12 (Scheme 1.3, B). 

1.1.1.2.1 Lewis acid/lewis base promoted cycloaddition 

Since Pinder’s work on the annulation reaction between homophthalic anhydride and 

aldehydes in 1958,
6
 and before the more recent development of catalytic asymmetric 

variants (see Section 1.1.1.6),
1
 the study of the reaction and its mechanism has received 

very little attention in the scientific literature.  The few reports that do exist describe either 

its use in the synthesis of lactones at a particular stage in a synthetic route to other targets,
7
 

or studies to expand the scope of the homophthalic anhydride and aldehyde components to 
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access a variety of dihydroisocoumarin derivatives.
8,9,10 

Perhaps most noteworthy among 

these are Gesquiere and co-workers’ Lewis acid promoted annulation (Scheme 1.4, A)
10

 

and Bogdanov and Palamareva’s Lewis base-mediated cycloaddition using DMAP
9
 

(Scheme 1.4, B). 

 

Scheme 1.4 Cycloaddition between 13 and aromatic aldehydes 14 mediated by either a 

Lewis acid (Gesquiere – A) or Lewis base (Palamavera – B) at supra 

stoichiometric loadings 

1.1.1.3 Succinic anhydride-aldehyde cycloaddition 

Much like the cycloaddition between homophthalic anhydride and aldehydes, research into 

the analogous reaction using succinic anhydrides to form γ-lactones (since Fittig and co-

workers’ first report in 1883
4
) has received considerably little attention. Where enolate 

formation in homophthalic anhydride is favoured due to resonance stabilisation across the 

fused aromatic ring (13a, Scheme 1.5, A), enolate formation in succinic anhydrides 

lacking a stabilising group (i.e. an aromatic ring/electron-withdrawing group - 15) is 

generally disfavoured, requiring strong reagents or harsh conditions to shift the tautomeric 

equilibrium to initiate the cycloaddition (Scheme 1.5, B). Reagents and conditions reported 

to promote these cycloadditions are: strong bases (i.e. LiHMDS) to deprotonate the 

anhydride,
11

 strong Lewis acid and trimethylamine in stoichiometric quantities,
12,13,14

 or a 

weak base such as sodium acetate and high temperatures.
15,16,17

 In all of the reported 

examples the paraconic acid derivatives 16 are formed in good to excellent yields and with 

poor to very good diastereoselectivity. 
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Scheme 1.5 A: facile tautomerisation of homophthalic anhydride. B: reported examples 

of succinic anhydrides in cycloaddition with aromatic aldehydes  

1.1.1.4 Cycloaddition between cyclic anhydrides and ketones 

Considering the use of ketones in cycloaddition reactions with cyclic anhydrides would 

produce lactones containing synthetically challenging quaternary carbogenic centres, or 

even quaternary stereocentres (should the ketone employed be asymmetric), it is perhaps 

surprising that these reactions have received even less attention than the analogous 

reaction with aldehydes in the scientific literature.  However, it likely this can be attributed 

to a much reduced electrophilicity of non-activated aliphatic and aromatic substituted 

ketones when compared to aldehydes. 

As part of a 1983 report in which aldehydes underwent cycloaddition with succinic 

anhydride, Lawlor and McNamee12 also documented the use of ketones in an exploration 

of the scope of the electrophilic component.  They found various symmetric ketones e.g. 

benzophenone (18) to react with succinic anhydride (5) in the presence of excess levels of 

triethylamine and strong Lewis acid (ZnCl2), albeit with low to moderate yields of product 

(Scheme 1.6). 

 

Scheme 1.6 Formal cycloaddition between succinic anhydride and benzophenone 

reported by Lawlor and McNamee. 
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Lawlor’s postulated mechanism for the reaction involved deprotonation of succinic 

anhydride by triethylamine (presumably aided by activation of the anhydride carbonyl 

moiety by Zn
2+

) to form enolate 5a, which forms a stabilised Zn
2+ 

bidentate complex with 

18. Subsequent attack of the enolate to the ketone forms the 1,2-adduct 19, which 

undergoes cyclisation to afford the product paraconic acid 20, yielding 21 after an acidic 

work-up. 

Almost 20 years later, as part of the aforementioned study into the cycloaddition reaction 

between homophthalic anhydride and aldehydes promoted by BF3·Et2O (Section 

1.1.1.2.1), Gesquierre and co-workers10 found that aromatic ketones such as benzophenone 

(18) failed to react with homophthalic anhydride (13), whereas aliphatic ketone butan-2-

one (22) afforded dihydroisocoumarin derivative 23 bearing a quaternary stereocentre.  

This represents the first example of the use of an unsymmetrical ketone in this process 

(Scheme 1.7). 

 

Scheme 1.7 Formal cycloaddition between homophthalic anhydride and butan-2-one  

1.1.1.5 γ-butyrolactones: important frameworks in natural products  

γ-Butyrolactones are a frequently occurring structural motif in organic compounds, being 

found in approximately 10% of all natural products (Figure 1.1, A).
18,19,20 

Within these, 

trisubstituted γ-butyrolactones, especially paraconic acids, have received a great deal of 

attention due to their antitumour, antibiotic and antifungal properties.
18,21,22,23 

The structure 

of naturally occurring paraconic acids generally features an aliphatic chain at C-4, a 

carboxylic acid group at C-3, and in many instances, a methyl or methylene group at C-2 

(Figure 1.1, B). 
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Figure 1.1 Natural products containing γ-butyrolactones 

Due to their outstanding bioactivity, a vast number of syntheses have been developed to 

produce them in racemic
24  

and enantioenriched forms.  To date, reported asymmetric 

syntheses involve the use of chiral pool starting materials,
25

 chiral auxiliaries,
26,27,28,29 

or 

the application of asymmetric catalytic methodologies
30 

- providing access to an array of 

naturally occurring paraconic acids in excellent optical purities.  Despite the high levels of 

enantiocontrol these approaches offer, they generally require multiple steps before and/or 

after the enantiodetermining step in order to yield the desired product. 

1.1.1.6 Asymmetric organocatalytic processes 

1.1.1.6.1 Homophthalic anhydride-aldehyde cycloaddition 

As detailed in Section 1.1.1.2, the racemic synthesis of dihydroisocoumarins by formal 

cycloaddition between homophthalic anhydride and aldehydes/ketones promoted by Lewis 

acid
10 

or Lewis base
9 

has been known for over a decade. However, prior to 2012 no 

asymmetric variants had been investigated – despite the vast range of biological properties 

associated with the products
31

 and the potential synthetic utility of such densely 

functionalised structural units.  

In 2008, our group reported two highly enantioselective processes: the desymmetrisation 

of meso-anhydrides via alcoholysis
32

 (Scheme 1.8, A) and thiolysis
33

 (Scheme 1.8, B) 

mediated by the bifunctional thiourea catalyst 34 – affording a range of optically resolved 

monoesters (i.e. 35) and thioesters (e.g. 38). 
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Scheme 1.8 Enantioselective alcoholysis (A) and thiolysis (B) of meso-substituted 

cyclic anhydrides promoted by a bifunctional thiourea catalyst 

It is noteworthy that before these studies took place, the use of chiral thioureas as catalysts 

in reactions with cyclic enolisable anhydrides had not been reported in the literature.  It 

was postulated that the high levels of enantiocontrol were achieved via a bifunctional 

mode of catalysis in which the anhydride electrophile is activated by hydrogen bonding 

(HB) to the thiourea moiety,
34

 while the basic quinuclidine moiety encourages attack of the 

alcohol/thiol to a single anhydride carbonyl via general-base catalysis.  

Shortly thereafter, it was proposed that it may be possible for a bifunctional organocatalyst 

such as chiral thiourea 34 to activate both a cyclic anhydride pronucleophile (by means of 

enolisation via general base catalysis) and an aldehyde (by activation via hydrogen bond 

donation), allowing for a stereocontrolled cycloaddition to afford chiral 3,4-

dihydroisocoumarin 42 bearing two contiguous stereocentres. This came to fruition when 

in 2012 Connon and co-workers reported the first asymmetric organocatalytic 

cycloaddition between a range of substituted homophthalic anhydrides (general type 39) 

and aldehydes (Scheme 1.9).
35
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Scheme 1.9 Asymmetric cycloaddition reaction between homophthalic anhydrides and 

benzaldehydes under optimised conditions 

After a lengthy catalyst screen and design process, the cinchona alkaloid-squaramide 41 

was found to mediate the cycloaddition in a highly enantio- and diastereoselective fashion 

under mild conditions – in all cases favouring formation of the trans diastereomer in high 

yields. This system proved extremely tolerant to various aldehyde substitutions including: 

electron neutral (43); electron withdrawing (44) and electron donating aromatic groups 

(45). However, a noticeable decrease in diastereomeric ratio came about with the use of 

aliphatic aldehydes (46). Substitutions made to the aromatic ring of homophthalic 

anhydride (47-49) did not reduce the selectivity of the process, although differences in rate 

between electron-withdrawing (47, 96 h) and electron donating (49, 164 h) substituents 

were observed – suggesting the rate depends on the anhydride-enol tautomeric 

equilibrium. 

1.1.1.6.1.1 Mechanistic insight  

Following publication of the novel asymmetric organocatalytic cycloaddition between 

homophthalic anhydride 13 and benzaldehyde 4,
35

 there was much speculation as to the 

reaction mechanism and the origins of the stereoinduction.   

A scenario in which the aldehyde oxygen initially attacks the anhydride carbonyl was first 

discarded considering its poor nucleophilicity and a lack of literature precedent for such 
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reactivity. In 2005 Takemoto et al.
36

 had suggested the addition of malonate esters to 

nitroolefins proceeds via a general catalysis-like mechanism – in which the pronucleophile 

enolate is held in place via a HB interaction with the basic nitrogen atom, while the 

electrophile is activated by HB interactions from the Lewis acidic portion of the catalyst 

(Figure 1.2, A).  A later computational examination of this reaction by Pápai and Soós and 

co-workers
37 

in 2014 found a specific catalysis like mechanism to be more energetically 

favourable when using squaramide based catalysts – where the basic N-atom deprotonates 

the pronucleophile to yield an enolate, which becomes stabilised through a HB interaction 

with the Lewis acidic portion of the catalyst, with subsequent activation of the electrophile 

by the resulting ammonium ion (Figure 1.2, B). 

 

Figure 1.2 General catalysis - like (A) and specific catalysis – like (B) bifunctional 

catalysis 

Reasoning the mechanism of the organocatalytic homophthalic anhydride-benzaldehyde 

cycloaddition to be of critical importance for the future development of the reaction, 

Connon and co-workers embarked on a computational DFT (density functional theory) 

based investigation to distinguish between general- and specific-catalysis like modes.
38

 

First examining the interaction between homophthalic anhydride 13 and catalyst 41, they 

found binding of the anhydride to the catalyst to be very energetically favourable (ca -40 

kJ mol
-1

), and the enolisation even more so (the catalyst bound enolate being 21.1 kJ mol
-1

 

more stable than the anhydride) – showing enolate formation to be a thermodynamically 

favoured process which precedes C-C bond formation. A subsequent study of the C-C 

bond formation event found the located transition state associated with general-like 

catalysis to be 41 kJ mol
-1 

higher in energy than the specific catalysis like variant. 

Having discovered enolate formation and C-C bond formation in the general catalysis-like 

scenario to be less energetically favourable, the observed predominance of the trans (R,R) 

stereoisomer was computationally rationalised using the specific catalysis-like model. This 
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revealed the position of the enolate bound to the squaramide (in the stereo-determining 

step) not to change upon introduction of the aldehyde, thus only allowing its approach 

from one face – the same face on which the ammonium ion resides (Figure 1.3). 

 

Figure 1.3 Stereochemical rationale for the predominance of trans(R,R) 

Another factor contributing to the stereochemical outcome was found using QTAIM 

(quantum theory of atoms in molecules) theory – allowing for the observance of a number 

of attractive interactions between the quinoline and quinuclidine rings and the anhydride 

O-atoms - absent in the transition states leading to minor stereoisomers (not shown in 

Figure 1.3).  This method also allowed for the discovery of attractive interactions between 

the C-2 phenyl protons and the anhydride – providing a hitherto unknown understanding of 

the benefit of this common cinchona alkaloid catalyst modification. 

1.1.1.6.2 Activated succinic anhydride-aldehyde cycloaddition 

Inspired by the success of the asymmetric organocatalytic cycloaddition between 

homophthalic anhydrides and aldehydes
35

 (see Section 1.1.1.6.1), and given the lack of 

rapid, mild asymmetric methodologies for the synthesis of biologically important γ-

butyrolactones (see Section 1.1.1.5), Connon et al. began an investigation into expanding 

the scope of the pronucleophilic component of this process to include succinic anhydrides. 

Preliminary experiments involved attempts to facilitate a formal cycloaddition between 

succinic anhydride 5 and benzaldehyde 4 in the presence of catalyst 41 (using optimal 

conditions reported for the cycloaddition involving homophthalic anhydride)
35 

- observing 

none of the paraconic acid product 8 by 
1
H NMR spectroscopic analysis, even upon 

increasing the temperature (Scheme 1.10, A).
39
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Scheme 1.10 Preliminary efforts to expand the scope of the asymmetric cycloaddition to 

succinic anhydrides 

It was apparent that the failure of succinic anhydride 5 to serve as an effective substrate 

was due to ineffective catalytic manipulation of the tautomeric equilibrium under these 

mild conditions, leading to insufficiently low concentrations of the enol 5a in solution.  

Incorporation of an enol-stablising phenyl group (Scheme 1.10, B) was found to 

circumvent this issue, bringing about conversion to the trans-phenyl paraconic acid 

product 51 at ambient temperature (esterified in situ to allow for CSP-HPLC analysis) with 

good diastereocontrol and in moderate ee. Encouraged by this finding, the effect of other 

aromatic substituents on the keto-enol tautomeric equilibrium was explored.  As such, an 

increased rate was observed on replacement of the phenyl substituent with 3,4-

dibromophenyl (-Br, σm = 0.37), and the catalytic cycle was almost shut down when they 

introduced an enol destabilising p-methoxyphenyl group (-OMe σp = -0.28).
39

 

 

Having gained a greater understanding of the relationship between the electronic 

characteristics of the anhydride and its reactivity, the authors decided to move forward 

using a highly enol-stabilising group which could also be subjected to further synthetic 

elaboration/removal.  As such, the installation of a 4-NO2-phenyl unit (-NO2, σp = 0.81) in 

52 allowed the formation of the corresponding lactone 54 in an excellent yield of 92%, 

with a dr of 97:3, in 86% ee (Scheme 1.23).  With an optimal catalyst and substrate 

identified, a range of aldehydes bearing various aromatic substituents were evaluated, 

including: electron neutral (i.e. lactone 55); activating (56) and deactivating (57) - all being 

remarkably well tolerated by the catalyst, affording a range of substituted paraconic acids 

in good to excellent ee’s.
39 

 It is worth mention that, much like in the analogous reaction 
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with homophthalic anhydride,
35 

 aliphatic aldehydes tended to produce lactones with much 

reduced diastereoselectivity (e.g. lactone 58). 

 

Scheme 1.11 Expansion of the scope of the aldehyde component in the asymmetric 

cycloaddition employing succinic anhydrides 

1.1.1.6.2.1 Resolution processes 

1.1.1.6.2.1.1 Dynamic kinetic resolution 

Following the success of the asymmetric organocatalytic cycloaddition between α-arylated 

succinic anhydrides and aldehydes
39

 (Section 1.1.1.6.2), our group became involved in the 

identification of new enol-stabilising succinic anhydrides capable of taking part in these 

reactions as a means of expanding the scope – targeting bis-arylsuccinic anhydrides 

(general type 60, Scheme 1.12).  

 

Scheme 1.12 Expansion of the scope of anhydride component to bis-arylsuccinic 

anhydrides 

It is noteworthy that until this point in time the use of chiral anhydrides in such catalytic 

resolution processes was highly underdeveloped.  Bar the aforementioned organocatalytic 

cycloaddition between succinic anhydrides and aldehydes,
39 

the only other known example 

of catalytic resolution of anhydrides was reported by Deng et al. in 2001,
40

 and although 

the use of meso-anhydrides had been widely reported in desymmetrisation 
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processes,
32,33,41,42 

(D)KR processes involving racemic bis-anhydrides had not (despite the 

potential for forming multiple stereocentres in one step). 

Connon and co-workers began their study by screening a range of bifunctional cinchona 

alkaloid catalysts in the reaction between trans-diphenylsuccinic anhydride 62 with p-

nitrobenzaldehyde (63) (Scheme 1.13).
43

 Poor to moderate diastereocontrol was observed 

when using urea and thiourea derived catalysts (e.g. 34), necessitating the use of a 

squaramide scaffold (41) – noting a much improved dr favouring the formation of 65a 

(97:<1:<1:3 65a:65b:65c:65d), however the enantiocontrol remained unsatisfactory (31% 

ee for major diastereomer 65a).  When probing steric effects of the catalyst N-substituent 

by installation of a trityl group in catalyst 64, they observed the opposite sense of 

stereocontrol (35:1:1:65 65a:65b:65c:65d), now favouring the formation of product 65d 

with much improved enantiocontrol (30%:95% ee 65a:65d). 

 

Scheme 1.13 Optimal catalytic system established from initial screening process 

Following optimisation of reaction conditions, the scope of the aldehyde component of this 

process was later expanded when electron-neutral, electron rich and aliphatic substitutions 

were made to the aldehyde component (Scheme 1.14), to which variable 

diastereoselectivity but remarkable tolerance with respect to ee was observed. 
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Scheme 1.14 Expansion of scope with respect to aldehyde and anhydride components 

Having previously found the enolisability of succinic anhydrides to reflect both their 

activity and reaction selectivity,
39 

the electron-withdrawing bis-arylsuccinic anhydride 66a 

was evaluated – which duly formed the corresponding lactone much faster (compared to 

anhydride 62), with excellent diastereo- and enantiocontrol.  Demonstrating the potential 

utility of this protocol, the authors went on to detail the simple two-step elaboration of the 

enantioenriched lactone 69 to afford piperidone 71 in good yield and ee – citing the 

prevalence of such structures in bioactive compounds, and the considerable attention given 

to their synthesis in the scientific literature.
44 

1.1.1.6.2.1.2 Kinetic resolution 

During the development of the dynamic kinetic resolution of bis-arylsuccinic anhydrides,
43 

an idea took root involving the use of unsymmetrically disubstituted anhydrides – i.e. by 

incorporation of an aliphatic substituent instead of one of the aromatic substituents of the 

aromatic bis-aryl system e.g. 72 (Scheme 1.15).  It was posited that by using half an 

equivalent of an aldehyde it would be possible to produce enantiopure -alkylated -

butyrolactones bearing three contiguous stereocentres 73 (widely known for their 

abundance in natural products
45

 – see Section 1.1.1.5) while simultaneously optically 

resolving the anhydride 72, which could be derivatised to provide access to 2,3-

asymmetrically disubstituted succinates (an important 1,3-dioxygenated synthetic building 

block in natural product and medicinal chemistry).
46
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Scheme 1.15 Expansion of the scope of anhydride component to bis-arylsuccinic 

anhydrides 

An exhaustive catalyst screen found hindered squaramide- and sulfonamide-derived 

catalysts to initially provide the best diastereo- and enantio-control.
47

  Combining the 

acidity provided by sulfonamides with the bifurcated HB motif from squaramides in novel 

sulfamide
48

 74 paid dividends, whereby a range of 2,3-disubstituted succinic anhydrides 

were well tolerated.  As such, di-esters (e.g. 75) and tetrasubstituted γ-butyrolactones (e.g. 

76) could be formed in good to moderate selectivity (Scheme 1.16). In general, 

substitution of the aromatic ring in 72 with electron withdrawing groups resulted in faster 

reaction but less selective resolution, and extension of the alkyl chain did not dramatically 

affect selectivity.
43 

 

Scheme 1.16 Expansion of the scope of 2,3-disubstituted succinic anhydrides  
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1.1.1.6.3 cis-Selective anhydride-aldehyde cycloadditions 

Having observed decreased diastereoselectivity in certain examples within the 

organocatalytic cycloadditions between homophthalic anhydrides
35

/succinic anhydrides
39 

and aldehydes (see Sections 1.1.1.6.1 and 1.1.1.6.2 respectively), particularly in cases 

where aliphatic aldehydes were employed, Connon et al. posited that, by judicious catalyst 

and substrate design, it may be possible to reverse the diastereoselectivity of the process - 

favouring formation of cis-dihydroisocoumarins and γ-butyrolactones.  Given the only 

existing methodology for accessing cis-dihydroisocoumarins at the time was via a catalytic 

bromolactonisation process,
49

 and that this motif presents itself in a range of bioactive 

eurotuimides,
50

 they were prompted to investigate the feasibility of reversing the dr of the 

broad-scope anhydride-aldehyde cycloaddition process. 

Reacting homophthalic anhydride 13 with hydrocinnamaldehyde (which provided the 

lowest dr in their previous studies),
35,39 

a number of cinchona alkaloid derived catalysts 

were initially screened, which found only the bulky trityl-squaramide catalyst 64 able to 

completely reverse dr (note: a similar observation was made in the DKR of bis-aryl 

succinic anhydrides with aldehydes
43

) to afford cis-lactone 78 in 71:29 dr and 99% ee 

(Scheme 1.17).
51

 Moving forward, they tested a range of aliphatic aldehydes with: varied 

chain length (e.g. lactone 79); branched chains (e.g. lactone 80) and functionalised chains 

(lactone 81), which formed cis-dihydroisocoumarins in good diastereoselectivity and 

excellent enantioselecitivty. 

 

Scheme 1.17 cis-Selective dihydroisocoumarin synthesis  

The authors also demonstrated that this methodology is not restricted to homophthalic 

anhydride alone when 4-nitrophenylsuccinic anhydride 52 was reacted with branched 

aliphatic aldehyde 82 in the presence of catalyst 64 to form the sterically encumbered γ-

butyrolactone 83 with good diastereo- and excellent enantiocontrol (Scheme 1.18, A).  
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Glutaconic anhydride derivative 84 also reacted to form the cis-lactone 85 with an 

excellent dr and good ee (Scheme 1.18, B), which highlighted that this methodology as a 

whole can provide access to kavalactones also – a class of lactone found in many natural 

products with diverse biological properties.
52

  

 

Scheme 1.18 cis-Selective synthesis of γ-butyrolactones (A) and kavalactones (B) 

To rationalise the stereochemical outcome of this reaction, Connon and co-workers carried 

out DFT calculations on the reaction between homophthalic anhydride 13 and the 

branched aliphatic aldehyde 82 in the presence of trityl-squaramide catalyst 64 (Figure 

1.4).  These revealed the squaramide moiety to hydrogen bond to the anhydride enolate via 

the neutral carbonyl oxygen atom (as opposed to the charged enolate oxygen atom in their 

previous study
38

 – see Section 1.1.1.6.1.1).  QTAIM theory later found this unusual binding 

mode to be stabilised by attractive interactions between the N-trityl o- and m-phenyl 

protons of the catalyst, which interact with two anhydride oxygen atoms (those which are 

not bound to the squaramide moiety). 

 

Figure 1.4 Stereochemical outcome of the cis-selective reaction rationalised by DFT 

calculations 
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1.1.1.6.4 Activated ketone-anhydride cycloadditions 

As discussed in Section 1.1.1.4, cycloaddition reactions between enolisable anhydrides and 

ketones have received a very small amount of amount of attention in the scientific 

literature
10,12, 53

 – possibly owing to their reduced electrophilicity when compared to 

aldehydes. Following on from the development of the robust organocatalytic cycloaddition 

between anhydrides and aldehydes,
35,39

 in 2016 Connon et al. carried out an investigation 

into the extension of the scope of the electrophilic component in this reaction to include 

ketones
54

 – which would provide access to 3,3-disubstituted dihydroisocoumarins and γ-

butyrolactones (present in a number of chiral compounds with interesting biological 

properties).
55,56,57

 

Preliminary experiments designed to assess the required electrophilicity of ketones first 

found acetophenone (86a) resistant to cycloaddition (Scheme 1.19), however the more 

activated ketone 86b underwent cycloaddition, albeit slowly and in poor yield. Further 

increasing the electrophilicity in employing 86c yielded lactone 87c in near quantitative 

yield after 20 hours. 

 

Scheme 1.19 Preliminary experiments – gauging required ketone electrophilicity 

Subsequent optimisation of this system found that in the presence of either of the novel 

urea-based cinchona alkaloids 88/89 (depending on substrates), a diverse range of 

activated ketones including substituted trifluoroacetophenones (e.g. lactone 93), α-

ketoesters (e.g. lactone 94) and N-benzyl isatin (products 95 and 96) underwent 

cycloaddition with homophthalic anhydride, 4-nitrophenylsuccinic anhydride (52) (lactone 

96) and glutaconic anhydride derivatives (e.g. product 97) to afford a diverse array of 

densely functionalised lactones in excellent yields and selectivity (Scheme 1.20).
54 
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Scheme 1.20 Overview of the scope of the organocatalytic cycloaddition between 

anhydrides and activated ketones  

1.1.2 Reaction with Imines 

1.1.2.1 A historical perspective 

In 1969, Castagnoli reported the first formal cycloadditions between cyclic enolisable 

anhydrides and imines as a strategy for accessing a variety of nicotine analogues (Scheme 

1.21).
58

 He observed that succinic anhydride (5) reacted with N-alkyl and N-aryl imines 

(general type 98) under thermal conditions to afford γ-lactams 99 bearing a carboxylic acid 

moiety as mixtures of cis-and trans-diastereomers (verified by NMR spectroscopic 

analysis). 

 

Scheme 1.21 The first formal cycloaddition reactions between enolisable anhydrides and 

imines as reported by Castagnoli
58

 

Cushman and Castagnoli later expanded the scope with respect to the electrophilic 

component in this reaction to include glutaric anhydride – forming δ-lactams in 
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comparable yields and diastereoselectivity.
59,60 

Almost 10 years later, Cushman et al.
61

 and 

Haimova et al.
62

 independently reported analogous reactions between homophthalic 

anhydride 13 and N-alkyl/aryl imines 98 at room temperature (Scheme 1.22). 

 

Scheme 1.22 First reported formal cycloadditions between homophthalic anhydride and 

imines 

1.1.2.2 Mechanistic proposals 

Until very recently, the mechanism of the cycloaddition between enolisable anhydrides 

and imines has been quite controversial - with three distinct mechanistic hypotheses 

circulating in the scientific literature.  The first proposed mechanistic pathway emanated 

from a seminal study by Cushman and Madaj,
63

  which described a step-wise iminolysis of 

the anhydride followed by intramolecular lactamisation via Zwitterionic intermediates 

101a and 101b (Scheme 1.23, A). 

 

Scheme 1.23 Mechanistic proposals for the cycloaddition reaction between homophthalic 

anhydride and imines 

In 2003, Kaneti and co-workers
64

 suggested that the reaction is more likely to proceed via 

a concerted cycloaddition process (Scheme 1.23, B) since ionic intermediates 101a and 

101b were not observed as energy minima in MO/DFT calculations.  The third possible 
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pathway (Scheme 1.23, C), originally discredited by Cushman and Madaj,
63 

involved a 

Mannich-type attack of the homophthalic anhydride enol 13a to the imine 98 to form 1,2-

adduct 102, followed by intramolecular ring closure. 

For some time following these publications, Cushman’s original iminolysis-lactamisation 

mechanism (A, Scheme 1.23) gained much support – most notably from Wei and Shaw, 

initially evidenced by their multicomponent synthesis of γ-lactams.
65

 They later stated that 

enolate formation is likely rate-determining (101a to 101b, Scheme 1.23, A) – as 

evidenced by homophthalic anhydride reacting much faster than glutaric anhydride (where 

enolate formation in the reaction with 13 is favourable as the negative charge can be 

delocalised throughout the fused aromatic ring).  This trend was also observed in the 

analogous reaction with phenylsuccinic anhydrides
66

 - whereby more electron-deficient 

anhydrides reacted faster. 

Shaw and co-workers later reported an exhaustive synthesis of a library of γ-lactams from 

the cycloaddition between α-cyanosuccinic anhydride 104 and imines such as 103 

(Scheme 1.24).
67

 

 

Scheme 1.24 Mechanistic proposals for the cycloaddition reaction between homophthalic 

anhydride and imines 

The high reactivity and diastereoselectivity observed in this process prompted them to 

undertake a follow-up computational study,
68

 in which they deduced that the mechanism 

proceeds via a Mannich reaction (TS-Mannich, Scheme 1.24) between the anhydride enol 

and the E-imine followed by a transannular acylation, i.e. Route ‘C’ (Scheme 1.23, vide 

supra).  They claimed that these results suggest this mechanism extends to the analogous 

reactions with glutaric and homophthalic anhydrides also.
68 

 



Chapter 1  Introduction 

 

22 

 

1.1.2.3 Asymmetric variants 

Despite the cycloaddition between imines and enolisable anhydrides having received 

considerably more attention than the analogous reaction using aldehydes (see Section 

1.1.1.2), no asymmetric variants appeared in the literature until very recently. 

Interest in this reaction derives from the range of bioactive natural products and drug 

candidates it may provide access to – including alkaloids 106-109 presented below (Figure 

1.5).  Other small molecules with the same structural core have recently been investigated 

as anti-malarials and anti-cancer agents.
69

 

 

Figure 1.5 Selected alkaloids accessible via cycloaddition reactions between 

homophthalic anhydrides and imines 

Numerous variations to the anhydride and imine components have been explored in 

racemic processes,
70  

and several efforts to render this reaction asymmetric have been 

made,
71

 however prior to 2016 a catalytic enantioselective variant remained elusive.  

It is noteworthy that to this day there exists very few analogous asymmetric 

organocatalytic processes for the synthesis of γ-lactams
72,73

 – despite their prevalence in 

natural products and potential bio-activity.
74,75

 

1.1.2.3.1 Bifunctional cinchona alkaloid mediated lactam synthesis 

In 2016, Connon and co-workers began investigations into the development of a cinchona 

alkaloid catalysed cycloaddition between imines and homophthalic anhydride.
76

 The 

reactivity of imines in the absence of catalyst was first examined, whereby they observed a 

fast reaction to take place when N-butyl imine 112 was employed (Scheme 1.25).  

Similarly, this uncatalysed reaction was also observed with N-phenyl imine 113 (albeit at a 

slower rate).  It was clear at this stage that suppression of the basicity of the imine was 

required – thus, the effect of N-substitution with highly electron withdrawing groups on 

the reaction rate was examined.  The use of imines 114 and 115 was found to prevent the 

uncatalysed reaction from occurring over a period of 24 hours, thereby rendering these 

substrates amenable to catalysis. 
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Scheme 1.25 Preliminary assessment of imine N-substituent effect on uncatalysed 

reaction 

Indeed, N-tosyl imine 115 reacted with homophthalic anhydride in the presence of 

squaramide catalyst 41 to afford the corresponding trans-lactam in a moderate 34% ee.  

Further substrate and catalyst optimisation of this process led to the development of the 

first known asymmetric organocatalytic process capable of providing mild and rapid 

access to a range of lactam derivatives with moderate to good diastereo- and 

enantiocontrol (up to 1.2:1 dr, 74% ee).
76

 

1.1.2.3.2 Catalytic anion-binding lactam synthesis 

Citing Shaw’s proposed mechanism for the cycloaddition reaction between α-

cyanosuccinic anhydrides and imines,
68 

in 2017 Seidel et al.
77

 suggested that the analogous 

reaction with homophthalic anhydride proceeds via the same mechanism in which the 

anhydride and imine 98 form the ion-pair 116, followed by stereodetermining Mannich 

addition to afford 102, which then cyclises to afford lactam 100 (Scheme 1.26).  

 

Scheme 1.26 Seidel’s proposed mechanism for imine-homophthalic anhydride 

cycloaddition 

Capitalising on this mechanistic insight
68

 they conceived of a chiral anion binding/ion-

pairing
78

 approach to induce enantioselectivity (Scheme 1.27, 120). First testing their 

hypothesis by reacting N-PMP derived imine 117 with 13 in the presence of Nagasawa’s 
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catalyst 118 (having previously shown its efficiency in anion-binding catalysis)
79

 they 

were able to produce 119 in good yield, excellent dr but modest ee. 

 

Scheme 1.27 Seidel’s preliminary study using Nagasawa’s anion-binding catalyst 

Encouraged by the observed diastereoselectivity, they went on to screen a range of 

substituted diamine based anion-binding catalysts and conditions – developing a system 

involving novel catalyst 121, capable of tolerating various N- and C-substitutions on the 

imine (i.e. 123 – 126, Scheme 1.28) – forming lactams in good to excellent diastereo- and 

enantiomeric ratios. 
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Scheme 1.28 Substrate scope of Siedel’s asymmetric imine-anhydride cycloaddition with 

respect to the imine component 

1.1.3 Reaction with activated alkenes/alkynes: the Tamura cycloaddition 

1.1.3.1 The original Tamura cycloaddition 

Reactions between cyclic enolisable anhydrides and dienophiles/Michael acceptors have 

received a considerable amount of attention for almost 40 years – since the seminal 1981 

report by Tamura et al., which detailed the reaction of homophthalic anhydride 13 with a 

number of conjugated alkynes 127 and alkenes 128 in refluxing aromatic solvents to afford 

α-napthols of general type 129 upon loss of CO2 and molecular hydrogen (Scheme 1.29).
80

 

 

Scheme 1.29 The Tamura cycloaddition – seminal work  

1.1.3.2 Strong base-mediated Tamura cycloaddition 

In 1982 Tamura et al. reported a strong base-mediated variant of the cycloaddition 

between substituted homophthalic anhydrides and napthoquinones (e.g. 130), which 

afforded the corresponding adducts (e.g. 131) in ‘near quantitative’ yields (Scheme 1.30, 

A).
81

 This prompted the group to explore the scope of this reaction, as shortly thereafter 
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they demonstrated its tolerance of various electrophiles,
82

 heterocyclic anhydrides (i.e. 

132, Scheme 1.30, B),
83

 and intramolecular variants (e.g. 135136, Scheme1.30, C).
84

 

 

Scheme 1.30 Strong base-mediated Tamura cycloadditions 

This process later found considerable utility in the synthesis of a plethora of biologically 

active compounds
85

 and medicinally active natural products
86

 - most notably in 

Danishefsky’s total synthesis of the anti-tumour metabolite dynemycin A (140),
87

 in which 

homophthalic anhydride 137 undergoes a regioselective Tamura cycloaddition with 

quinone imine 138 (Scheme 1.31). 

 

Scheme 1.31 Tamura cycloaddition in the synthesis of dynemicin A 
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1.1.3.3 Mechanistic proposals 

Detailed in publications between 1981
80

 and 1983,
88

 Tamura proposed three distinct 

mechanistic pathways to explain the formation of the observed cycloadducts and their 

observed regiochemistry. 

The first proposed mechanism (pathway A – Scheme 1.32) comprised a formal Diels-

Alder cycloaddition between the homophthalic anhydride enol 13b and a dienophile (e.g. 

128) to afford 141, followed by decarboxylation to 142 and loss of molecular hydrogen to 

yield 129. Pathway B involved a stepwise Michael-type addition of the enol isomer 13a to 

128 to afford Michael adduct 143, followed by an intramolecular cyclisation and 

subsequent decarboxylation/oxidation of 144. Pathway C was suggested to proceed via an 

initial thermal decarboxylation of 13 to give the cyclobutanone derivative 145, followed by 

a retro [2+2] ring-opening to afford ortho-xylene 146, with subsequent concerted [4+2] 

cycloaddition with 128 to give 147 (a tautomer of 142), which forms the product 129 on 

loss of molecular hydrogen and tautomerisation. 

 

Scheme 1.32 Tamura’s proposed cycloaddition mechanisms 

Tamura dismissed pathway C, as intermediate 145 was not observed when 13 was 

subjected to prolonged heating, and 13 was frequently recovered from the reaction 

unchanged – despite the fact that the generation of intermediate 145 from 13 at higher 

temperatures had been reported to occur by others.
89

 Moreover, when 145 was reacted with 

128 a much reduced yield of 129 (8%) was observed compared to the reaction between 13 

and 128 under the same reaction conditions (65%).
88
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Pathway A was initially suggested as being the most plausible – as it was deemed that 

thermal conditions are likely to provide access to considerable amounts of the least stable 

enol tautomer of homophthalic anhydride (13b) at equilibrium, which in the presence of  

N-phenylmaleimide (148), forms the bis-cycloadduct 149 (Scheme 1.33).  This was 

rationalised in terms of a Diels-Alder reaction between enol intermediate 149 (analogous 

to 142). 

 

Scheme 1.33 Tamura’s claimed evidence for a Diels-Alder pathway 

Furthermore, in an investigation into the regioselectivity of the reaction between 

homophthalic anhydride 13 and bromonaphthoquinone derivative 151 (Scheme 1.34), only 

the formation of cycloadduct 153 was observed.
88

  They claimed this observation to be in 

support of a Diels-Alder scenario, as the more ‘nucleophilic end’ of the diene would be 

expected to react at the least substituted olefin site on 151 (i.e. the largest LUMO co-

efficient). 

 

Scheme 1.34 Study of regiochemistry in the cycloaddition reaction between 13 and 173 

On the other hand, the Michael addition of 13a to 151 was expected to react at the more 

electrophilic carbon adjacent to the bromine atom to afford cycloadduct 155. Despite these 

observations, Pathway B could not be completely ruled out as not enough was known 

about the Michael acceptor properties of 151. 
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As a part of Tamura’s study into the strong base induced cycloaddition,
81

 various 

investigations aimed at probing the plausibility of Pathway B (i.e. Michael addition 

followed by ring closure) were reported.  As such, the lithium salt of homophthalic 

anhydride 156 failed to react with a range of known Michael acceptors (157-160) under 

conditions ranging from -78 °C to room temperature (Scheme 1.35, A).  In addition, 

sodium enolate 162 - which cannot exist in a dienol form such as 13b – was inert towards 

dienophile 163 even under forcing conditions (Scheme 1.35, B). On the foot of this study, 

Tamura remarked that while Pathway B could not be completely discounted, all evidence 

favoured the likelihood of pathway A being the mechanism through which this reaction 

proceeded. 

 

Scheme 1.35 Tamura’s mechanistic study into the plausibility of Pathway B 

The process has since been referred to as a [4+2] cycloaddition
90

 and ‘The Tamura Diels-

Alder reaction’,
87

 and while Tamura’s mechanistic picture has not been challenged, 

concerns regarding the synchronicity of the cycloaddition have appeared in the literature.
1 

The most notable of these came from Smith and Atigadda, who observed a cycloaddition 

reaction between anhydride 165 and 166 in the presence of triethylamine (15 mol%) at 

ambient temperature (Scheme 1.36), stating “such conditions may involve an alternative 

mechanism”.
91  

 

Scheme 1.36 Triethylamine catalysed Tamura cycloaddition between 165 and 166 

reported by Smith and Atigadda 
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More recently, in a 2009 review, Shaw remarked “although the Tamura reaction is almost 

always depicted as a Diels-Alder-type cycloaddition, this reaction is probably 

asynchronous to a certain extent.”
1  

  

 

1.1.3.4 Asymmetric organocatalytic processes 

1.1.3.4.1 The first asymmetric organocatalytic Tamura cycloaddition 

Shortly after the development of asymmetric organocatalytic cycloadditions between 

enolisable anhydrides and aldehydes by the Connon group,
35,39 

it was considered that the 

scope of this methodology could be extended to involve activated alkenes and alkynes.  A 

review of literature published by Tamura et al. on the strong base-induced reaction 

revealed that products generally undergo stereocentre ablating aromatisation – thereby 

rendering an asymmetric variant futile.  However, one particular example in which 

enedione 168 underwent cycloaddition with homophthalic anhydride 13 without 

aromatisation to afford 169 bearing two stereocentres held potential as being amenable to 

such asymmetric catalysis (Scheme 1.37).
82 

 

 

Scheme 1.37 Tamura cycloaddition without aromatisation 

In 2013, Ye and co-workers reported a (mechanistically distinct) cinchona alkaloid 

catalysed asymmetric cycloaddition protocol between β-crotyl chlorides (171) and 

alkylidene oxindoles (170 to afford spiroxindoles of general type 172 bearing two 

contiguous stereocentres (Scheme 1.38, A).
92

  Due to the prevalence of spiroxindoles in an 

array of natural products and bioactive compounds,
93

 Connon and co-workers posited that 

alyklidene oxindoles such as 173 may serve as useful substrates in an organocatalytic 

asymmetric Tamura cycloaddition with anhydrides (general type 174, Scheme 1.38, B). 



Chapter 1  Introduction 

 

31 

 

 

Scheme 1.38 A: Ye and co-workers’ organocatalytic cycloaddition between alkylidene 

oxindoles and β-crotyl chlorides. B: Connon and co-workers’ proposed 

organocatalytic Tamura cycloaddition 

An initial catalyst screen in the preliminary studies to form spiroxindole 177 found novel 

tert-butyl squaramide catalyst 176 to promote the reaction with excellent levels of 

diastereo- and enantiocontrol, with only one diastereomer being observed in 95% ee.
94

  A 

range of homophthalic anhydride derivatives were found to be well tolerated by the 

catalyst and afforded spiroxindoles in near optical purity (e.g. products 177, 178 and 179, 

Scheme 1.39).  Given that the racemic Tamura cycloadditions were only reported to occur 

with activating groups at both termini of C-C multiple bond moieties the increase in 

activity due to bifunctional catalysis was probed by evaluating a less electrophilic 

alkylidene oxindole (173, R
1
 = phenyl), which furnished the spiroxindole 181 in excellent 

yield, albeit with slightly diminished enantiocontrol (Scheme 1.39). 

The authors also demonstrated that the scope of this reaction is not limited to 

homophthalic anhydride analogues when they employed a glutaconic anhydride derivative, 

which underwent smooth cycloaddition to afford the spiroxindole 180 in excellent yield, dr 

and enantiomeric excess.  It is noteworthy that this product underwent decarboxylation – 

deleting a stereocentre but affording a Michael acceptor available for further synthetic 

elaboration.  It was suggested that decarboxylation does not occur in the homophthalic 

anhydride derived products at 30 °C as it would require a disturbance of aromaticity. 
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Scheme 1.39 Asymmetric organocatalytic Tamura cycloaddition reported by Connon et 

al. 

1.1.3.4.2 Asymmetric Tamura cycloadditions using nitroalkenes 

Following the development of the first asymmetric organocatalytic Tamura cycloaddition 

between alkylidene oxindoles and cyclic anhydrides, Connon and co-workers went about 

probing the utility of this process further.  They posited that an extension of the scope to 

include less complex, singly activated Michael acceptors/dienophiles may be possible. 

These investigations began by evaluating the reactivity of (E)-β-nitrostyrene 182 with 

homophthalic anhydride (13) in the presence of bifunctional squaramide catalyst 41 at 

room temperature (Scheme 1.40, A).
95

  While the formation of 183 provided proof that 

olefins bearing one activating group are capable of undergoing Tamura cycloadditons, the 

high acidity of the product resulted in stereocentre-ablating tautomerisation to the enol 

form –simultaneously preventing in situ esterification to allow for CSP-HPLC analysis.  
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Scheme 1.40 A: preliminary reaction probing reactivity of 207. B: Conditions for the 

prevention of epimerisation  

This issue was later circumvented by the installation of a methyl group in the starting 

nitroalkene 184 – the use of which led to the formation of the product 185, bearing an all-

carbon quaternary stereocentre as a diastereomeric pair, which could easily be esterified in 

situ (Scheme 1.40, B). At this stage of their study reproducibility issues arose, whereby 

185b would convert to 185a at the end of the reaction - during and after the esterification 

procedure.  The development of a very specific experimental procedure involving reaction 

at 30 °C for exactly 22 h in MTBE (0.1 M) followed by esterification at 0 °C without 

concentrating the reaction mixture prior to purification was found to side-step these 

difficulties. Later, aiming to control the epimerisation process to maximise product dr, it 

was found that heating the isolated methyl esters at 55 °C in the absence of catalyst 

afforded 185a in 92:8 dr, without erosion of enantiomeric excess.  

With this procedure in hand the scope of the electrophilic component 187 was extended to 

include electron neutral (i.e. product 185), activated (189) and deactivated (i.e. product 

190) nitroalkenes, which afforded the corresponding 1-tetralones in excellent 

diastereomeric ratios (after the thermal epimerisation procedure) and in good enantiomeric 

excess.  Substitution of the homophthalic anhydride aromatic ring (186) was also well 

tolerated – where 191 was furnished in good yield and selectivity. 



Chapter 1  Introduction 

 

34 

 

 

Scheme 1.41 Expansion of scope with respect to electrophilic and pronucleophilic 

components  

With the aim of understanding the epimerisation process, diastereomer 185b was subjected 

to the established epimerisation conditions in the presence of CD3OD, which formed 185a’ 

with 65% deuterium incorporation, and the corresponding epimer 185b’ almost entirely 

deuterated.  This suggested an intermolecular proton transfer process, and that the kinetic 

diastereomer 185b undergoes more facile proton transfer (Scheme 1.42).  A theoretical 

(DFT) study later validated an energetically favourable mechanism which involves a 

concerted deprotonation-protonation process involving two molecules of methanol bound 

to each other and the substrate.
95

 

 

Scheme 1.42 Deuterium-labelling study aimed at understanding the methanol-mediated 

epimerisation process  

This methodology was later adopted by Nath and Pan, when they demonstrated a number 

of aromatic substitutions to the nitroalkene were generally well tolerated – whereby a 

range of tetrasubstituted 1-tetralones were afforded in moderate to excellent levels of 

selectivity.
96

 

 



Chapter 1  Introduction 

 

35 

 

1.1.3.4.3 Asymmetric Tamura cycloadditions employing 1,3-indanediones 

In 2018, Wu and co-workers
97

 reported an extension of the scope of organocatalytic 

Tamura cycloadditions involving singly-activated electrophiles to 1,3-indanediones (e.g. 

193, Scheme 1.43) – in which they cited their recent emergence as important building 

blocks in the synthesis of spirocyclic compounds.
98

 They demonstrated that in the presence 

of low loadings of C-2 symmetric catalyst 194, homophthalic anhydrides 192 undergo 

Tamura cycloaddition with a range of substituted 1,3-indanediones 194 to afford 

exclusively trans-spirocyclic products (195) in excellent yields. 

 

Scheme 1.43 Enantioselective Tamura cycloaddition between homophthalic anhydrides 

192 and 1,3-indanediones 193 reported by Wu et al.   

The enantiocontrol of this process generally ranged from moderate to good – whereby 

Michael acceptors incorporating weakly electron withdrawing groups on the styrene 

aromatic ring were well tolerated (e.g. 196) but electrophiles appended with electron-

withdrawing groups (e.g. product 197) and electron donors (e.g. product 199) greatly 

impacted the observed selectivity. 

1.2 Maleimides as electrophiles in asymmetric organocatalytic processes 

Maleimides of general type 200 are an important class of substrates which have been 

widely employed in asymmetric organocatalytic processes (Scheme 1.44).
99

  They have 

emerged as excellent Michael acceptors in stereoselective 1,4-conjugate additions (Scheme 

1.44, A), as well as dienophiles in asymmetric cycloadditions (Scheme 1.44, B) – 
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generally having been activated by hydrogen bond donation to the carbonyl oxygen by a 

Lewis acidic portion of a chiral organocatalyst (Scheme 1.44, C).
100

 

 

Scheme 1.44 A: maleimides behaving as Michael acceptors. B: maleimides behaving as 

dienophiles in cycloadditions. C: generally accepted mode of maleimide 

activation in organocatalysis 

The chiral succinimide products (i.e. 201/203) of such asymmetric transformations 

represent core structural units found in a plethora of natural products and biologically 

active molecules (Figure 1.6, A)
101

 Furthermore, these products may also be used to access 

other biologically important compounds such as pyrrolidines
102

 and γ-lactams,
103

 (Figure 

1.6, B and C respectively). 

 

 

Figure 1.6 Selected examples of natural products and bioactive chiral succinimides 

(A), pyrollidines (B) and γ-lactams (C) 
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1.2.1 Asymmetric organocatalytic Michael-type additions to maleimides 

Michael-type additions are one of the most widely studied reactions in asymmetric 

organocatalysis – providing rapid, mild access to a range of chiral molecules.
104

 In 2006, 

Melchiorre
105

 and co-workers reported the first catalytic asymmetric Michael addition of a 

range of 1,3-dicarbonyl compounds (general structure 211) to maleimides 200 catalysed by 

quinine (212) and quinidine (213).  They were able to access a range of α-substituted 

succinimides such as 214 bearing vicinal quaternary and tertiary stereocentres in good to 

excellent diastereoselectivity (up to 98:2), and up to 98% ee (Scheme 1.45). Later in 2009, 

based on various computational methods, Cucinotta et al. proposed a mechanistic rationale 

for the observed reactivity and stereochemical outcome.
106

  As shown in the pre-transition 

state assembly 215 (Scheme 1.45), it was calculated that the quinuclidine nitrogen 

deprotonates the pronucleophile 211, and the resulting ammonium ion holds the 

conjugated enolate in place via a bidentate hydrogen bonding interaction, while the 

maleimide 200 is activated and held in place by hydrogen-bond donation from the C-9 

hydroxy group.  Concomitant facially selective carbon-carbon bond formation and 

protonation of the resulting enolate completes the catalytic cycle to afford 214.  

 

Scheme 1.45 The first reported catalytic asymmetric Michael addition of 1,3-dicarbonyl 

compounds to maleimides 

In 2011, Yan et al. expanded the scope of the pronucleophilic component in this type of 

process to include α-substituted cyanoacetates of general type 216 (Scheme 1.46).
107

 In the 

presence of 1 mol% of Takemoto’s catalyst (217), a range of α-substituted succinimide 

derivatives 218 were formed in good dr and high ee.  It is noteworthy that the majority of 

maleimides 200 were substituted with aromatic groups at nitrogen, but when maleimide 

(i.e. no substituent on nitrogen) was employed a dramatic decrease in ee of the 
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corresponding succinimide was observed (possibly due to interfering hydrogen bonding 

interactions in the stereodetermining carbon-carbon bond forming transition state 

assembly).  The authors also demonstrated the synthetic utility of this process when they 

elaborated to γ-lactam 219 via nitrile reduction followed by intramolecular lactamisation.  

 

Scheme 1.46 Yan et al.’s organocatalytic asymmetric addition of α-substituted 

cyanoacetates to maleimides employing Takemoto’s catalyst 

A noteworthy example of substituent effects in these processes was demonstrated by Rios 

and co-workers when they found Takemoto’s catalyst 217 to mediate the asymmetric 

conjugate addition of anthrone (220) to N-substituted maleimides (Scheme 1.47).
108

 It was 

found that maleimides N-substituted with electron withdrawing groups (i.e. 221) afforded 

the corresponding 1,4-adduct 222 in excellent yield and ee, where maleimides N-

substituted with electron donating groups (i.e. 223) underwent cycloaddition to afford 224 

in excellent yield and ee.  These results suggest that the electronic characteristics of the 

maleimide determine the outcome of the reaction. 

 



Chapter 1  Introduction 

 

39 

 

 

Scheme 1.47 Rios’ asymmetric organocatalytic conjugate- and cycloaddition between 

anthrone (220) and maleimides 

Since Melchiorre’s original organocatalytic Michael addition to maleimides, the scope of 

the electrophilic component has been widely expanded to include α,α-dicyanoolefins
109

 

225, substituted oxindoles
110

 226, azlactones
111

 227, α,α-disubstituted aldehydes
112

 228 

and cyclic heteroaromatic ketones
113

 229, to name just a few – all promoted by various 

bifunctional organocatalysts – including modified cinchona alkaloids (Figure 1.7).
  

 

Figure 1.7 Examples of pronucleophiles reported to undergo catalytic asymmetric 

conjugate addition to maleimides 

 

1.2.2 Asymmetric organocatalytic cycloadditions to maleimides 

Asymmetric organocatalytic cycloaddition reactions have been widely explored since the 

1980’s – producing stereoselective transformations for the synthesis of valuable chiral 

cyclic adducts.
114

 In 1989, Kagan
115

 and co-workers reported the quinidine (213) promoted 

Diels-Alder reaction between anthrone 220 and N-methyl maleimide 230, which formed 

the cycloadduct 231 in 61% ee (Scheme 1.48). In line with previous hypotheses on the 

mechanism of cinchona alkaloid organocatalysis in conjugate addition chemistry,
 116,117

 no 

enantiocontrol was observed when quinidine was protected at the C-9 hydroxyl group  – as 

231 was formed as a racemate – which strongly suggested a bifunctional mode of catalysis 

whereby the basic quinuclidine ring of the catalyst activates anthrone 220 by deprotonation 
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and formation of a diene enolate (232), while the hydroxyl group activates the maleimide 

230 by HB donation. 

 

Scheme 1.48 Kagan’s quinidine-catalysed Diels-Alder reaction with a maleimide 

 

As mentioned previously (Section 1.2.1), Rios and co-workers later found Takemoto’s 

catalyst to promote this reaction in a highly enantioselective manner when N-aryl 

maleimides were employed. Computational studies by the same group found the thiourea 

moiety to activate the maleimide 148 by HB donation while the enolate of anthrone 220a 

forms an ion pair with the protonated tertiary amine (Figure 1.8).
118

 Molecular modelling 

of the transition state also suggested that π-stacking interactions between the N-phenyl 

substituent of the maleimide 148 and the 3,5-bis(trifluoromethyl)-phenyl of the catalyst 

may play a part in the observed stereocontrol. 

 

Figure 1.8 Computational model of Rios’ enantioselective cycloaddition pre-transition 

state assembly 

In 2009, Soh and Tan
119

 reported an enantioselective Diels-Alder reaction between 3-

hydroxy-2-pyridones (i.e. 233) and maleimides such as 148 promoted by novel 

bifunctional organocatalyst 234, which afforded the cycloadduct 235 as one diastereomer 

in 93% ee (Scheme 1.49). 
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Scheme 1.49 Tan’s organocatalytic Diels-Alder reaction between 3-hydroxy-2-pyridones 

and maleimides 

In 2008, Ricci and co-workers developed an asymmetric Diels-Alder reaction between a 

range of 3-vinylindoles (i.e. 236) and maleimides (general type 200) mediated by thiourea 

catalyst 237 (Scheme 1.50)
120

 – when a range of cycloadducts 238 were produced in good 

to excellent yields and selectivities (after N-protection using TFAA – enabling HPLC-CSP 

analysis).  They went on to demonstrate the potential synthetic utility of this methodology 

when they elaborated 238 to indoline 239 – a synthetic intermediate used in the 

asymmetric synthesis of Strychnos alkaloid tubifolidine
121

 (240). 

 

Scheme 1.50 Asymmetric Diels-Alder between 3-vinylindoles and maleimides reported 

by Ricci et al. 

 

It is worth mentioning that the use of maleimides in organocatalytic cycloadditions is not 

resitricted to [4+2] cycloadditions - they have also appeared in a number of [3+2] 

cycloadditions,
122

 1,3-dipolar cycloadditions
123

and cascade reactions
124

- highlighting their 

significance as electrophiles in the synthesis of chiral succinimides and derivatives thereof.  
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1.3 Succinimides as pronucleophiles  

1.3.1 Succinimides as pronucleophiles in stereoselective organocatalytic reactions 

Unlike succinic anhydrides (see Section 1.1.1.6), and despite their high functional group 

density and potential synthetic utility, the use of succinimides as pronucleophiles in 

organocatalytic transformations has received very little attention in the scientific literature.  

 

In 2008, Dixon and co-workers reported a diastereoselective alkylation of aziridine 242 

with succinimide 241 under phase transfer conditions – promoted by catalyst 243 in the 

presence of caesium carbonate (Scheme 1.51).
125 a

  The necessity for phase transfer 

catalysis in this instance was due to slow reaction times and low enantioselectivity 

observed when the reaction involving catalyst 245 was screened in preliminary studies – it 

was also thought that aziridine 242 was an ‘unsuitable’ electrophile for such a catalyst. 

 

Scheme 1.51 Diastereoselective alkylation of aziridines employing α-substituted 

succinimides as pronucleophiles 

Three years later, as a continuation of extensive literature precedent on bifunctional 

organocatalysed Michael additions to nitroolefins,
126

 Dixon again reported the use of C-

succinimidyl esters, such as 246 as prochiral pronucleophiles, this time in a highly 

enantioselective Michael addition to nitroolefin 182, catalysed by the cinchona alkaloid 

derived thiourea catalyst 34, which afforded the Michael adduct 247 with contiguous 

tertiary and quaternary stereocentres in good dr and excellent enantiomeric excess 

(Scheme 1.52).
127
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Scheme 1.52 Enantioselective Michael addition using succinimides as pronucleophiles 

It is noteworthy that succinimide 246 has been N-alkylated to remove the acidic NH 

moiety, and α-substituted with an ester as a means of lowering the pKa of the α-proton so 

that 34 can form higher concentrations of the enol in situ to promote the reaction. 

1.3.2 Ring-opening reactions of succinimides 

Ring-opening reactions of succinimides have been shown to proceed inter- and intra-

molecularly with a variety of oxygen, nitrogen and carbon nucleophiles. 

Intermolecularly, succinimides readily react with amines at room temperature – 

exemplified by the opening of 248 with benzylamine (249) (Scheme 1.53, A).
128

  In the 

presence of a doubly nucleophilic compound such as 252, the amine was found to react 

selectively, as 253 was formed in almost quantitative yield (Scheme 1.53, B).
129

 

 

Scheme 1.53 Intermolecular ring-opening reactions of succinimides with N-nucleophiles 

In contrast to amines, succinimides have been found to be less reactive towards oxygen-

based nucleophiles; with ring-opening only occurring on succinimides such as 254 

(Scheme 1.54, A) and 256 (Scheme 1.54, B) under basic conditions.  These reactions 

usually require higher temperatures.
130

 

 

Scheme 1.54 Intermolecular ring-opening reactions of succinimides with O-nucleophiles 
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Reports of intramolecular ring-opening reactions of succinimides are far more scarce in the 

literature, however, succinimide 258 was found to undergo intramolecular ring-opening to 

preferentially form a six-membered ring in 259 (Scheme 1.55).
128 

 

Scheme 1.55 Intramolecular ring-opening reaction of a succinimide 

A more contemporary literature example of intramolecular ring-opening of succinimides 

was shown recently as part of an elaboration of the product 263 obtained from an 

asymmetric conjugate addition of aldehyde 260 to maleimide (261) promoted by peptide 

262 (Scheme 1.56).
131

 

 

Scheme 1.56 Intramolecular ring-opening reaction of a succinimide 

As shown, the aldehyde is reduced to the alcohol with borane, followed by an 

intramolecular ring-opening reaction aided by Lewis acidic activation of the succinimide 

carbonyl to afford disubstituted γ-butyrolactone 264, with retention of ee.  

From these examples, it is concluded that the propensity for succinimides to undergo ring-

opening reactions relies on 1) the strength of the nucleophile 2) the electrophilicity of the 

succinimide carbonyl (with or without Lewis acid activation) and 3) the stability of the 

anion formed on the opened succinimide nitrogen (dependent on the nature of the N-

substituted group).  
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1.4 Organocatalytic α-substitution reactions: a brief overview  

α-Substitution of carbonyl compounds has been widely studied in asymmetric 

organocatalytic processes since the development of enamine-based catalysis in the early 

1970’s.  Eder, Sauer and Wiechert,
132

 together with Hajos and Parrish
133

 found that L-

proline 266 catalysed the intramolecular aldol cyclisation of 265 to afford 267 in excellent 

enantiomeric excess (Scheme 1.57, A). 

 

Scheme 1.57 A: Hajos-Parris-Eder-Sauer-Wiechert reaction; B:  List et al. study of 

reaction mechanism 

List et al.
134

 later found that these reactions proceed via initial formation of an iminium ion 

(270 Scheme 1.57, B), rendering the α-proton more acidic, enabling facile tautomerisation 

to the enamine intermediate 271 which then undergoes α-substitution with the aldehyde 

(general type 53). 

Almost 30 years later, as part of the burgeoning focus on phase transfer catalysis,
135

 Corey 

et al. reported the asymmetric α-alkylation of glycinate Schiff base 272 using 

anthracenylmethyl cinchonidinium salt 274 in the presence of caesium hydroxide 

monohydrate, which formed (S)-275 in excellent enantiomeric excess (Scheme 1.58).  

These products were previously shown to provide rapid access to α-amino acids after 

deprotection.
136
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Scheme 1.58 Enantioselective α-alkylation promoted by phase-transfer catalysis reported 

by Corey et al. 

More recently, Coltart and co-workers demonstrated that phenylacetate thioesters of 

general type 277 could be α-substituted in an enantioselective Mannich-type reaction with 

imines (276) in the presence of cinchona alkaloid catalyst 278.
137

   

 

Scheme 1.59 Asymmetric organocatalytic α-substitution via soft enolisation of 

phenylacetate thioesters reported by Colhart et al. 

The authors posited that 277 undergoes enolisation in a proximity-assisted deprotonation 

event in which the thioester carbonyl is activated by the urea moiety of the catalyst while 

the basic quinuclidine deprotonates the α-proton within the same complex (380, Scheme 

1.59), thus allowing thioesters over a considerable range of pKa to react.  This publication 

represented one of the first α-substitutions of monocarboxylic acid derivatives catalysed by 

cinchona alkaloid-derived bifunctional catalysts. 

Singh and co-workers later reported an asymmetric organocatalytic aldol reaction between 

unactivated ketones, i.e. acetone (268) and isatin derivates (e.g. 281) catalysed by 

cinchona alkaloid-derived catalyst 245.
138
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Scheme 1.60 Enantioselective aldol reaction promoted by cinchona alkaloid-derived 

catalyst 245 reported by Singh et al. 

It is noteworthy that of all the literature precedent on ‘soft’ organocatalytic α-substitution 

reactions to date (Scheme 1.61, A), there have been no reported α-substitutions of succinic 

anhydrides of general type 287, phenylacetate esters such as 289, or phenylacetic acids e.g. 

291 (Scheme 1.61, B).  

 

Scheme 1.61 A: pronucleophiles reported to undergo ‘soft’ α-substitution in the presence 

of cinchona alkaloid derived catalysts. B: pronucleophiles not yet observed 

to undergo soft α-substitution 
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1.5 Objectives of this thesis 

 Investigate the feasibility of employing succinimide derivatives as ‘anhydride 

surrogates’ in the organocatalytic cycloaddition between aryl succinic anhydrides 

and various electrophiles previously developed within our research group. 

 Investigate the mechanism of the base-catalysed Tamura cycloaddition via 

theoretical/computational and experimental methods. 

 Develop an asymmetric organocatalytic Tamura cycloaddition between cyclic 

enolisable anhydrides and maleimides to provide access to chiral succinimide 

derivatives.  
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Results and discussion 

 

2.1 Succinimides as succinic anhydride surrogates in organocatalytic 

cycloaddition reactions  

Considering the successful organocatalytic asymmetric cycloadditions between α-aryl 

succinic anhydrides 287 and aldehydes
39

 14 or ketones
54

 86 recently developed in our 

research group (Scheme 2.1 A, see Section 1.1.1.6), and having undertaken an extensive 

literature review on succinimide reactivity (see Section 1.3), we considered that it may 

be feasible to employ succinimides of general type 294 as ‘anhydride surrogates’ in 

these processes (Scheme 2.1, B).  Such reactions could conceivably afford the 

analogous γ-butyrolactones 295 bearing two contiguous stereocentres (one quaternary 

when employing activated ketones such as 86), with an exocyclic amide moiety.  The 

advantages associated with this strategy appeared to us to be five-fold: 

1) Compared to succinic anhydrides, there exist more facile approaches to the 

synthesis succinimides.
128

 

2) Succinimides are generally more resistant to hydrolysis and more stable than 

anhydrides at room temperature – improving storage and handling difficulties. 

3) The formation of an exocyclic amide moiety for further synthetic elaboration 

(which may not be formed from the analogous paraconic acids 293) could be 

synthetically desirable. 

4) N-substitution provides another ‘handle’ for tuning the reactivity of 

succinimides, which may widen the scope of the reaction with respect to the 

electrophile.  

5) Rapid, facile purification, i.e. no requirement for derivatisation of the product 
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Scheme 2.1 A: organocatalytic asymmetric cycloadditions between succinic 

anhydrides and aldehydes/ketones developed by Connon et al.
39,54 

B: 

Proposed use of enolisable succinimides as anhydride surrogates in 

organocatalytic cycloadditions 

In addition, we considered the possibility of employing electrophiles such as imines
76  

(98) and conjugated alkenes
94

 (297), which have previously been used in 

organocatalytic cycloaddition reactions with various enolisable anhydrides.  Reactions 

using these electrophiles could potentially afford γ-lactams (e.g. 296) and carbocycles 

(e.g. 298) bearing three contiguous stereocentres equipped with amide moieties 

(Scheme 2.2). 

 

Scheme 2.2 Proposed organocatalytic cycloaddition between enolisable succinimides 

and imines (98) or conjugated alkenes (297) 

2.1.1 Substrate design 

Acknowledging literature precedent on succinimides behaving as pronucleophiles 

(Section 1.3.1), the first requirement for succinimides 294 to undergo cycloaddition is 

for the catalyst (e.g. NR3 Scheme 2.3) to be able to induce the formation of practical 

amounts of the nucleophilic enolate 294a in situ. This relies on the acidity of the α-
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proton/stability of the enol formed - which influences the position of the keto-enol 

equilibrium. As learned from the analogous reaction between succinic anhydrides and 

aldehydes
39

 (Section 1.1.1.6), the enolate can be stabilised by the introduction of aryl 

substituents at the α-position, which provides mesomeric stabilisation.  Succinimide 

enolates may also be further stabilised by withdrawing electron density through the σ-

framework via the incorporation of electron withdrawing substituents on the nitrogen 

atom. 

 

Scheme 2.3 Proposed mechanistic pathway for catalytic cycloaddition between 

succinimides 294 and aldehydes of general type 67 

The second requirement for succinimides to be viable substrates in our proposed 

cycloaddition reactions pertains to the electrophilicity of the alkylated succinimide 

intermediates 299 towards intramolecular ring-opening (see Section 1.3.2) and the 

stability of the amide anion 300 formed after cyclisation (Scheme 2.3). Both of these 

factors rely on the electron-withdrawing capacity of the substituent at nitrogen – where 

the electrophilicity of the succinimide intermediate 299 would be increased by a –I 

inductive effect, and the stability of the anion 300 would be increased by a –M 

mesomeric effect.  Thus, we expected that derivatisation of the nitrogen moiety with a 

group which is strongly electron-withdrawing through both σ- and π-frameworks to 

favour cyclisation. 

2.1.2 Substrate synthesis and evaluation 

To corroborate the requirement for an enol-stabilising group, and to simultaneously 

gauge the influence of the N-substituent on enol stability, we first synthesised N-

substituted succinimides 303, 254 and 305 (Scheme 2.4).  These comprise a weakly 

electron donating methyl group (i.e. succinimide 303) and more strongly electron 

withdrawing groups such as phenyl and tosyl in substrates 254 and 305, respectively.   
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Scheme 2.4 Synthesis of N-substituted succinimides 

We then evaluated the reactivity of these succinimides in the reaction with 

benzaldehyde (4) and trifluoroacetophenone (86c) in the presence of catalyst 41 and 

DIPEA (used to promote the racemic reaction) respectively (Scheme 2.5). As discerned 

by comparison with an internal standard, no product formation was observed by 
1
H 

NMR spectroscopic analysis after three days at room temperature.  With an aim to 

developing a mild and highly selective cycloaddition reaction, heating the reaction 

mixture above room temperature to encourage reaction was deemed futile. Although the 

α-substitution of succinimides N-substituted with electron withdrawing groups only has 

not been documented in the literature, this preliminary screen suggested to us that α-

substitution would be necessary to further stabilise the enol form. 

 

Scheme 2.5 Evaluating the reactivity of N-substituted succinimides 

Thus, α-phenyl succinimide 307 was synthesised in moderate yield by a double 

condensation reaction between phenylsuccinic acid 306 and aniline (304) (Scheme 2.6, 

A).  The installation of a further enol-stabilising 4-nitrophenyl unit in succinimide 309 

was achieved via nitration of phenylsuccinic acid (306) prior to condensation with 

aniline (Scheme 2.6, B). 
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Scheme 2.6 Synthesis of α-arylated succinimides 

The reactivity of these more acidic substrates was evaluated in the same manner, using 

20 mol% DIPEA and 5 mol% of 41 respectively.  Again, no consumption of starting 

materials was observed by 
1
H NMR spectroscopic analysis after three days at room 

temperature (Scheme 2.7).  

 

Scheme 2.7 Evaluating the reactivity of α-arylated succinimides 

From these observations, we surmised that further enol-stabilisation could be achieved 

by installing more strongly electron withdrawing groups on the nitrogen atom – 

withdrawing electron density through the σ-framework also. With no existing literature 

precedent on the synthesis of such compounds, we experimented with methods of 

installing tosyl and p-nitrophenyl groups at nitrogen (Scheme 2.8).  We first attempted a 

synthesis of N-tosyl succinimides 311 and 312 using our previously adopted solvent-

free double condensation method by heating phenylsuccinic acid (306) and 4-

nitrophenylsuccinic acid 308 respectively with tosyl amide (310) – to no avail.  We 

posited that this was likely due to the poor nucleophilicity of 310.  Therefore, we 

decided to render starting material more electrophilic in synthesising the analogous 

diacid chloride 313 by heating 308 under reflux in neat thionyl chloride (Scheme 2.8).  

Disappointingly, no reaction was observed by 
1
H NMR spectroscopic analysis after the 

addition of tosyl amide (310) to 313 in the presence of DBU at 0 °C, so the reaction 
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mixture was heated under reflux for 3 h – observing no reaction still.  Since N-

tosylation reactions employing an electrophilic source of the tosyl moiety are far more 

common, we thought that it could be more effective to prepare the desired succinimides 

before attempting to install the tosyl moiety.  As a result, we successfully prepared 

succinimide 315 following a literature procedure
141

 which involves the double 

condensation of phenylsuccinic acid 306 with urea (314).  Unfortunately 315 would not 

undergo any N-tosylation with tosyl chloride in the presence of DBU.  Further to this, 

an attempt to synthesise N-4-nitrophenyl succinimide 317 involved heating 316 and 4-

nitrophenylsuccinic anhydride 52 under reflux in acetic acid – from which no product 

was observed after 24 h. 

 

Scheme 2.8 Attempted routes to N-tosyl/N-4-nitrophenyl, α-arylated succinimides 

As a result of these failed syntheses, we considered ‘switching’ the α- and N-

substituents in synthesising 322 – for which known procedures existed (Scheme 2.9).
142

  

We posited an α-sulfonyl moiety would still render the α-proton sufficiently acidic to 

facilitate catalyst mediated enolisation, as the cycloaddition reaction of the analogous 

succinic anhydride with imines had previously been reported.
143

  This approach would 

also allow for facile modification of the succinimide N-substituents. Thus, the 
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preparation of 322 began with the synthesis of N-phenyl maleimide (148) from an 

initial ring-opening of maleic anhydride (318) with aniline (304), followed by 

condensation with acetic anhydride.  Low temperature nitration of 148 afforded the 

desired para-nitro compound 319, which was easily purified by recrystallisation. 

Scheme 2.9 Synthesis of α-sulfonyl succinimide 322 

A subsequent conjugate addition of thiophenol (320) to 319 afforded the α-thioester 321 

in good yield, which was subsequently oxidised with m-CPBA to the novel α-sulfone 

322. 

At this stage we decided to remove trifluoroacetophenone (86c) from the reactivity 

screening process – reasoning that if aldehydes would not react, the less electrophilic 

ketones would not be likely to react either.  Thus we began with the evaluation of 

succinimide 322 with both benzaldehyde (4) and the even more electrophilic 4-

nitrobenzaldehyde (63) in the presence of 20 mol% DIPEA and 20 mol% of catalyst 

323 respectively (Scheme 2.10).  Disappointingly, no reaction was observed after 7 

days at room temperature. 

 

Scheme 2.10 Evaluating the reactivity of α-sulfonyl succinimide 322 

Since the analogous α-sulfonyl succinic anhydrides were reported to undergo 

cycloaddition with imines in the presence of bifunctional cinchona alkaloid derived 
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catalysts such as 323, we reasoned that the enol 322a may well be forming in situ and 

even undergoing an initial aldol-type addition to the aldehyde (Scheme 2.11), but the 

resulting 1,2-adduct 325 and cycloadduct 324 are relatively less stable than the starting 

materials – or the energetic barriers to such processes are too high to allow reaction to 

occur at room temperature. 

 

Scheme 2.11 Rationale to explain the lack of cycloaddition between 322 and 4 

Considering a possible scenario in which an initial aldol-like addition of 322 to 

aldehyde 4 was taking place but cyclisation to 324 was not possible due to poor stability 

of the conjugate base of the amide formed, we sought to further stabilise the product by 

substitution with a tert-butyloxycarbonyl group in the synthesis of 328 (Scheme 2.12).  

The synthesis began with boc-protection of commercially available maleimide (261), 

followed by conjugate addition of thiophenol (320) and subsequent oxidation with m-

CPBA as demonstrated in the synthesis of 322 previously. 

 

Scheme 2.12 Synthesis of N-boc-α-sulfonyl succinimide 358 

Subsequent evaluation of the reactivity of 328 with aldehydes 4 and 63 yielded the 

same results – no conversion to product in either the catalytic or racemic reaction after a 

week at room temperature (Scheme 2.13). 
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Scheme 2.13 Evaluation of reactivity of N-boc-α-sulfonyl succinimide 328 

To confirm whether these α-sulfonyl substituted succinimides were undergoing 

enolisation in the presence of catalyst and/or DIPEA, we decided to employ them in a 

reaction with a known Michael acceptor – 334 – frequently utilised in our research 

group in the organocatalytic Tamura cycloaddition with homophthalic anhydrides.
94

 

This Michael acceptor was synthesised via a Wittig reaction between ylide 332 and the 

ketone moiety of commercially available ketone 333 (isatin), followed by in situ boc 

protection to afford 334 in good yield (Scheme 2.14).  Ylide 332 was prepared in two 

steps starting with the formation of phosphonium salt 331 – acquired by the reaction 

between ethylbromoacetate (330) and triphenylphosphine.  Treatment of 331 with a 0.5 

M solution of sodium hydroxide formed the stabilised ylide 332 in quantitative yield. 

 

Scheme 2.14 Synthesis of alkylidine oxindole 334 

Succinimide 322 was then reacted with 334 in the presence of 20 mol% of catalyst 323, 

which proceeded to 55% conversion with respect to starting materials by 
1
H NMR 

spectroscopic analysis after 5 days at room temperature.  Purification of the reaction 

mixture allowed the isolation of the Michael adduct 335 bearing three contiguous 

stereocentres in 19% isolated yield, a dr of 95:5 and 40% ee (Scheme 2.15).  This result 

proved to us that α-sulfonyl substitution renders 322 acidic enough for the catalyst to 

effectively manipulate the keto-enol equilibrium, allowing for Michael-type addition to 

334.   
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Scheme 2.15 Evaluation of reactivity of succinimide 322 with alkylidine oxindole 334 

 

We reasoned that the lack of concomitant cycloaddition to afford 336 (Scheme 2.16) 

was due to the fact that a) the N-substituent in 335 does not render the succinimide 

carbonyl in the Michael adduct electrophilic enough and b) the N-substituent does not 

sufficiently stabilise the conjugate base of the product to render ring-closure an 

energetically favoured process (Scheme 2.16).   

 

Scheme 2.16 Rationale for no observed cycloaddition 

Based on this rationale, we then evaluated succinimide 328, substituted with the more 

electron-withdrawing Boc-group at nitrogen (Scheme 2.17). 
1
H NMR spectroscopic 

analysis of the crude reaction mixture after 1 week at room temperature revealed 

conversion to the Michael adduct 337 in 40% yield with respect to an internal standard, 

with no observed cycloaddition. 
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Scheme 2.17 Evaluation of the reactivity of succinimide 328 with alkylidine oxindole 

334 

Having established that α-sulfonyl substitution allows succinimide substrates to become 

efficient C-nucleophiles in the presence of an organocatalyst, we decided to maintain 

this feature and look to further increase the electron-withdrawing capacity of the N-

substituents to aid cycloaddition.  We first proposed N-OMe succinimide 338, as N-OH 

succinimide 248 has been reported to undergo mild (room temperature) ring-opening 

reactions
128

 (see Section 1.3.2). It is worth mentioning that we chose N-OMe 

substitution as opposed to N-OH as to avoid potential complicating HB interactions 

with the catalyst.  Furthermore, any potential cycloaddition products formed from the 

reaction of 338 would possess an exocyclic Weinreb amide moiety, possessing 

considerable synthetic utility.
144

 

With no existing literature precedent for the synthesis of 338, a brief retrosynthetic 

analysis was carried out – identifying three possible routes for its synthesis (Scheme 

2.18).  The first, route A, involves a basic α-substitution of succinimide 340 with an 

electrophilic sulfone e.g. via reaction with benzenesulfonyl chloride 342.  Route B 

would resemble our previous two succinimide syntheses by carrying out a conjugate 

addition of thiophenol (320) to N-methoxy maleimide 344 (for which there has been 

reported a multiple step procedure) followed by oxidation. 
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Scheme 2.18 Retrosynthetic analysis of substrate 338 

 

Since route A would involve fewer steps to reach 338, we first treated N-

hydroxysuccinimide 248 with sodium hydride, followed by addition of methyl iodide – 

to which no consumption of starting materials was observed (Scheme 2.19).  This 

approach was therefore abandoned. 

 

Scheme 2.19 First attempted synthesis of 338 via 340 

  

We then executed the lengthier route B, first synthesising N-methoxymaleimide 344 

according to a reported procedure
145

 beginning with a Diels-Alder reaction between 

furan (345) and maleic anhydride (318) to afford cycloadduct 346 (Scheme 2.20).  This 

was subsequently treated with hydroxylamine (347) in situ to afford the N-hydroxy 

cycloadduct 348 in 62% yield over two steps.  N-methylation of 348 afforded the 

intermediate 349, which was then pyrolysed at 180 – 185 °C, undergoing a retro-Diels-

Alder reaction to afford N-methoxymaleimide 344 in 40% yield over two steps. 

Maleimide 344 then underwent a conjugate addition with thiophenol (320), affording 

sulfide 350, followed by oxidation with m-CPBA to furnish α-sulfonyl-N-methoxy 

substrate 338 in 5% yield over 6 steps.  Although this route was long and poor yielding, 

it guaranteed the synthesis of 338.  We considered that if this substrate did not undergo 
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our desired cycloaddition reaction, devising an alternative route before confirming its 

reactivity would be futile. 

 

Scheme 2.20 Synthesis of substrate 338 

With 338 in hand, its reactivity was first examined in the reaction with benzaldehyde 

(4) in the presence of 20 mol% of catalyst 323 (Scheme 2.21, A).  With no reaction 

being observed after 3 days at room temperature, we progressed onto evaluating its 

reactivity with alkylidine oxindole 334 (Scheme 2.21, B).  In the presence of 20 mol% 

of catalyst 323, full conversion to 352 was observed after 3 days at room temperature.  

It thus appeared that, according to our postulated requirements for cycloaddition, N-

OMe substitution provided neither adequate carbonyl electrophilicity nor stabilisation 

of the conjugate base of 354.  In an attempt to encourage cycloaddition, half of the 

reaction mixture was added to lithium carbonate (0.5 equivalents) at room temperature.  

We envisaged that a lithium cation may activate the carbonyl moiety of the 

succinimide, while the carbonate may facilitate enolisation of the oxindole carbonyl 

(353, Scheme 2.21, B), however no trace of the cycloadduct 354 was observed by 
1
H 

NMR spectroscopic analysis after 20 hours.  We then heated the reaction mixture under 

reflux to see if the energetic barrier to cyclisation could be overcome – after which we 

observed the reappearance of the starting materials 334 and 338 in a retro-Michael type 

process.  This suggested that the cycloadduct 354 (if formed) is less thermodynamically 

stable than the Michael adduct 353, and that the Michael adduct 353 is less 

thermodynamically stable than the starting materials 334 and 338. 
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Scheme 2.21 A: Evaluation of reactivity of substrate 338 with benzaldehyde (4). B: 

Evaluation of substrate 338 with 334, with attempts to promote 

cycloaddition 

In a final attempt to develop a substrate which might undergo cycloaddition, we 

considered N-tosyl-α-sulfonyl substrate 355, which we hoped would be acidic enough 

to undergo enolate formation and also electrophilic enough an imide to participate in 

cycloaddition.  Given our previous difficulties in synthesising N-tosyl succinimides 

(Scheme 2.8, vide supra), we decided to make the same disconnection as had proven 

synthetically viable with previous substrates, i.e by conjugate addition of thiophenol 

320 to the maleimide 356 followed by oxidation in the forward sense (Scheme 2.22).  

 

Scheme 2.22 Retrosynthetic analysis of substrate 355 
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This first entailed a synthesis of N-tosyl maleimide 356, for which there existed no 

reported procedures.  Therefore, we first attempted to tosylate maleimide 261 by 

deprotonation with sodium hydride followed by addition of tosyl chloride (Scheme 

2.23). To our surprise, this yielded a small amount of product 356 (5%), despite 

performing the reaction in anhydrous conditions with fresh reagents.  It could be argued 

that the sodium salt of the maleimide anion 261a/261b/261c is particularly stable, 

greatly reducing its nucleophilicity thereby resulting in a poor yield. 

 

Scheme 2.23 Attempted synthesis of 356  

We thus adopted another approach to the synthesis of 355, starting with methanolysis of 

maleic anhydride 318, to afford 357 in near quantitative yield, followed by formation of 

the acid chloride 358 by treatment with oxalyl chloride and DMF (Scheme 2.24).  To 

the reaction mixture containing 358 was added tosyl amide (310) and DBU, affording 

the amide 359 in moderate yield.  The methyl ester moiety of 359 was then hydrolysed 

to carboxylic acid 360, to which 361 was added in an aqueous conjugate addition to 

afford 362.  A final ring-closure step using trifluoroacetic anhydride afforded target 

succinimide 355. 

 

Scheme 2.24 Synthesis of N-tosyl-α-sulfonyl substrate 355 
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Evaluation of the reactivity of 355 with benzaldehyde (4) in the presence of 10 mol% of 

catalyst 323 resulted in no reaction after 3 days at room temperature (Scheme 2.25, A), 

therefore Michael acceptor 334 was examined under the same conditions, to which no 

conversion to product was observed after a week at room temperature (Scheme 2.25, 

B).  This result was at first surprising, as we considered 355 to be the most α-acidic 

substrate synthesised thus far, therefore facile tautomerisation to the enol resulting in 

Michael addition to afford 364 was to be expected.  We later speculated that the enolate 

of 355 may be ‘too stabilised’ by a strong –I effect from the N-tosyl substituent, 

rendering it insufficiently nucleophilic.   

 

Scheme 2.25 A: Evaluation of the reactivity of N-tosyl-α-sulfonyl substrate 355 in 

reaction with benzaldehyde 4 and alkylidine oxindole 334 (B) 

2.1.3 Conclusions 

In summary, an organocatalytic cycloaddition reaction employing succinimides as 

anhydride surrogates in the reaction between succinic anhydrides and various 

electrophiles remains elusive.  However, these studies have provided valuable insight 

into the required substrate reactivity on the way to the development of such a process.  

We first corroborated the requirement of enol-stabilising α-substitution in order to 

render succinimides C-nucleophilic towards electrophiles in observing a Michael-type 

addition of α-sulfonyl succinimides to alkylidine oxindole 334.  We then found that in 

the case of N-OMe succinimide 338 (vide supra), the starting materials are more 

thermodynamically stable than the Michael adduct and cycloadduct.  Aiming to render 

the conjugate base of the potential cycloadduct more stable; we employed N-Ts 

succinimide 355, which resulted in no reaction at all.  We considered this substitution to 
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be too electron withdrawing – rendering the succinimide non-nucleophilic.  From these 

efforts, it appears to us that an ideal substrate would render the cyclisation product more 

stable than the starting materials by adequate stabilisation of the conjugate base (e.g. 

367, Scheme 2.26) without compromising the nucleophilicity of the starting material 

(365a, Scheme 2.26).  It seems that this may require fine-tuning of the electronic 

characteristics of the N-substituent.  

 

Scheme 2.26 Postulated requirements for succinimide ‘anhydride surrogates’ to 

undergo cycloaddition  
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2.2 Investigations into the mechanism of the Tamura cycloaddition  

As outlined in Section 1.1.1.3, the mechanism of the Tamura cycloaddition between 

homophthalic anhydride 13 and activated alkenes/alkynes (e.g. 128) has remained 

elusive since the discovery of the process in 1981.
1,80

  Mechanistic studies carried out 

by Tamura et al.
81,82,83

 gave strong evidence for the likelihood of pathway A (Scheme 

2.27), but could not completely rule out pathway B (Scheme 2.27), thus the Diels-Alder 

involving dienol 13b has become the generally accepted mechanism since.  The process 

went on to be referred to as ‘The Tamura Diels-Alder reaction’;
87

 however, concerns 

regarding the mechanism later appeared in the scientific literature.  Most notable among 

these concerns was expressed by Smith and Atigadda
91

 within their publication of a 

triethylamine mediated Tamura cycloaddition in which they stated “such conditions 

may involve an alternative mechanism.” 

 

Scheme 2.27 Tamura’s proposed mechanistic pathways for cycloaddition 

In 2014 our research group disclosed the first organocatalytic asymmetric variant of this 

reaction involving alkylidine oxindoles as electrophiles,
94

 which was closely followed 

by a number of processes which expanded the scope with respect to the electrophilic 

component (see Section 1.1.3.4).
95,96,97 

For the synthetic potential of this protocol to be 

realised, we considered a clarification of the amine base-mediated variant to be of great 

value.  Thus, we went about a joint experimental-computational investigation to 

distinguish the true mechanistic pathway of those posited by Tamura, with Dr. Cristina 

Trujillo carrying out the theoretical/computational segment.  
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2.2.1 Investigations involving homophthalic anhydride 

Our study began by examining the reaction between substrates that Tamura had 

reported to undergo efficient thermal cycloaddition: homophthalic anhydride (13) and 

N-phenyl maleimide (148).  Anhydride 13 was first synthesised by a self-condensation 

of commercially available homophthalic acid (368) in acetic acid under reflux (Scheme 

2.28, A).  Maleimide 148 was synthesised according to a two-step literature procedure, 

first ring-opening maleic anhydride (318) with aniline (304), followed by self-

condensation of the resulting maleanilic acid under reflux in acetic anhydride (Scheme 

2.28, B). 

 

Scheme 2.28 A. Synthesis of homophthalic anhydride (13) B. Synthesis of N-

phenylmaleimide (148)  

Not only for comparison with Tamura’s original cycloaddition, we selected maleimides 

as privileged electrophiles for probing the mechanism of this reaction as they have been 

reported to behave as both efficient Michael acceptors and dienophiles in 

organocatalytic processes (see Section 1.2).  Therefore, if the reaction was indeed to 

proceed via pathway B we posited that we may be able to observe Michael addition 

products by judicious substrate design. To maximise the chances of observing these key 

intermediates, DIPEA was employed to allow the reaction to occur under milder 

conditions less likely to favour decarboxylation processes.  In the presence of 20 mol% 

DIPEA, the reaction between 13 and 148 in THF proceeded smoothly – affording the 

annulated tricyclic product 369 as a single diastereomer in high yield after 20 h at room 

temperature (Scheme 2.29).  However, the product of Michael addition of the enol form 

of 13 (13a) to 148 (i.e. 370) was not observed by 
1
H NMR spectroscopic analysis of the 

crude reaction mixture. 
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Scheme 2.29 Cycloaddition between homophthalic anhydride (13) and N-

phenylmaleimide (148) in the presence of DIPEA 

We posited the absence of 370 could be explained by a rapid cyclisation to 369 on the 

timescale in which NMR spectroscopic analysis is carried out.  In an attempt to stabilise 

the Michael addition product we decided to introduce an electron-withdrawing N-

substituent by synthesising N-Boc maleimide 326 (synthesis detailed in Section 2.1.2).  

Unfortunately, under the same conditions the reaction between 326 and 13 yielded the 

cycloadduct 372 as one diastereomer (371 underwent in situ deprotection under acidic 

work-up conditions), with no Michael adduct 373 being observed in the crude reaction 

mixture (Scheme 2.30). 

 

Scheme 2.30 Cycloaddition between homophthalic anhydride (13) and N-

Bocmaleimide (326) in the presence of DIPEA 

Based on these preliminary results, Dr. Trujillo went about a DFT theoretical study on 

the reaction between 326 and 13 in THF at 298K.  As a means of simplifying the 

calculations, the energy profile was calculated with trimethylamine (TMA) as the base 

instead of DIPEA.   First considering pathway C (Scheme 2.31), which Tamura deemed 

the most unlikely in the thermal reaction, the barrier to an initial extrusion of carbon 

dioxide from homophthalic anhydride (e.g. 13145) at room temperature was 

calculated to be above 100 kcal mol
-1

, thus precluding the possibility of this 

mechanism. 
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Scheme 2.31 Pathway C ruled out due to large barrier to CO2 extrusion at room 

temperature 

In order to describe the free energy profile for both pathways A and B, the first minima 

corresponding to the deprotonation of 13 by the base were those of the 

trimethylammonium enolates in complex with 326 (Scheme 2.32). These revealed the 

enolate associated with Pathway B (i.e. 13a-326) to be 3.5 kcal mol
-1

 more stable than 

the corresponding enolate 13b-326 required for Pathway A. 

 

Scheme 2.32 Trimethylammonium enolates associated with pathways A and B 

In investigating pathway A, where deprotonation by the amine in the presence of 

dienophile 326 gives rise to the complex 13b-326, Dr. Trujillo went about locating a 

[4+2], Diels-Alder type transition state (TS), however, calculations led to the 

corresponding complex prior to conjugate addition: a concerted Diels-Alder type TS 

was never found. Therefore, it can be concluded that for this studied reaction, both 

Pathways A and B are stepwise addition mechanisms which begin with a rate-
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determining Michael-type addition of the homophthalic anhydride-derived enolate 

(after deprotonation) to the dienophile (i.e. 13b-326 and 13a-326 reacting, respectively. 

Pathway B, which possesses the lower energy enolate-dienophile complex 13a-326, 

proceeds to form the adduct 373-NMe3 (vide supra), which then cyclises (essentially 

irreversibly under these conditions) to the stable product 371-NMe3. Thus, while it 

appears that a Diels-Alder mechanism cannot be utilised to rationalise the base-

mediated reaction, the assertion by Tamura that a less stable enol (i.e. 13b) could 

participate in the process certainly has merit.  

 

The small energy difference between the starting materials and 371-NMe3 prompted us 

to attempt to stabilise the enolate through the introduction of a phenyl unit - with the 

aim of detecting the Michael-type adduct intermediate. Maleimide 376 was synthesised 

by first heating the commercially available phenyl maleic anhydride 374 under reflux 

with anhydrous ammonium acetate in glacial acetic acid to afford α-phenylmaleimide 

375 (Scheme 2.33).  Subsequent N-Boc-protection of 375 afforded 376 in 60% yield.  

 

Scheme 2.33 Synthesis of N-Boc-α-phenylmaleimide 376 

Maleimide 376 was then reacted with 13 in the presence of 20 mol% DIPEA at room 

temperature.  As such, full conversion to the Michael adduct as its enol tautomer (i.e. 

377a-b) was observed as a 1:1 mixture of cis and trans diastereomers after 3 days 

(Scheme 2.34).  Adduct 377 proved remarkably resistant to hydrolysis: after addition of 

a large excess of water (75 equivalents) followed by EtOAc and extraction with 

aqueous NaHCO3, significant levels of the diastereomeric keto tautomers 378a-b 

remained in the organic phase.  Standard flash column chromatography appeared to 

cause decomposition of these Michael adducts as they did not elute - possibly due to 

hydrolysis of the anhydride moiety.  We later found that the use of an automated flash 

chromatographic purification system (Biotage SP4) using a high performance 

prepacked silica cartridge eluting in a steady gradient of EtOAc from 100% hexanes 

allowed for their separation.  
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Scheme 2.34 Isolation of Michael adducts 410a-b and derivatisation as bis-ester 411  

The 
1
H and 

13
C NMR spectra of 378a-b were unambiguous, however only fragments 

post-hydrolysis and decarboxylation could be detected by mass spectrometry. 

Therefore, the hydrolysed carboxylate products in the aqueous phase were protonated, 

extracted and esterified with TMSCHN2, which allowed the isolation and 

characterisation of the N-methylated bis-methyl ester adduct 379.  Subsequent 

crystallisation and X-ray diffraction analysis was able to confirm the relative 

stereochemistry of the major diastereomer observed by NMR spectroscopy. (Figure 

2.1). 

  

Figure 2.1 Crystal structure of the major diastereomer of the Michael adduct 

derivative 379 
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In an attempt to force 377 to undergo cyclisation, the reaction was repeated under reflux 

(Scheme 2.35).  Surprisingly, full conversion to the keto form of the Michael adduct 

(i.e. 378b) was observed after 20 hours, present as one diastereomer in 60% yield by 
1
H 

NMR spectroscopic analysis with respect to an internal standard.  This species was 

trapped for characterisation in a more straightforward fashion after the addition of p-

anisidine (380) – which first ring opens the anhydride and then forms the imide 381 as a 

single diastereomer after heating for 20 h. 

 

Scheme 2.35 Attempt to encourage cycloaddition by heating 13 and 376 under reflux, 

followed by derivatisation of the observed Michael adduct 378b as imide 

381 

The observed reluctance of 377 to cyclise was next investigated computationally: Dr 

Trujillo carried out a study of the amine-catalysed reaction (Pathway B only) involving 

13 and 376. Unexpectedly, the calculated free energy profile predicted that cyclisation 

should be a facile process for both diastereomers (378a-b, Figure 2.2) - in stark contrast 

to the experimental data.  

 

Figure 2.2 PES for the formation of both diastereomers in pathway B   
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Upon inspection of the calculated TS for the cyclisation of the conjugate base of 378b 

catalysed by NMe3 (i.e. 383, Figure 2.3); it can be seen that the ammonium ion is 

located in between the reacting anhydride and enolate and facilitates the transfer of 

charge by being hydrogen-bound to both. All attempts to obtain the same TS with 

protonated DIPEA positioned between both oxygen atoms (i.e. 384) failed. We posited 

that while the trimethylamine base (chosen to simplify calculations, vide supra) is 

sufficiently small to be straddled by the closing functionalities when protonated, the 

larger DIPEA used in the experimental study experiences steric clashes with the 

reacting functional groups of sufficient magnitude to prevent cyclisation.  

 

Figure 2.3 Transition states associated with the cyclisation step 

The initial decision to choose NMe3 as a base in the DFT study was quite fortuitous - as 

it now provided an opportunity to validate the calculated pathway experimentally. 

Calculations indicated that DIPEA failed to promote the cyclisation reaction primarily 

for steric reasons, so use of an amine base of similar size to NMe3 (but preferably less 

volatile) should lead to the calculated cyclised keto-acid product.  Gratifyingly, 

exchange of DIPEA for the similarly basic but smaller N-methylpyrrolidine (385) 

(Scheme 2.36) in the reaction between 13 and 376 led to quantitative conversion to 

cyclised product 382 after 1 h reaction time. Liberation of the amine-bound carboxylic 

acids with an aqueous solution of citric acid followed by extraction afforded a mixture 

of diastereomers in a ratio of 3:2.  Derivatisation of the mixture by esterification with 

TMSCHN2 allowed the separation of the diastereomers 382a and 382b (with retention 

of dr) in a combined isolated yield of 93%.   
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Scheme 2.36 N-methylpyrrolidine (385) catalysed cycloaddition 

X-ray diffraction analysis of 382b later confirmed its relative stereochemistry to be 

anti, as depicted in Figure 2.4. 

  

Figure 2.4 Crystal structure of 382b 

 

2.2.2 Investigations involving other enolisable anhydrides – succinic anhydrides  

Having obtained a clearer understanding of the stepwise mechanism of the base-

catalysed Tamura cycloaddition between maleimides and homophthalic anhydride, we 

were interested in evaluating the reactivity of other enolisable anhydrides – in particular 

succinic anhydrides in which the formation of a dienol species such as 13b is not 

possible.  Therefore, we synthesised p-nitrophenylsuccinic by nitrating commercially 

available phenylsuccinic acid (306) in fuming nitric acid to afford diacid 308, followed 

by self-condensation in acetyl chloride under reflux conditions to afford 52 in moderate 

yield (Scheme 2.37). 

 

Scheme 2.37 Synthesis of p-nitrophenylsuccinic anhydride 52 
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Anhydride 52 was then reacted with N-Boc maleimide (326) in the presence of a 

catalytic amount of DIPEA – leading to full conversion to the single diastereomer 

Michael adduct 386 bearing two contiguous stereocentres after 20 h at room 

temperature (Scheme 2.38).  

 

Scheme 2.38 Amine-catalysed α-substitution of p-nitrophenylsuccinic anhydride (52) 

 

An attempt to derivatise this adduct by hydrolysis caused 386 to precipitate as a white 

solid (also a single diastereomer). Interestingly - mirroring the situation observed in the 

corresponding reaction using 13 - the fused bicyclic product 387 was not observed 

using DIPEA as the base. To the best of our knowledge this represents the first example 

of a catalytic α-substitution reaction involving the enolisation of an anhydride substrate 

under mild neutral conditions. If a suitable catalyst system can be designed, this opens a 

route to the organocatalytic generation of enantioenriched chiral anhydride electrophilic 

synthetic building blocks of considerable potential utility. 

 

2.2.3 Conclusions  

In summary, a joint experimental-computational study has been able to establish a 

single mechanism of the base-catalysed Tamura cycloaddition between homophthalic 

anhydride and Michael acceptors from three possible pathways postulated by Tamura 

thirty-eight years ago - which has remained an unsolved question since. DFT-analysis 

was able to rule out an initial CO2-extrusion mechanism (Pathway C) and then indicated 

that a stepwise mechanism involving initial attack of an anhydride enolate on the 

Michael acceptor was the only feasible path to the product. Under forcing thermal 

conditions in the absence of base, both concerted and stepwise pathways are feasible.  

 

The introduction of a phenyl substituent on the maleimide alkene allowed the detection 

of the intermediate Michael adducts 377a-b prior to cyclisation and the isolation and 

characterisation of their derivatives. This represents an unprecedented -substitution 
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reaction of anhydrides under soft enolisation conditions to generate products with 3 new 

contiguous stereocentres with excellent diastereocontrol. These products can be 

transformed into more stable densely functionalised building blocks (for instance, for 

use (inter alia) in the construction of chiral succinimides and pyrrolidines) with ease. 

For over a century, anhydrides have been considered electrophilic reagents almost 

exclusively. This study highlights the potential of expanding the repertoire of these 

materials via manipulation of their nucleophilic enols without (for the first time) 

disruption of the anhydride unit. This holds promise as a powerful methodology for the 

α-C-H activation of appropriate dicarboxylic acid derivatives in the presence of a bulky 

amine base. 

 

Calculations indicated that the failure of 377a-b to cyclise was related to the bulk of the 

amine catalyst, and predicted that a base more akin in size to trimethylamine would 

promote the formation of the Tamura product. This was then confirmed experimentally 

– providing in the process an extraordinary level of confidence in the theoretical picture 

of the reaction mechanism. The unambiguous elucidation of the stepwise conjugate 

addition mechanism under basic conditions (38 years after the development of the first 

Tamura reactions) should inform and accelerate future chiral catalyst design in the 

search for broader scope variants of this potentially very powerful but hitherto largely 

unutilised asymmetric C-C bond forming transformation.  
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2.3 Development of asymmetric organocatalytic reactions between enolisable       

anhydrides and maleimides   

2.3.1 Homophthalic anhydrides with maleimides 

Having previously developed an amine base-catalysed Tamura cycloaddition reaction 

between homophthalic anhydride (13) and maleimides during studies towards 

understanding the mechanism (Section 2.2), we posited that this process may be 

amenable to asymmetric induction via organocatalysis.  As described in Section 1.2, 

maleimides have been widely employed in asymmetric organocatalytic Michael 

additions and cycloadditions – generally being activated by HB donation from a Lewis 

acidic catalyst.
99

 The chiral succinimides generated from these transformations are 

structural motifs found in an array of biologically active molecules, and may also be 

used to access chiral pyrollidines and γ-lactams.  

We began our attempts to develop an asymmetric process by reacting N-

phenylmaleimide (148) with homophthalic anhydride (13) in the presence of 5 mol% 

catalyst 41 in THF at room temperature (Scheme 2.39), while running an uncatalysed 

control reaction simultaneously.  The catalytic reaction proceeded with full conversion 

to product 369 as one diastereomer in 4 days at room temperature with respect to an 

internal standard by 
1
H NMR spectroscopic analysis.  However, during this time 55% 

conversion was observed in the uncatalysed reaction.  To allow for CSP-HPLC 

analysis, 369 was esterified in situ using TMS-diazomethane – affording the desired 

methyl ester 389, along with the methyl enol ether 388 and a number of unidentifiable 

side products observed by TLC and 
1
H NMR spectroscopic analysis of the crude 

reaction mixture. 
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Scheme 2.39 Evaluation of catalytic Tamura cycloaddition between 148 and 13 in the 

presence of 41 

In an attempt to minimise the level of uncatalysed background reaction relative to the 

catalytic reaction, we monitored the reaction at reduced temperatures (Table 2.1). 

Table 2.1 Attempts to minimise background reaction relative to the catalytic 

reaction 

Entry Temperature (°C) Conversion after 7 days (%)
a 

 

    

  Catalysed reaction Control reaction 

1 rt 100 64 

2 0 50 25 

3 -30 15 7 
a
Conversion determined by 

1
H NMR spectroscopic analysis using p-iodoanisole as an internal standard. 

As shown in Table 2.1, the rate of the background reaction relative to the rate of the 

catalytic reaction could not be diminished by reducing the temperature, as the rate of 

the catalytic reaction became extremely slow – rendering this an impractical process.  

Due to the high acidity of the product 369, we considered the installation of a methyl 

group by synthesising maleimide 391 (Scheme 2.40) which may prevent 

tautomerisation by forming an all carbon quaternary stereocentre in the product. 
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Maleimide 391 was synthesised according to a literature procedure
146

 by heating 

commercially available citraconic anhydride 390 with 1 equivalent of aniline (304) to 

90 °C in acetic acid.  

 

Scheme 2.40 Synthesis of maleimide substrate 391 and postulated regioselective 

Michael-type addition of 13a to 391 

Having established that the mechanism of the reaction proceeds via an initial Michael-

type addition of the anhydride to the maleimide (Section 2.2), we would expect the enol 

13a to attack the least sterically hindered and more electrophilic end of the maleimide 

391 – leading to a regioselective cycloaddition (Scheme 2.40). This substrate 

modification appeared to us prudent also as we imagined it would render the maleimide 

less electrophilic overall – possibly reducing the level of background reaction relative to 

the catalytic reaction. 

Thus, 391 was reacted with homophthalic anhydride (13) in the presence of 5 mol% of 

catalyst 41, while running a control reaction in the absence of catalyst simultaneously 

(Scheme 2.41).  As expected, the reaction was considerably slower – taking 11 days to 

reach 84% conversion at room temperature, during which time the reaction in the 

absence of catalyst surprisingly proceeded to full conversion.  Due to a complex 
1
H 

NMR spectrum of the crude material which precluded the immediate identification of 

carboxylic acid products, we esterified the catalytic reaction mixture in situ with TMS-

diazomethane, which allowed for the isolation of regioisomeric products 392 and 393 in 

poor yields, among a multitude of other unidentifiable side-products.  At this stage we 

postulated that such levels of decomposition may be attributable to the acidic α-proton 

formed in the carboxylic acid precursor to 393, which may render the product prone to 

various rearrangements and side-reactions upon exposure to TMSCHN2.  
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Scheme 2.41 Evaluation of catalytic Tamura cycloaddition between 391 and 13 in the 

presence of 41 

With this in mind, we posited that bis-methyl substitution to the maleimide substrate 

may be able to circumvent issues pertaining to poor regiocontrol and decomposition 

while simultaneously bringing about a greater difference in the rate of background and 

catalytic reactions.  We therefore synthesised maleimide 395 by the same procedure 

used in the synthesis of 391 – heating commercially available anhydride 394 under 

reflux with aniline (304) in acetic acid (Scheme 2.42, A).  Subsequent evaluation of 395 

in the reaction with homophthalic anhydride (13) in the presence of 20 mol% DIPEA 

and 5 mol% catalyst 41 in parallel showed no conversion to the expected product 396 

by 
1
H NMR spectroscopic analysis after a week at room temperature (Scheme 2.42, B).  

We thus posited that the extra methyl substitution in 395 had greatly diminished the 

electrophilicity of the maleimide double bond – rendering it unreactive at room 

temperature.  We considered that elevated temperatures may encourage cycloaddition 

but would undoubtedly compromise the future enantioselectivity in the catalytic 

process.  

 

Scheme 2.42 A: Synthesis of 395. B: Attempted catalytic Tamura cycloaddition 

between 395 and 13 in the presence of 41 and DIPEA separately  
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As a result, we sought to increase the electrophilicity of the maleimide double bond 

while retaining the bis-methyl groups in substituting the nitrogen atom with a more 

electron-withdrawing group – tert-butyloxycarbonyl. Maleimide 398 was synthesised 

by Boc-protecton of 397, which in turn was synthesised by heating commercially 

available anhydride 394 and anhydrous ammonium acetate under reflux in glacial acetic 

acid (Scheme 2.43, A). Maleimide 398 was then evaluated as a substrate for the 

cycloaddition reaction under the same conditions in the presence of catalyst 41 and 

DIPEA. Unfortunately, no conversion to 399 was observed by 
1
H NMR spectroscopic 

analysis of the crude reaction mixture after one week at room temperature (Scheme 

2.43, B). 

 

Scheme 2.43 A: Synthesis of 398. B: Attempted catalytic Tamura cycloaddition 

between 398 and 13 in the presence of 41 and DIPEA in parallel 

Previously having observed regioselective Michael- and cycloadditions between N-Boc-

α-phenylmaleic anhydride 376 and homophthalic anhydride (13) in studies towards 

understanding the mechanism of the Tamura cycloaddition (see Section 2.2), we 

considered that these reactions may be amenable to asymmetric induction via 

organocatalysis without issues associated with derivatisation. Therefore, 376 was 

reacted with 13 in the presence of 10 mol% of squaramide catalyst 400 (provided here 

by Dr. Romain Claveau), alongside a control reaction (Scheme 2.44).  It is worth noting 

that for the purpose of evaluating the amenability of a reaction to organocatalysis, we 

were not initially concerned with choice of catalyst. We considered that if the reaction 

was amenable to asymmetric induction with any cinchona alkaloid based bifunctional 

catalyst which was to hand in the laboratory; a catalyst screening and design process 

would follow.   
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After 3 days at 0 °C, full consumption of the starting materials 376 and 13 was 

observed by 
1
H NMR spectroscopic analysis, and the reaction mixture was esterified in 

situ using TMS-diazomethane in the presence of methanol.  To our surprise, 

cycloadducts 382a and 382b were isolated in a combined yield of 74% with no 

observance of the expected Michael adduct derivative 401.  Monitoring the control 

reaction found the uncatalysed reaction to have reached 60% conversion in this time, 

which explained the poor enantioselectivity observed. 

 

Scheme 2.44 Evaluation of the reaction between 376 and 13 in the presence of catalyst 

400 at 0 
o
C 

2.3.2 Glutaconic anhydride derivatives with maleimides 

Having our efforts to develop a highly selective Tamura cycloaddition between 

homophthalic anhydrides and maleimides hampered by uncontrollable background 

reactions, we considered the employment of less acidic glutaconic anhydride 

derivatives; as employed in our research group previously.
94 

These investigations began 

with the synthesis of phenyl glutaconic anhydride 406 via the literature procedure as 

described in Scheme 2.45.
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Scheme 2.45 Synthesis of phenyl glutaconic anhydride 406 

We first carried out a control reaction between 406 and maleimide 148 in THF (0.1 M). 

Gratifyingly, no uncatalysed reaction was observed after a week at room temperature.  

Subsequently, we executed a racemic reaction in the presence of 20 mol% DIPEA 

(Scheme 2.46, A), which revealed full conversion to what appeared to be the 

decarboxylated cycloadduct 407 by 
1
H NMR spectroscopic analysis after 20 hours at 

room temperature – analogous to the reaction involving alkylidine oxindoles developed 

in our research group previously (see Section 1.1.3.4.1).  Purification of 407 was not 

possible due to presumed tautomerisation to 407a on silica gel – causing streaking and 

co-elution of all impurities. 

 

Scheme 2.46 A: DIPEA-catalysed decarboxylative cycloaddition between 148 and 

406. B: Low temperature DIPEA-catalysed cycloaddition with reduced 

levels of decarboxylation. 

We posited that reduction of the reaction temperature might be able to suppress the 

observed decarboxylation event, and in situ esterification of the carboxylic acid moiety 
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alongside enol-etherification (as observed in the analogous reaction with homophthalic 

anhydride, vide supra) would afford a product bearing two contiguous stereocentres.  At 

-30 °C this came to fruition, whereby cycloadduct 408 was isolated in 21% yield 

(Scheme 2.46, B).  However, when the catalytic process performed in the presence of 

10 mol% of 41 at -30 
o
C led to an impractically slow reaction, where only 10% 

conversion was observed after 2 weeks. 

Having observed no uncatalysed background reaction to be taking place in reactions 

employing 406, we again considered the use of α-substituted maleimides which would 

form an all-carbon quaternary stereocentre in the products.  Having found homophthalic 

anhydride (13) to react with N-phenyl-α-methyl maleimide 391 with poor regiocontrol, 

we decided to evaluate the α-phenyl substrate 376 (Scheme 2.47).  We hoped that by 

performing the reaction at 0 °C we may be able to supress decarboxylation without 

rendering the process too slow.  However, in the presence of catalyst 400, full 

conversion was observed after 2 weeks, which afforded the decarboxylated cycloadduct 

409 as the sole product in 46% ee. 

 

Scheme 2.47 Decarboxylative organocatalytic Tamura cycloaddition between 376 and 

406  

Although the observed ee of 409 was initially encouraging, we deemed this process too 

slow to justify subsequent exhaustive optimisation efforts. 

2.3.3 Aryl succinic anhydrides with maleimides 

In the latter stages of our studies towards understanding the mechanism of the amine 

base catalysed Tamura cycloaddition (see Section 2.2), we found p-nitrophenylsuccinic 

anhydride 52 underwent Michael addition to N-Boc maleimide 326 to afford the 

Michael adduct 386 bearing two contiguous tertiary and quaternary stereocentres in 

good yield (Scheme 2.48).  To the best of our knowledge this represents the first ‘soft’ 

organocatalytic α-substitutiton of succinic anhydrides and affords a product of great 
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synthetic potential which could provide access to a range of chiral α-substituted 

succinimides, pyrrolidines and γ-lactams.  This reaction appeared to us particularly 

attractive for the development of an asymmetric variant as a) succinic anhydrides are 

less acidic than homophthalic anhydride, therefore less likely to undergo reaction in the 

absence of base/catalyst and b) the Michael adduct formed would not be prone to 

tautomerisation, thereby obviating issues related to purification c) the substituted 

anhydride formed may be subjected to various synthetic elaborations. 

 

Scheme 2.48 DIPEA-catalysed Michael addition of 52 to 326   

We first sought to determine whether a less electron-withdrawing N-substituent would 

affect the outcome of the reaction by treating N-phenylmaleimide (148) with p-

nitrophenylsuccinic anhydride (52) in the presence of DIPEA at room temperature 

(Scheme 2.49), to which we observed the formation of the Michael adduct 411 by 
1
H 

NMR spectroscopic analysis after 3 hours at room temperature. 

 

Scheme 2.49 Evaluation of p-nitrophenylsuccinic anhydride 52 in reaction with N-

phenylmaleimide 148 
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To allow for CSP-HPLC analysis of these products, we treated 411 with a large excess 

of methanol and TMS-diazomethane in situ, which ring-opened the anhydride moiety 

and esterified the carboxylic acid formed thereby affording the bis-ester 413 in good 

diastereoselectivity, but poor yield after purification.  Due to a complicated crude 
1
H 

NMR spectrum and TLC after esterification, we considered that TMS-diazomethane 

may again be responsible for decomposition of the product as observed in the 

cycloaddition between maleimides and homophthalic anhydride 13 (see Section 2.3.1). 

However, we first sought to determine whether 411 could be formed selectively in the 

presence of a chiral organocatalyst, and if so, we envisaged that the derivatisation 

procedure would be optimised at a later stage. 

As such, we first reacted 52 and 148 in the presence of cinchona alkaloid derived 

catalysts bearing three distinct classes of Lewis acid moiety to determine their influence 

on selectivity (Table 2.2). The catalysts employed in this screen were made available by 

colleagues in the laboratory at the time of this work. 

Table 2.2 The reaction between 52 and 148: catalyst screen 

 

Entry Cat. Time
a
 (d) Yield (%)

b 

 

dr
c
 

 

ee (%)
d 

 
      

1 414 6 15 80 : 20 6 

2 323 7 20 88 : 12 2 

3 415 7 14 59 : 41 4 
a
Reaction deemed complete by 

1
H NMR spectroscopic analysis with respect to p-iodoanisole as an 

internal standard. 
b
Isolated yield

 
of combined diastereomers. 

c
Diastereomeric ratio determined by 

1
H 

NMR spectroscopic analysis. 
d
Enantiomeric excess of major diastereomer only determined by CSP-

HPLC.  
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As shown in Table 2.2, the reaction in the presence of the bulky urea-based catalyst 414 

(entry 1) was slow, and formed 413 in poor yield, moderate dr and poor 

enantioselectivity.  Exchange of the urea moiety for a squaramide in catalyst 323 (entry 

2) promoted the reaction with good diastereocontrol, however 413 was isolated in near 

racemic form.  Sulfonamide catalyst 415 (entry 3) promoted the catalyst with poor 

diastereo- and enantiocontrol. 

These results were initially surprising - as there was no observed background reaction 

in this time, we considered that the catalyst must be facilitating enolisation, so we 

expected the catalyst to organise a facially selective encounter between the enol and the 

maleimide also. However, N-phenylmaleimide (148) has been shown to react slowly 

with poor stereoinduction in previously reported organocatalytic conjugate additions
99 

– 

possibly the result of poor binding with the catalyst
 
– resulting in insufficient H-bond 

donation for lowering the LUMO (leading to a reduced rate of reaction) and poor spatial 

organisation in the transition state required for achieving good enantiocontrol. With this 

in mind, we set about increasing the rate of reaction and potentially improving the 

degree of stereocontrol by evaluating the more electrophilic p-nitrophenyl maleimide 

319 (synthesis detailed in Section 2.1.2).  

We initially performed the racemic reaction between 52 and 319 in the presence of 

DIPEA to obtain the retention times of the prodyct enantiomers by CSP-HPLC, 

followed by another small catalyst screen employing catalysts from the previous screen 

for comparison (Table 2.3).   
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Table 2.3  Catalyst screen results from reaction between 52 and 319 

 

Entry Cat. Time
a
 (d) Yield (%)

b 

 

dr
c
 

 

ee (%)
d 

major 
      

1 414 3 25 92 : 8 22 

2 323 4 22 69 : 31 4 

3 415 3 26 41 : 49 37 

4 417 7 14 43 : 57 13 

5 418 4 26 41 : 59 26 
a
Reaction deemed complete by 

1
H NMR spectroscopic analysis with respect to p-iodoanisole as an 

internal standard. 
b
Isolated yield

 
of combined diastereomers. 

c
Diastereomeric ratio determined by 

1
H 

NMR spectroscopic analysis. 
d
Enantiomeric excess determined by CSP-HPLC.  

 

It is noteworthy that at this stage the catalyst loading was increased to 10 mol%, 

therefore no comparisons can be made with respect to the difference in rate upon 

changing substrate. 

In comparison to the reaction with N-phenylmaleimide (148), urea catalyst 414 was 

able to provide much improved diastereo- (92:8) and enantiocontrol (22% ee) in the 

reaction with substrate 319 (entry 1). Catalysts 323 and 415 (entries 2-3) promoted the 

reaction with greatly reduced diastereocontrol; in fact catalyst 415 favoured the 

formation of the opposite diastereomer, which was formed in a moderate ee of 37%. As 

the sulfonamide 415 outperformed squaramide 323 and urea 414 in terms of 

enantiocontrol, we sought to probe the effect of changing the steric and electronic 
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properties of the catalyst on selectivity by evaluating sulfonamides 417 and 418 (entries 

4-5).  We immediately noticed an even greater reversal of the sense of diastereocontrol, 

however the ee of the major diastereomer did not compare favourably with that 

obtained using catalysis by 415. 

These results agree in part with our hypothesis that by changing the maleimide substrate 

from 148 to 319 we could improve the degree of stereocontrol by improving binding 

with the catalyst – although this has not been proven with any degree of certainty. 

To test this rationale further, we postulated that the reaction with N-Boc maleimide 326 

may undergo a more stereocontrolled Michael addition due to the presence of a more 

proximal carbonyl group for additional hydrogen bonding with the Lewis acidic moiety 

of the catalyst.  We also considered at this stage that we should engage in efforts 

towards the development of a more efficient derivatisation procedure.  Reflecting on the 

precipitation of Michael adduct 386 on addition of an excess of water in our previous 

mechanistic studies (see Section 2.2) – we considered that if the mixture was left to 

react for longer under these conditions we could expect complete hydrolysis to the 

corresponding diacid – possibly in good yield.  Therefore, we reacted 52 with 326 in the 

presence of 20 mol% DIPEA.  Full conversion to the Michael adduct 386 was observed 

after 3 hours at room temperature, then a large excess of water (75 equivalents) was 

added (Scheme 2.50).  The Michael adduct proved remarkably resistant to hydrolysis, 

with 50% remaining in the reaction mixture after 16 hours at room temperature (with 

respect to an internal standard).  We imagined that addition of trifluoroacetic acid 

(TFA) should bring about faster hydrolysis, with simultaneous N-deprotection.  

Gratifyingly, addition of TFA led to complete hydrolysis to 419 after 1 hour at room 

temperature, although to our surprise the Boc protecting group remained intact.  Thus, 

diacid 419 was extracted and esterified separately with 2 equivalents of TMS-

diazomethane.  To our dismay this reaction produced a multitude of unidentifiable side-

products by 
1
H NMR spectroscopic analysis of the crude reaction mixture.  As a result 

the bis-ester 420 was isolated in 20% yield after chromatography.  Positing that TMS-

diazomethane may be reacting with the Boc-protecting group, in a separate reaction 

sequence it was cleaved using TFA in dichloromethane to afford deprotected diacid 

421, which could then be esterified to afford bis-ester 422 in an overall good yield.  
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Scheme 2.50 Development of derivatisation procedure with improved yield 

With a higher yielding derivatisation procedure in hand, we carried out the reaction 

between 52 and 326 in the presence of squaramide catalyst 323 at room temperature 

(Scheme 2.51).  Gratifyingly, the reaction proceeded to full conversion after only 20 h 

at room temperature; however, following the newly developed derivatisation procedure, 

bis-ester 422 was surprisingly formed as one diastereomer in racemic form. 

 

Scheme 2.51 Catalytic reaction followed by a hydrolysis-esterification derivatisation 

procedure 

Since the reaction formed only the Michael adduct as the product, and no changes in dr 

were observed throughout the derivatisation sequence, we rationalised that the Michael 

adduct must have undergone a racemising retro-Michael addition process during the 

acidic hydrolysis step (Scheme 2.52). 
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Scheme 2.52 Postulated retro-Michael racemisation in the presence of H2O/TFA 

In an attempt to circumvent this issue, we considered the use of a strong, non-acidic 

nucleophile which could quickly open the Michael adduct anhydride moiety and 

prevent retro-Michael racemisation. The use of p-anisidine as such a candidate 

nucleophile was therefore evaluated (380, Scheme 2.53).  A preliminary experiment in 

which 380 was added to racemic Michael adduct 386 at room temperature found a great 

deal of decomposition to have occurred by 
1
H NMR spectroscopic analysis of the crude.  

Lowering the temperature of the reaction mixture to -50 
°
C prior to addition of p-

anisidine (380) in the catalytic reaction (Scheme 2.53) was found to give what appeared 

to be regioselective ring-opening of the anhydride moiety to afford either 423a or 423b 

in good yield (by 
1
H NMR spectroscopic analysis). Extraction of 423 and self-

condensation in acetyl chloride under reflux unexpectedly afforded the fused bicyclic 

imide 424 in moderate yield, but more importantly with some retention of 

enantiocontrol (Scheme 2.53).  It is noteworthy that we initially considered the expected 

product 425 to have formed, however X-ray diffraction analysis later revealed the 

product as 424 - indistinguishable from 425 by NMR spectroscopic analysis.  We later 

postulated 424 must have formed via aminolysis at the more sterically hindered 

carbonyl of the Michael adduct 386 to form 423a, which subsequently underwent 6-

exo-trig cyclisation to afford 426.  As 423a and 426 would exhibit almost identical 
1
H 

NMR spectra, we cannot say with confidence whether cyclisation to 426 occurred upon 

addition of p-anisidine 380 or during the self-condensation step involving acetyl 

chloride. 
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Scheme 2.53 p-Anisidine (380) ring-opening of Michael adduct 386 with concomitant 

cyclisation to 424  

Encouraged by this development, we were prompted to screen a range of catalysts 

available in the laboratory to improve the stereoselectivity of the process.  Thus, 326 

was reacted with 52 in the presence of 10 mol% catalyst at room temperature, and 

derivatised as the bis-imide 424 after 5 days at room temperature in order to measure 

the ee by CSP-HPLC (Table 2.4). 
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Table 2.4  Reaction involving derivatisation via aminolysis: catalyst screen   

 

Entry Cat. Conv. (%)
a 

 

dr
b
 

 

ee (%)
c 

 
1 41 67 75 : 25 57 

2 176 54 85 : 15 76 

3 427 66 78 : 22 52 

4 64 48 93 : 7 71 

5 400 57 98 : 2 86 

6 428 55 95 : 5 40 

7 245 45 78 : 22 34 

8 429 38 100 : 0 43 

9 430 50 72 : 28 36 

10 417 65 73 : 27 38 

11 418 54 83 : 17 66 

12 431 62 85 : 15 61 

13 432 58 79 : 21 42 
a
Conversion determined by 

1
H NMR spectroscopic analysis with respect to p-iodoanisole as an internal 

standard. 
b
Diastereomeric ratio determined by 

1
H NMR spectroscopic analysis. 

c
Enantiomeric excess 

determined by CSP-HPLC.  
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Use of the C-2 phenyl analogue of catalyst 323 – i.e. catalyst 41 (entry 1) gave 67% 

conversion after 5 days and a 10% improvement in ee (relative to that imparted by 

catalyst 323, vide supra) - albeit with slightly reduced diastereocontrol. The bulky tert-

butyl squaramide catalyst 176 (entry 2) catalysed the formation of 424 in good dr and 

ee, however increasing the steric bulk of catalyst 425 (entry 3) led to diminished 

selectivity.  The bulky trityl squaramide catalyst 64 provided excellent diastereocontrol 

and good ee (entry 4), both of which were improved by 4-trifluoromethyl substitution of 

the trityl phenyl rings in catalyst 400 (entry 5), which afforded 424 in a promising ee of 

86%.  Urea-based catalysts 245, 429 and 430 (entries (7-9) mediated the reaction with 

poor to moderate enantiocontrol, however it is noteworthy that the C-2 phenyl 

substituted catalyst 429 provided an improvement in ee compared to the catalyst 245 

lacking C-2 substitution  – analogous to the observation made with squaramide catalysts 

323 and 41 (entry 1). Sulfonamide catalysts 417, 418 and 431 (entries 10-12) were not 

able to compete effectively with trityl squaramides 64 and 400, all promoting the 

formation of 424 in moderate ee, however they catalysed the reaction at a relatively 

swift rate.  We envisaged that the sulfamide 432 (entry 13) could catalyse a faster 

reaction as with sulfonamides due to similar Lewis acidity (entries 10-12), but possibly 

improve selectivity due to the presence of a bidentate HB moiety which may provide 

stronger binding with the substrates. However, while conversion after 5 days with 432 

was adequate, selectivity was poor to moderate. 

Based on the observation that C-2 phenyl (at the catalyst quinolone unit) substitution 

generally provided improvement in enantiocontrol (Table 2.4), we considered making 

this modification to the superior catalyst from this screen – i.e. catalyst 400.  Although 

the enantiocontrol provided by 400 was already satisfactory, we reasoned that a greater 

level of stereocontrol may pay dividends when moving forward onto the optimisation 

and expansion of scope stages. Thus, the synthesis of 447 began (alongside a larger 

scale synthesis of 400) with a well-established procedure to install a C-2 phenyl to 

quinine (212) using phenyl lithium, which afforded C-2 phenyl quinine 433 in 42% 

yield (Scheme 2.54, A).  A subsequent Mitsunobu reaction at the C-9 alcohol with in 

situ reduction of the azido-intermediate via a Staudinger reaction afforded the amine 

salt 435 after an acidic work up. 

Based on a procedure developed in our research group,
43

 synthesis of the 4-

trifluoromethyl trityl amine building block 440 began with a double-addition of the 



Chapter 2  Results and discussion 

 

95 

 

lithium-halogen exchange product of 436 to ester 437 in situ to afford the 4-

trifluoromethyl  trityl alcohol 438 in good yield (Scheme 2.54, B).  A subsequent 

SN1substitution with TMS-azide requiring triflic acid to generate the carbocation 

produced 439 in excellent yield. Azide 439 was then reduced to the 4-trifluoromethyl 

trityl amine 440 using a large excess of activated zinc powder and ammonium formate.   

The requied squarate ester 443 was synthesised by heating squaric acid (441) under 

reflux in methanol, in the presence of TFA and trimethyl orthoformate (442).  Ester 443 

was subsequently coupled with amine 440 in a minimum amount of methanol – 

affording 444 in a rather poor yield of 21% - presumably due to the poor nucleophilicity 

and steric bulk of amine 440. 

With the starting material (444) necessary to install a squarate-trityl moiety in hand, the 

amines 445 and 446 were liberated from their HCl salts and subsequently coupled to 

444 in methanol – yielding catalysts 400 and 447 in 68% and 62% yields respectively. 
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Scheme 2.54 Synthesis of 4-trifluoromethyl trityl catalysts 400 and 447  

With C-2 phenyl catalyst 447 in hand, we evaluated its performance under the same 

conditions as those outlined in Table 2.4 (Scheme 2.55).  Unfortunately, 447 was found 

to promote the reaction with slightly diminished diastereocontrol (compared to 400), 

and a 2% reduction in enantiomeric excess of the product 424.  
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Scheme 2.55 Evaluation of C-2 phenyl catalyst 447  

Moving forward using catalyst 400, we went about optimising the reaction conditions, 

first reducing the temperature of the system from room temperature to 0 °C. The 

reaction was monitored by 
1
H NMR spectroscopic analysis and was found to have 

proceeded to full conversion after 20 h. Subsequent derivatisation and CSP-HPLC 

analysis of the product revealed dramatic improvements in stereocontrol, whereby 424 

was isolated in 98:2 dr and >99% ee (Scheme 2.56). This result was at first surprising to 

us, as we did not expect such a large increase in enantiocontrol going from room 

temperature (86% ee, Table 2.4, vide supra) to 0 °C (>99% ee). Since the reaction at 0 

°C was found to have reached full conversion after 20 hours, yet the same reaction at 

room temperature was quenched after 5 days, we considered the enantiomeric excess of 

the products in the catalyst screen may have eroded when the reaction was left to stir 

after full conversion to the product had taken place. Without evidence to discredit this 

process, the results from Table 2.4 should be regarded as tentative. Crystallisation of the 

major cis-diastereomer allowed for assignment of its absolute stereochemistry as (S,S).  

All major diastereomers obtained via this methodology were consequently assigned as 

(S,S) by analogy. 

 

Scheme 2.56 Evaluation of reaction between 326 and 52 promoted by 400 at 0 °C   
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Having developed a highly enantioselective organocatalytic Michael addition between 

326 and 52, we considered the possibility of extending the scope of the process with 

respect to the anhydride component under these conditions. 

We first sought to determine whether less acidic aryl succinic anhydrides would be 

tolerated by the catalyst.  Accordingly, phenylsuccinic anhydride 50 (provided by Dr. 

Maria Luisa Aiello) was reacted with 326 in the presence of 10 mol% of catalyst 400 at 

room temperature (Scheme 2.57). 

 

Scheme 2.57 Evaluation of reaction between 326 and 50 promoted by 400 at 0 °C   

Unfortunately, formation of the Michael adduct 448 was not observed by 
1
H NMR 

spectroscopic analysis after a reaction time of 2 weeks.  This was at first surprising to 

us as cinchona alkaloid catalysts similar to 400 have been reported to promote 

cycloaddition reactions between 50 and aldehydes/ketones (albeit slowly - see Sections 

1.1.1.6.2/1.1.1.6.4)
39,54

 therefore we expected the catalyst to be able to facilitate 

tautomerisation of 50 to allow for an initial C-C bond forming step.  

With the employment of the less acidic phenylsuccinic anhydride 50 precluded, we 

went about the synthesis of phenylsuccinic anhydrides 485-493 substituted with 

electron withdrawing groups to render the α-proton more acidic (Scheme 2.58). It is 

noteworthy that anhydrides were synthesised and subsequently evaluated in reaction 

with 326 in the presence of catalyst 400, thereby informing the choice of subsequent 

anhydride phenyl ring substitutions. Adapting a reported procedure,
67

 anhydrides 485-

493 were prepared by an initial Fischer esterification of the relevant commercially 

available phenylacetic acids 449-457 (Scheme 2.58, A), followed by alkylation of the 

resulting esters 458-466 to afford the diesters (Scheme 2.58, B).  Due to the formation 

of small amounts of di-substituted adducts (general type 494) which were inseparable 

from diesters 467, 469, 471, 473 and 475 by chromatography, the mixtures along with 

the isolated diesters 468, 470, 472 and 474 were hydrolysed and the diacids 476-484 
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later purified by crystallisation (Scheme 2.58, C).  Self-condensation of diacids 476-484 

afforded the corresponding substituted phenyl succinic anhydrides 485-493 in variable 

yields (Scheme 2.58, D). It is perhaps noteworthy that until the time of this work, 

despite compound 485, none of the below anhydrides or their corresponding 

diacid/diester precursors had been reported as synthesised/isolated in the scientific 

literature.  

 

Scheme 2.58 Synthesis of substituted phenylsuccinic anhydrides 485-493 

We then began the evaluation of the reaction with substituted phenylsuccinic 

anhydrides under our established optimal conditions (Table 2.5). Unfortunately, bis-

substituted anhydrides 485 (-Br σm = 0.37)
147

, 486 (-CF3 σm = 0.43) (entries 1-2) failed 

to react – with no conversion being observed by 
1
H NMR spectroscopic analysis of the 

reaction mixture after 2 weeks.  We considered that the steric bulk proximal to the 

enolate may hinder reactivity, thus evaluated p-(trifluoromethyl)phenylsuccinic 

anhydride 487 (-CF3 σp = 0.54) (entry 3), again no reaction was observed after 14 days.  

2,3,4-(Trifluoro)phenylsuccinic anhydride 488 was evaluated on the basis that the 
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cumulative electron-withdrawing effect of three fluorine atoms (-F σm 0.34, σp = 0.06) 

may render the α-proton acidic enough without sterically encumbering the nearby 

reactive enolate (entry 4).  Disappointingly, no reaction was observed with substrate 

488, however, the reaction involving its isomer 489 proceeded to 62% conversion, and 

then stalled after 10 days (entry 5). The resulting Michael adduct product was subjected 

to our established derivatisation procedure but no product could be isolated – possibly 

due to decomposition. Surprisingly, ortho-nitrophenylsuccinic anhydride 490 did not 

react (entry 6). Although a Hammett substituent constant could not be found for this 

substitution, we expected it to render the anhydride quite acidic.   
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Table 2.5 Evaluation of substrate scope with respect to the anhydride component  

 

Entry Anhydride Prod. Time (d) Conv.(%)
a 

 

Yield (%)
b 

 

dr
c
 

 

ee (%)
d 

 

1 485 495 14 0 0 n/a n/a 

2 486 496 14 0 0 n/a n/a 

3 487 497 14 0 0 n/a n/a 

4 488 498
 
 14 0 0 n/a n/a 

5 489 499
 10 62 0 n/a n/a 

6 490 500 14 0 0 n/a n/a 

7 491 501 6 74 54 86:14 40 

8 492 502 4 79 48 89:11 71 

9 493 503 4 76 40 96:4 90 

a
Conversion determined by 

1
H NMR spectroscopic analysis with respect to p-iodoanisole as an internal 

standard. 
b
Isolated yield. 

c
Diastereomeric ratio determined by 

1
H NMR spectroscopic analysis. 

d
Enantiomeric excess determined by CSP-HPLC. 

 

3-Nitrophenylsuccinic anhydride 491 (-NO2 σm = 0.71) on the other hand reacted 

relatively quickly – proceeding to 74% conversion after 6 days, with no further reaction 

occurring when left longer (entry 7). Derivatisation of the associated Michael adduct 

afforded 501 in good dr, however poor to moderate ee – 40 %. The reaction involving 

4-(cyano)phenylsuccinic anhydride 492 (-CN σp = 0.66) gratifyingly proceeded to 79% 

conversion after 4 days (entry 8), with no further conversion being observed after a 

week.  Derivatisation afforded the corresponding product 502 in 48% yield, good dr 
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and moderate to good ee of 71%. Increasing the electron-withdrawing capacity of the 

para-substituent in 4-(methylsulfonyl)phenyl succinic anhydride 493  (-SO2CH3 σp = 

0.72) brought about 76% conversion after 4 days – affording 503 after derivatisation in 

excellent dr and ee (entry 9, note: the assignment of 90% ee for product 503 remains 

tentative due to unresolvable CSP-HPLC related difficulties which resulted in an 

unclear chromatogram – see Appendix). 

It appears from the results presented in Table 2.5 that only highly acidic anhydrides 

react under these conditions, and that para-aromatic substitutions are better tolerated 

with respect to selectivity.   

2.3.3.1 Stereochemical outcome: rationale 

Having established the absolute configuration of 424 as (S,S) by X-ray diffraction 

analysis, we aimed to rationalise the means by which 400 catalyses the highly diastereo- 

and enantioselective formation of 386 and other Michael adducts (Table 2.5, vide 

supra) obtained via this methodology (Figure 2.5). 

 

Figure 2.5 Assignment of absolute configuration of Michael adduct 386 via ‘retro-

derivatisation’ of (S,S)-424 

In particular, we sought to understand the way in which the catalyst organises the 

facially selective encounter between the maleimide and the anhydride-enolate in the C-

C bond forming pre-transition state assembly.  It is worth noting that no extensive 

computational calculations to obtain a complete energy profile of the possible binding 

modes have been carried out.  

 

Based on a recent computational study on a similar organocatalytic system by the 

Connon group (see Section 1.1.1.6.1.1),
38

 we adopted a specific catalysis-like rationale.  

As such, we would expect the Lewis acidic squaramide moiety to engage in dual 

hydrogen-bonding with the enolate of the anhydride, while the electrophile is activated 

by a HB from the newly formed ammonium ion.  As observed by Connon and co-



Chapter 2  Results and discussion 

 

103 

 

workers in a more recent publication involving a trityl substituted catalyst similar to 

400 (see Section 1.1.1.6.3),
51

 the squaramide may bind the anhydride via either the 

neutral oxygen atom (binding mode A, Figure 2.6), or the charged oxygen atom of the 

enolate (binding mode B, Figure 2.6).  Dr. Cristina Trujillo was able to model the 

catalyst bound Michael adduct derived from phenylsuccinic anhydride (50) and N-Boc 

maleimide (326) in gas-phase via DFT analysis with optimised geometries. 

 

Figure 2.6 Possible binding modes for obtaining Michael adducts with (S,S) 

absolute configuration 

As shown, binding mode B is 20 kcal mol
-1 

less stable – with this anhydride orientation 

creating a large charge separation between the enolate oxygen and the quinuclidine 

nitrogen. Furthermore, the Boc carbonyl oxygen atoms do not appear to be within range 

for experiencing any stabilising interactions from the quinuclidine aliphatic protons.  

Within the aforementioned publication involving a trityl substituted squaramide 

catalyst, Dr. Trujillo observed attractive interactions between the trityl phenyl groups o- 

and m- protons and the anhydride oxygen atoms, however the above model suggests the 

trityl protons are not within range for the anhydride neutral oxygen atom to benefit from 
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such stabilisation. By contrast, it appears that avoidance of a steric clash with the trityl 

group is a key factor in the organisation of the pre-transition state assembly. 

Binding mode A on the other hand, exhibits far less charge separation due to the 

orientation of the anhydride bound via the neutral carbonyl oxygen.  It also appears that 

the charged oxygen of the enolate is within range for experiencing attractive 

interactions from the quinuclidine aliphatic protons, as is the Boc carbonyl oxygen 

atom.  This was later found to be the case when Dr. Trujillo was able to calculate a 

QTAIM representation of the catalyst bound Michael adduct (Figure 2.7), in which a 

web of attractive interactions can be seen between the aliphatic quinuclidine protons 

and the anhydride enolate oxygen atoms, as well as the Boc carbonyl oxygen.  

 

Figure 2.7 QTAIM representation of the catalyst bound Michael adduct 

From this brief insight, binding mode A seems most plausible for explaining the 

observed stereochemistry of products obtained via this methodology, however, without 

a complete computational study involving determination of all energy barriers, this 

rationale remains tentative. 

2.3.4 Conclusions  

In summary, efforts to develop an asymmetric organocatalytic Tamura cycloaddition 

between homophthalic anhydride and maleimides were precluded due mainly to 

considerable rates of background reaction relative to the catalytic reaction – 
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significantly compromising the potential for stereocontrol.  Attempts to reduce the rate 

of the uncatalysed reaction while preventing stereocentre ablating tautomerisation with 

various substitutions to the maleimide double bond were unsuccessful.  A less acidic 

glutaconic anhydride derivative was found to undergo catalytic cycloaddition with N-

phenylmaleimide (148) without any competing uncatalysed reaction; however the 

cycloadduct formed was prone to decarboxylation at room temperature as well as 

stereocentre ablating tautomerisation which prevented its purification.  Reduction of the 

temperature of the reaction was able to suppress decarboxylation but led to the catalytic 

reaction being impractically slow.  Phenyl substitution of the maleimide double bond 

allowed for a regioselective organocatalytic Tamura cycloaddition - albeit impractically 

slow and prone to decarboxylation – forming a synthetically malleable bicyclic 

succinimide in 46% enantiomeric excess.  

We later sought to induce stereocontrol in the amine base-catalysed α-substitution of 

arylsuccinic anhydrides observed in our previous study on the mechanism of the 

Tamura cycloaddition (previous – Section 2.2.2). First investigating the organocatalytic 

α-substitution of 4-nitrophenylsuccinic anhydride (52) with N-aryl maleimides, the 

resulting Michael adducts could be derivatised by methanolysis of the anhydride moiety 

followed by in situ esterification of the formed carboxylic acid moiety to afford bis-

ester products - albeit in poor yield and unsatisfactory ee.  The development of a higher 

yielding hydrolysis-esterification derivatisation procedure was found to form the 

products in a racemic fashion.  Positing a retro-Michael addition process to be causing 

racemisation, we found that ring-opening the Michael adducts with p-anisidine at low 

temperature could circumvent this issue – forming a bis-imide product with moderate 

enantiocontrol.  A subsequent catalyst screen followed by optimisation of the reaction 

conditions brought about the development of a highly diastereo- and enantioselective α-

substitution of 52 with 326.  A later examination of the scope of the reaction with 

respect to the anhydride component found only highly acidic arylsuccinic anhydrides to 

be tolerated, with para-substituted anhydrides reacting in a more selective fashion. 

Although the scope of this reaction is limited with respect to the anhydride component, 

it represents the first asymmetric organocatalytic α-substitution of succinic anhydride 

derivatives – affording a highly synthetically malleable anhydride bearing two 

contiguous stereocentres (one of which is all-carbon quaternary), which holds potential 

for accessing a range of chiral frameworks. 
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2.4 Asymmetric organocatalytic synthesis of γ-lactams via imine-anhydride 

cycloadditions 

As described in Section 1.1.1.2.3, organocatalytic cycloadditions between cyclic 

anhydrides and imines have proven an effective method for providing one-pot access to 

a range of δ-lactams. Based on Seidel’s highly enantioselective synthesis of δ-lactams 

via anion-binding catalysis, we posited that an extension of the scope of the anhydride 

to include succinic anhydrides may be possible as a means of accessing a range of γ-

lactams of great medicinal interest. Mr. Aarón Gutierrez Collar began this study by 

examining the reaction between p-nitrophenylsuccinic anhydride (52) and 

benzaldehyde-derived N-PMP imine 117 (Scheme 2.59).  After a catalyst screen at 

room temperature, Nagasawa’s catalyst 504 was identified to promote the reaction with 

superior stereocontrol – affording γ-lactam 505 as one diastereomer in excellent ee. 

 

Scheme 2.59 Optimum catalytic system developed on cycloaddition between 117 and 

52 

Moving forward, he evaluated the scope with respect to the imine – observing electron-

donating (i.e. lactam 507), electron-withdrawing (i.e. lactam 508) and N-substitutions 

(i.e. lactam 509) to be well tolerated – affording γ-lactams in excellent yields and 

stereoselectivity (Scheme 2.60). 
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Scheme 2.60 Substrate scope with respect to the imine component 

Issues later arose when the scope with respect to the arylsuccinic anhydride was 

investigated.  Analogous to the reactivity observed in the α-substitution of arylsuccinic 

anhydrides with maleimides (Section 2.3.3), phenylsuccinic anhydride (50) did not 

react.  Thus, rather fortuitously, phenylsuccinic anhydrides substituted with electron-

withdrawing groups synthesised in Section 2.3.3 were available to Mr Gutierrez Collar 

for evaluation in the reaction with imine 510 (Scheme 2.61).  Gratifyingly, a range of 

variously substituted phenylsuccinic anhydrides underwent smooth cycloaddition in the 

presence of catalyst 504 to afford a range of lactams in excellent yields and selectivity. 
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Scheme 2.61 Substrate scope with respect to the arylsuccinic anhydride component 

2.4.1 Conclusions 

In summary, the scope of the asymmetric organocatalytic cycloaddition between imines 

and homophthalic anhydride has been extended to include substituted phenylsuccinic 

anhydrides – providing a mild and robust methodology for the synthesis of a range of 

medicinally relevant γ-lactams. 
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Experimental procedures and data 

3.1 General  

Proton Nuclear Magnetic Resonance (NMR) spectra were recorded on Bruker DPX 400 

MHz and Bruker Avance II 600MHz spectrometers, using as solvent CDCl3, DMSO-d6 

or D2O and referenced relative to residual CHCl3 (δ = 7.26 ppm) DMSO (δ = 2.50 ppm) 

or H2O (δ = 4.79 ppm). Chemical shifts are reported in ppm and coupling constants (J) 

in Hertz. Carbon NMR spectra were recorded on the same instruments (100.6 MHz and 

150.9 MHz respectively) with total proton decoupling. Fluorine NMR spectra were 

recorded on the Bruker DPX400 machine (376.5 MHz). HSQC, HMBC, TOCSY NOE 

and ROESY NMR experiments were used to aid assignment of NMR peaks when 

required. All melting points are uncorrected. Infrared spectra were obtained on a Perkin 

Elmer Spectrum 100 FT-IR spectrometer equipped with a universal ATR sampling 

accessory. ESI mass spectra were acquired using a Waters Micromass LCT- time of 

flight mass spectrometer (TOF), interfaced to a Waters 2690 HPLC. The instrument 

was operated in positive or negative mode as required. EI mass spectra were acquired 

using a GCT Premier Micromass time of flight mass spectrometer (TOF). The 

instrument was operated in positive mode. Chemical Ionization (CI) mass spectra were 

determined using a GCT Premier Micromass mass spectrometer in CI mode utilising 

methane as the ionisation gas. APCI experiments were carried out on a Bruker 

microTOF-Q III spectrometer interfaced to a Dionex UltiMate 3000 LC or direct 

insertion probe. The instrument was operated in positive or negative mode as required. 

Agilent tuning mix APCI-TOF was used to calibrate the system. Flash chromatography 

was carried out using silica gel, particle size 0.04-0.063 mm. TLC analysis was 

performed on precoated 60F254 slides, and visualized by UV irradiation and KMnO4 

staining. Optical rotation measurements are quoted in units of 10
-1

 deg cm
2 

g
-1

 . Toluene 

was distilled over calcium hydride and stored under argon. Anhydrous acetonitrile 

(CH3CN), dichloromethane (CH2Cl2), tetrahydrofuran (THF) and diethyl ether (Et2O) 

were obtained by using Pure Solv MD-4EN Solvent Purification System. Methanol 

(MeOH) and isopropyl alcohol (i-PrOH) were dried over activated 3Å molecular sieves. 

Commercially available anhydrous t-butyl methyl ether (MTBE) was used. Analytical 

CSP-HPLC was performed on Daicel Chiralpak, AD, AD-H, IA, or Chiralcel OD, OD-

H, OJ-H (4.6 mm x 25 cm) columns or ACQUITY UPC2 on chiral Trefoil AMY1, 

CEL1, CEL2 (2,5 µm, 3.0 x 150mm) columns. 
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3.2 Gradient tables for HPLC conditions 

Table 3.1 

Time (min) FR (mL/min) % A % B Curve 

Initial 1.200 97.0 3.0 Initial 

4.50 1.200 40.0 60.0 6 

6.00 1.200 40.0 60.0 6 

6.10 1.200 97.0 3.0 6 

 

Table 3.2 

Time (min) FR (mL/min) % A % B Curve 

Initial 1.200 97.0 3.0 Initial 

8.00 1.200 40.0 60.0 6 

 

3.3 Experimental procedures for Section 2.1 

1-Methylpyrrolidine-2, 5-dione (303)
148

 

 

To a 50 mL round-bottomed flask equipped with a magnetic stirring bar and reflux 

condenser was added a mixture of succinimide (302, 1.00 g, 10.2 mmol), methyl iodide 

(698 μL, 11.2 mmol) and anhydrous potassium carbonate (1.70 g, 12.2 mmol) in 

anhydrous acetone (15 mL).  The reaction mixture was heated at reflux temperature for 

4 h until a fine precipitate of potassium iodide formed.  After cooling to room 

temperature, the mixture was filtered and the solvent removed in vacuo.  The product 

was purified by flash column chromatography (hexanes: EtOAc, 1:1 v/v) to afford 303 

as a white solid (700 mg, 61%). M.p. 67-70 
o
C (lit.

148 
m.p 68-70 

o
C). 

Spectral data for this compound were consistent with those in the literature.
149
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δH (400 MHz, CDCl3):  2.97 (3 H, s, H-1), 2.69 (4 H, s, H-2). 

1-Phenylpyrrolidine-2,5-dione (254)
151

 

 

254 was synthesised from succinic acid and aniline using a modified literature 

procedure.
150

 

To a 50 mL round-bottomed flask equipped with a magnetic stirring bar and reflux 

condenser were added succinic anhydride 5 (1.00 g, 8.50 mmol) and aniline 304 (773 

μL, 8.50 mmol).  The reaction mixture was then heated in an oil bath at 180 
o
C until the 

reactants fused. Heating was then continued for a further 3 h at 180 
o
C.  The reaction 

mixture was allowed to cool to room temperature, during which time it solidified.  

Recrystallisation of the solid residue from an ethanol/water mixture yielded 254 as a 

pink crystalline solid (819 mg, 55%). M.p. 145 - 147 
o
C (lit.

151
 m.p 143 – 146 

o
C). 

Spectral data for this compound were consistent with those in the literature.
151

 
 

δH (400 MHz, CDCl3): 7.48 (2 H, t, J = 7.3, H-3), 7.40 (1 H, t, J = 7.3, H-4), 

7.29 (2 H, d, J = 7.3, H-2), 2.86 (4 H, s, H-1). 

 

1-Tosylpyyrolidine-2,5-dione (305)
153

 

 

305 was synthesised according to the tosylation of a similar imide.
152

 

To an oven-dried 250 mL round-bottomed flask containing a magnetic stirring bar was 

added succinimide 302 (1.00 g, 10.1 mmol) in dry CH2Cl2 (80 mL).  The solution was 

cooled to 0 
o
C, and a solution of p-toluenesulfonyl chloride (1.90 g, 10.1 mmol) and 

NEt3 (1.40 mL, 10.1 mmol) in dry CH2Cl2 (60.0 mL) was added drop-wise over 30 

minutes.  The reaction mixture was allowed to warm to room temperature and stirred 
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for a further 24 h.  The mixture was then washed with aqueous HCl (2 N, 3 x 20 mL), 

dried over anhydrous Mg2SO4 and reduced in vacuo.  The crude sulfonamide was 

purified by flash column chromatography to afford 305 as a white solid (205 mg, 8%). 

M.p. 170-173 
o
C (lit.

153
 m.p 169 – 172 

o
C). 

δH (400 MHz, CDCl3): 8.04 (2 H, d, J = 8.4, H-2), 7.37 (2 H, d, J = 8.4, H-3), 

2.74 (4 H, s, H-1), 2.46 (3 H, s, H-4). 

δC (100 MHz, CDCl3): 171.6 (C=O), 146.6 (q), 134.6 (q), 130.0, 128.8, 28.7, 

21.9. 

νmaxm (neat)/cm
-1

: 2954, 1741, 1595, 1489, 1428, 1374, 1273, 1176, 1083, 

1008, 924, 810, 678. 

HRMS (m/z - ESI): Found: 242.0324 (M-H)
-
 C11H10NO4S Requires: 

252.0331. 

1,3-Diphenylpyrrolidine-2,6-dione (307)
154

 

 

307 was synthesised from phenylsuccinic acid and aniline using a modified literature 

procedure.
150 

 

To a 50 mL round-bottomed flask equipped with a magnetic stirring bar and reflux 

condenser was added phenylsuccinic acid 306 (1.00 g, 5.20 mmol) and aniline (304 625 

μL, 6.90 mmol).  The reaction mixture was then heated in an oil bath at 180 
°
C until the 

reactants fused. Heating was continued for a further 3 h at 180 
o
C.  The reaction mixture 

was allowed to cool to room temperature, during which time it solidified.  

Recrystallisation of the solid residue from an ethanol/water mixture yielded 307 as a 

yellow solid (640 mg, 50%). M.p. 126 – 129 
o
C (lit.

154
 m.p 129 – 130 

o
C). 

Spectral data for this compound were consistent with those in the literature.
155
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δH (400 MHz, CDCl3): 7.30 – 7.52 (10 H, m, H-3 to H-8), 4.20 (1 H, dd, J = 9.6, 

4.8, H-2), 3.39 (1 H, dd, J = 18.5, 9.8, H-1), 3.02 (1 H, 

dd, J = 18.5, 4.8, H-1’). 

3-(4-Nitrophenyl)-1-phenylpyrrolidine-2,5-dione (309) 

 

309 was synthesised from p-nitrophenylsuccinic acid 308 and aniline (304) using a 

modified literature procedure.
150 

 

To a 50 mL round-bottomed flask equipped with a magnetic stirring bar and reflux 

condenser was added p-nitrophenylsuccinic acid 308 (1.50 g, 6.2 mmol) and aniline 

(741 μL, 8.1 mmol).  The reaction mixture was then heated in an oil bath at 180 
°
C until 

the reactants fused. Heating was then continued for a further 3 h at 180 
°
C.  The reaction 

mixture was allowed to cool to room temperature, during which time it solidified.  

Recrystallisation of the solid residue from an ethanol/water mixture yielded 309 as a 

beige solid (857 mg, 43%). M.p. 144 - 145 
o
C. 

δH (400 MHz, CDCl3):  8.27 (2 H, d, J = 8.8, H-7), 7.53 (2 H, d, J = 8.8, H-6), 

7.29 – 7.50 (5 H, m, H-3, H-4, H-5), 4.33 (1 H, dd, J = 

9.9, 5.3, H-2), 3.45 (1 H, dd, J = 18.6, 9.8, H-1), 3.03 (1 

H, dd, J = 18.6, 5.3, H-1’). 

δC (100 MHz, CDCl3): 175.4 (C=O), 174.2 (C=O), 147.8 (q), 144.0 (q), 131.7 

(q), 129.4, 129.1, 128.7, 126.4, 124.5, 45.7, 36.7. 

νmaxm (neat)/cm
-1

: 2981, 1784, 1702, 1597, 1519, 1495, 1392, 1314, 1345, 

1182, 856, 798, 750, 701. 

HRMS (m/z - ESI):  Found: 295.0717 (M-H)
- 
C16H12N2O4 Requires: 296.0719 
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1-Phenyl-1H-pyrrole-2,5-dione (148)
157

 

 

Step 1. To a three-necked 100 mL round-bottomed flask equipped with a magnetic 

stirring bar was added maleic anhydride (318, 10.0 g, 102.0 mmol) in diethyl ether (125 

mL).  When all the maleic anhydride had dissolved, a solution of aniline (304, 9.30 mL, 

102.0 mmol) in diethyl ether (12 mL) was added drop-wise over 30 minutes. The 

resulting thick suspension was stirred at room temperature for 1 h and then cooled to 0 

°
C in an ice bath before being filtered to obtain the maleanilic acid as a fine powder, 

suitable for use in the next step without further purification.  

Step 2. To a 100 mL round-bottomed flask equipped with a magnetic stirring bar was 

added the maleanilic acid followed by acetic anhydride (35 mL) and anhydrous sodium 

acetate (3.30 g).  The flask was fitted with a reflux condenser and the suspension 

dissolved by heating at 100 
°
C for 30 minutes. The reaction mixture was allowed to cool 

until mildly warm, then poured onto water/ice (100 mL). The precipitated product was 

collected by suction filtration, washed with ice-cold water (3 x 20 mL) and once with 

petroleum ether (50 mL), taken up in CH2Cl2 (20 mL), and dried over anhydrous 

Mg2SO4, then reduced in vacuo. Recrystallisation of the crude from EtOAc/hexanes 

afforded 148 as canary yellow needles (7.70 g, 43%). M.p. 80-83 
o
C (lit.

156 
m.p 83-84 

o
C). 

Spectral data for this compound were consistent with those in the literature.
157

 

δH (400 MHz, CDCl3): 7.47 (2 H, t, J = 7.2, H-3), 7.34 - 7.37 (3 H, m, H-

2, H-4), 6.84 (2 H, s, H-1). 
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1-(4-Nitrophenyl)-1H-pyrrole-2,5-dione  (319)
158

 

 

To a 50 mL round-bottomed flask equipped with a magnetic stirring bar was added 

fuming nitric acid (10 mL).  The contents were cooled to – 40 °C followed by portion-

wise addition of N-phenyl maleimide 148 (1.00 g, 5.80 mmol) over 30 minutes.  The 

mixture was allowed to stir for 30 minutes at -40 °C, then poured onto an ice/water 

mixture (100 mL).  The white precipitate was collected by filtration and purified by 

recrystallisation from EtOH to afford 319 as yellow crystals (650 mg, 52%). M.p. 168-

170 
o
C (lit.

158
 m.p 170.1-70.7 

o
C). 

Spectral data for this compound were consistent with those found in the literature.
158

 

δH (400 MHz, CDCl3): 8.34 (2 H, d, J = 9.10, H-3), 7.69 (2 H, d, J = 9.10, H-2), 

6.93 (2 H, s, H-1). 

1-(4-Nitrophenyl)-3-(phenylthio)pyrrolidine-2,5-dione (321) 

 

321 was synthesised from N-(4-nitrophenyl)maleimide 319 and thiophenol (320) based 

on a literature procedure.
159

  

To a 50 mL round-bottomed flask equipped with a magnetic stirring bar was added N-

(4-nitrophenyl)maleimide 319 (3.03 g, 13.9 mmol) and toluene (23 mL), followed by 

drop-wise addition of thiophenol (320, 1.56 mL, 15.3 mmol) over 30 minutes.  The 

solution was diluted with toluene (13 mL) and stirred at room temperature overnight. 

The solvent was then evaporated in vacuo and the crude purified by flash column 

chromatography to afford 321 as a white solid (3.80 g, 83%). M.p. 209 - 210 
°
C. 
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δH (400 MHz, CDCl3):  8.39 (2 H, d, J = 9.2, H-4), 7.55 – 7.60 (2 H, m, H-5), 

7.37 – 7.46 (3 H, m, H-6, H-7), 7.35 (2 H, d, J = 9.2, H-

3), 4.18 (1 H, dd, J = 9.4, 3.7, H-2), 3.39 (1 H, dd, J = 

19.1, 9.3, H-1’), 2.97 (1 H, dd, J = 19.1, 3.8, H-1). 

δC (100 MHz, CDCl3): 173.9 (C=O), 172.7 (C=O), 147.2 (q), 137.1 (q), 135.3 

(q), 130.1, 129.8, 129.6, 126.9, 124.5, 44.2, 36.6. 

νmaxm (neat)/cm
-1

: 3076, 2981, 1783, 1707, 1597, 1519, 1495, 1390, 1345, 

1169, 1180, 1110, 955, 928, 855, 749, 700. 

HRMS (m/z - ESI): Found: 327.0434 (M-H)
- 

C16H12N2O4S Requires: 

327.0440. 

1-(4-Nitrophenyl)-3-(phenylsulfonyl)pyrrolidine-2,5-dione (322) 

 

To a 100 mL round-bottomed flask equipped with a magnetic stirring bar was added 

sulfide 321 (3.70 g, 11.5 mmol) in CH2Cl2 (60 mL).  The solution was cooled to 0 °C 

followed by the addition of m-CPBA (77%, 5.40 g, 24.1 mmol) in one lot.  The mixture 

was allowed to warm to room temperature and stirred for one hour.  The solution was 

then filtered to remove the white precipitate, washed with saturated Na2CO3 solution (3 

x 10 mL), dried over Mg2SO4 and concentrated in vacuo.  The resulting solid was 

purified by recrystallisation from EtOH to afford 322 as white crystals (3.30 g, 80%). 

M.p. 208 - 210 
o
C. 

δH (400 MHz, CDCl3):  8.33 (2 H, d, J = 8.9, H-4), 7.98 (2 H, d, J = 7.3, H-5), 

7.78 (1 H, t, J = 7.3, H-7), 7.65 (2 H, t, J = 7.3, H- 6), 

7.49 (2 H, d, J = 8.9, H-3), 4.50 (1 H, dd, J = 9.8, 3.6, H-

2), 3.63 (1 H, dd, J = 19.3, 3.5, H-1), 3.30 (1 H, dd, J = 

19.3, 9.7, H-1’).  
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δC (100 MHz, DMSO-d6): 172.3 (C=O), 167.6 (C=O), 147.0 (q), 136.9 (q), 136.3 

(q), 135.1, 129.7, 129.0, 127.7, 124.5, 63.5, 30.5.  

νmaxm (neat)/cm
-1

: 2932, 1783, 1707, 1611, 1597, 1519, 1498, 1449, 1392, 

1344, 1313, 1178, 1149, 1083, 853, 792, 749, 721, 684, 

603. 

HRMS (m/z - ESI): Found: 359.0336 (M-H)
- 

 C16H11N2O6S Requires: 

359.0338. 

 

Tert-butyl 2,5-dioxo-2,5-dihydro-1H-pyrrole-1-carboxylate (N-boc maleimide) 

(326)
160

 

 

To a solution of maleimide (261, 1.00 g, 10.3 mmol) in anhydrous CH2Cl2 (20 mL) was 

added di-tert-butyl dicarbonate (2.25 g, 10.3 mmol) and a catalytic amount of 4-

dimethylaminopyridine (DMAP; 126 mg, 1.03 mmol) at room temperature. After 

stirring the mixture for 10 min, the solvent was removed in vacuo and the crude residue 

purified by column chromatography on silica gel to give 326 as a beige solid (1.81 g, 

89%). Spectral data for this compound were consistent with those in the literature.
160

 

M.p. 63-65 °C (lit
160 

62-64 °C). 

δH (400 MHz, CDCl3): 6.79 (2 H, s, H-1), 1.59 (9 H, s, H-2). 
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Tert-butyl 2,5-dioxo-3-(phenylsulfonyl)pyrrolidine-1-carboxylate (328) 

 

To a 50 mL round-bottomed flask equipped with a magnetic stirring bar was added N-

boc maleimide 326 (1.50 g, 7.61 mmol) and toluene (13 mL), followed by addition of 

thiophenol (320, 853 µL, 8.37 mmol) via syringe.  The solution was diluted with 

toluene (5 mL) and stirred at room temperature overnight. The solvent was then 

evaporated in vacuo to afford the crude sulfide 327, to which was added CH2Cl2 (40 

mL).  The resulting solution was cooled to 0 °C followed by the addition of m-CPBA 

(77%, 4.26 g, 19.0 mmol) in one lot.  The mixture was allowed to warm to room 

temperature and stirred for one hour.  The solution was then filtered to remove the 

white precipitate, washed with saturated Na2CO3 solution (3 x 10 mL), dried over 

Mg2SO4 and concentrated in vacuo.  The resulting solid was purified by recrystallisation 

from EtOH to afford 328 as a white solid (1.17 g, 45% over two steps). M.p. 108-110 

o
C. 

δH (400 MHz, CDCl3): 7.98 – 7.93 (2 H, m, H-4), 7.79 – 7.72 (1 H, m, H-6), 7.66 

– 7.59 (2 H, m, H-5), 4.32 (1 H, dd, J = 10.0, 4.1, H-2), 

3.42 (1 H, dd, J = 19.2, 4.1, H-1), 3.12 (1 H, dd, J = 19.2, 

9.9, H-1’), 1.55 (9 H, s, H-3).  

δC (100 MHz, CDCl3): 172.3 (C=O), 168.2 (C=O), 145.2 (C=O), 136.3 (q), 

135.2, 135.1, 134.7, 87.2, 86.6 (q), 30.9, 27.8.  

νmaxm (neat)/cm
-1

: 2928, 1770, 1713, 1590, 1514, 1481, 1439, 1387, 1330, 

1168, 1120, 1077, 844, 758, 614. 

HRMS (m/z - ESI): Found:  338.0706 (M-H)
- 

C16H16NO6S Requires: 

359.0698. 
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 (2-Ethoxy-2-oxoethyl)triphenylphosphonium bromide (331)
161

 

 

A 500 mL round-bottomed flask containing a magnetic stirring bar under an argon 

atmosphere was charged with triphenylphosphine (25.0 g, 71.7 mmol). Toluene (205 

mL, 0.35 M) was added via syringe followed by ethyl bromoacetate (8.00 mL, 95.4 

mmol). The reaction was refluxed for 16 h and allowed to cool to room temperature.  

The precipitate formed was isolated by suction filtration, washed with diethyl ether (3 x 

50 mL) and dried in vacuo to afford 331 as a white solid in quantitative yield (33.3 g, 

100%). M.p. 146-151 °C (lit.
161

 m.p.155-156 °C). 

Spectral data for this compound were consistent with those in the literature.
161 

δH (400 MHz, CDCl3): 7.90-7.85 (6 H, m, H-1), 7.78-7.74 (3 H, m, H-3), 7.67-

7.63 (6 H, m, H-2) 5.56 (2 H, d, J 13.75, H-4), 4.01 (2 H, 

q, J 7.14, H-5), 1.04 (3 H, t, J 7.14, H-6). 
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(E)-Tert-butyl-(2-ethoxy-2-oxoethylidene)-2-oxindoline-1-carboxylate (334)
162

 

 

A 500 mL round-bottomed flask containing a magnetic stirring bar was charged with 

331 (10.0 g, 23.3 mmol) and dichloromethane (100 mL). An aqueous solution of NaOH 

(2.0 M, 100 mL) was added and the reaction was allowed to stir at room temperature for 

30 min. The organic layer was separated and the aqueous layer extracted with CH2Cl2 

(3 x 25 mL). The combined organic layers were dried over MgSO4, filtered and 

concentrated in vacuo to afford the crude ylide 332 (8.73 g, 99%) which was dissolved 

in toluene and transferred via syringe to a 250 mL round-bottomed flask containing a 

magnetic stirring bar. Isatin 333 (3.43 g, 23.3 mmol) was added to the mixture and the 

reaction was stirred at room temperature for 16 h. The reaction mixture was then 

concentrated in vacuo, and acetonitrile (80 mL) added via syringe. DMAP (2.85 g, 2.33 

mmol) was subsequently added, followed by di-tert-butyl dicarbonate (5.59 g, 25.6 

mmol). The resulting solution was allowed to stir at room temperature for 16 h, the 

solvent removed in vacuo, and the crude residue purified by flash column 

chromatography to afford 334 as a bright yellow solid (5.20 g, 71% over two steps) 

M.p. 64-66 °C (lit.
162

 m.p. 65-67 °C). 

Spectral data for this compound were consistent with those in the literature.
162 

δH (400MHz, CDCl3): 8.71 (1 H, d, J = 6.8, H-1), 7.93 (1 H, d, J = 8.1, H-4), 

7.48-7.44 (1 H, m, H-3), 7.22 (1 H, t, J =  7.7, H-2), 6.94 

(1 H, s, H-5), 4.36 (2 H, q, J = 7.1, H-6), 1.68 (9 H, s, H-

8) 1.41 (3 H, t, J =  7.1, H-7). 

 

 



Chapter 3  Experimental procedures and data 

 

121 

 

Tert-butyl 3-(2-ethoxy-1-1-(4-nitrophenyl)-2,5-dioxo-3-(phenylsulfonyl)pyrrolidin-

3-yl)-2-oxoethyl)-2-oxoindoline-1-carboxylate (335) 

 

To an oven-dried 5 mL round-bottomed flask containing a magnetic stirring bar under 

an argon atmosphere was added alkylidine oxindole 334 (78.1 mg, 0.246 mmol) and 

succinimide substrate 322 (88.6, 0.246 mmol). Dry THF (2.5 mL, 0.1 M) was added via 

syringe followed by catalyst 323 (15.5 mg, 0.0246 mmol).  The reaction was allowed to 

stir at room temperature for 16 h, reduced in vacuo and purified by flash column 

chromatography to afford 335 as a beige solid (31.7 mg, 19%). M.p. 165-167 °C. [α]D
20 

= +5.8 (c = 0.05, CHCl3). 

HPLC analysis. ACQUITY UPC
2 

Trefoil AMY1, 2.5 µm (3.0 x 100 mm). ABPR: 1500 

(psi). A = CO2 / B = Ethanol/MeCN/IPA (1:1:1 v/v/v) gradient as shown in Table 3.1, 

column temperature: 30 °C, UV detection at 230 nm, retention times: 3.067 min (minor 

enantiomer) and 3.166 min (major enantiomer). 

δH (400 MHz, CDCl3):  8.18 (2 H, d, J = 9.1, H-12), 7.97 – 7.92 (2 H, m, H-13), 

7.85 – 7.74 (3 H, m, H-1, H-4, H-15), 7.67 – 7.61 (2 H, 

m, H-14), 7.41 – 7.34 (1 H, m, H-3), 7.31 – 7.26 (1 H, m, 

H-2), 6.89 (2 H, d, J = 9.1, H-11), 4.85 (1 H, d, J = 0.7, 

H-5), 4.79 (1 H, d, J = 0.7, H-6), 4.50 (1 H, d, J = 20.1, 

H-10’), 4.15 (1 H, dd, J = 10.9, 7.2, H-7), 3.83 (1 H, dd, J 

= 10.9, 7.2), 3.77 (1 H, d, J = 20.1, H-10), 1.64 (9 H, s, 

H-16), 0.98 (3 H, t, J = 7.2, H-8). 

δC (100 MHz, CDCl3): 174.9 (C=O), 171.6 (C=O), 171.0 (C=O), 169.4 (C=O), 

148.9(C=O), 147.3 (q), 139.8 (q), 136.6 (q), 135.7 (q), 

135.0 (q), 130.5, 130.0, 128.8, 127.1, 126.9, 125.1, 124.2, 
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123.7, 114.7, 84.9, 73.1 (q), 62.6, 48.0, 45.1, 35.1, 28.1, 

13.3.   

νmaxm (neat)/cm
-1

: 2954, 1793, 1755, 1736, 1717, 1520, 1370, 1318, 1190. 

HRMS (m/z - ESI): Found: 676.1604 (M-H)
-
 C33H30N3O11S Requires: 

676.1601. 

2-Hydroxy-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (348)
145

 

 

348 was prepared according to a literature procedure.
145  

To an oven-dried 100 mL round-bottomed flask containing a magnetic stirring bar 

under an argon atmosphere was added maleic anhydride (318, 5.00g, 51.0 mmol) 

followed by toluene (10 mL) and furan (345, 3.71 mL, 51.0 mmol).  The mixture was 

allowed to stir for 16 h at room temperature, the solvent removed in vacuo to afford the 

crude cycloadduct 346.  In a separate 100 mL round-bottomed flask containing a 

magnetic stirring bar, a solution of sodium hydroxide (2.04g, 51.0 mmol) in methanol 

(20 mL) was added to hydroxylamine sulfate (4.19 g, 25.5 mmol) at 0 °C.  After 6 h, 

the precipitate formed (Na2SO4) was filtered off, and the filtrate containing 

hydroxylamine (347) added to the flask containing 346 drop-wise over 30 minutes.  The 

resulting mixture was allowed to stir for 16 h at room temperature, the solvent removed 

in vacuo, followed by the addition of ethanol (20 mL).  The resulting mixture was 

refluxed for 4 h, allowed to cool to room temperature then chilled on ice.  The crystals 

formed were filtered, affording 348 as a white crystalline solid (5.73 g, 62% over two 

steps). M.p. 185-187 °C (lit.
145

 m.p. 187-188 °C). 

Spectral data for this compound were consistent with those found in the literature.
145

  

δH (400 MHz, acetone-d6): 5.78 – 5.75 (2 H, m, H-1), 4.63 – 4.61 (2 H, m, H-2), 3.09 

– 3.05 (2 H, d, H-3), 1.99 (1 H, s, H-4). 
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2-Methoxy-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (349)
145

 

 

To an oven-dried round-bottomed flask equipped with a magnetic stirring bar under an 

argon atmosphere was added 348 (1.50 g, 8.28 mmol) followed by dry DMF (8.3 mL).  

Methyl iodide (567 µL, 9.11 mmol) was subsequently added via syringe, followed by 

granulated barium oxide (1.40 g, 9.11 mmol).  The resulting mixture was stirred at 

room temperature for 16 h, the precipitates filtered off and the filtrate concentrated in 

vacuo.  The crude residue was poured onto ice water (50 mL), the precipitate filtered 

off and subsequently recrystallised from ethanol to afford 349 as a white solid (572 mg, 

35%). M.p. 140-143 °C (lit.
145

 m.p. 139-141 °C). 

Spectral data for this compound were consistent with those in the literature.
145

 

δH (400 MHz, CDCl3):  6.52 – 6.50 (2 H, m, H-1), 5.30-.5.29 (2 H, m, H-2), 3.92 

(3 H, s, H-4), 2.77 – 2.76 (2 H, m, H-3).  

1-Methoxy-1H-pyrrole-2,5-dione (344)
145

 

 

A 25 mL round-bottomed flask equipped with a magnetic stirring bar was charged with 

349 (500 mg, 2.56 mmol) and heated to 180 °C – observing vigorous furan evolution.  

The resulting residue was distilled at 180 °C under reduced pressure (30 mBar) to 

afford 344 as a white crystalline solid (135 mg, 40%). M.p. 106-108 °C (lit.
145

 m.p. 

108-110 °C). 

Spectral data for this compound were consistent with those found in the literature.
145  

δH (400 MHz, CDCl3): 6.64 (2 H, s, H-1), 3.97 (3 H, s, H-2). 
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1-Methoxy-3-(phenylsulfonyl)pyrrolidine-2,5-dione (338) 

 

To a 10 mL round-bottomed flask equipped with a magnetic stirring bar was charged 

344 (130 mg, 1.02 mmol) and toluene (2 mL), followed by the addition of thiophenol 

(320, 115 µL, 1.12 mmol) via syringe.  The solution was diluted with toluene (2 mL) 

and stirred at room temperature overnight.  The solvent was then removed in vacuo to 

afford the crude sulfide 350, to which was added dichloromethane (5 mL).  The 

resulting solution was cooled to 0 °C followed by the addition of m-CPBA (77%, 572 

mg, 2.55 mmol) in one go.  The resulting mixture was allowed to return to room 

temperature and stirred for 2 h.  The resulting suspension was filtered to remove 

precipitate, the filtrate washed with saturated Na2CO3 solution (3 x 5 mL), then dried 

over Mg2SO4 and concentrated in vacuo. The resulting solid was purified by flash 

column chromatography to afford 338 as a white solid (173 mg, 63% over two steps). 

M.p. 100 - 102 °C (dec.). 

δH (400 MHz, CDCl3):  7.98 – 7.93 (2 H, m, H-3), 7.81 – 7.74 (1 H, m, H-5), 7.68 

– 7.61 (2 H, m, H-4), 4.27 (1 H, dd, J = 9.6, 3.2, H-2), 

3.88 (3 H, s H-6), 3.37 (1 H, dd, J = 18.9, 3.2, H-1), 3.06 

(1 H, dd,  J = 18.9, 9.8, H-1’). 

δC (100 MHz, CDCl3): 166.9 (C=O), 162.9 (C=O), 136.2 (q), 135.3, 129.6, 

129.5, 65.0, 60.6, 29.7. 

νmaxm (neat)/cm
-1

: 2932, 1769, 1714, 1588, 1512, 1486, 1431, 1380, 1329, 

1166, 1118, 1077, 614. 

HRMS (m/z - ESI): Found: 270.0442 (M+H)
+
 C11H12NO5S Requires: 

270.0431. 
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Methyl (E)-4-((4-methylphenyl)sulfonamido)-4-oxobut-2-enoate (359) 

 

To an oven-dried 50 mL round-bottomed flask containing a magnetic stirrer was added 

maleic anhydride 318 (2.14 g, 21.8 mmol), methanol (882 µL mL, 1 equiv) and toluene 

(10 mL).  The resulting solution was refluxed for 6 h, and the solvent removed in vacuo 

to afford the crude carboxylic acid 357 in quantitative yield.  Dry dichloromethane was 

subsequently added (20 mL) followed by oxalyl chloride (4.7 mL, 54.5 mmol) and a 

few drops DMF. The resulting solution was allowed to stir for 4 h at room temperature 

before the solvent was removed in vacuo to afford a residue containing the acid chloride 

358.  Dichloromethane (10 mL) was added to the residue and the resulting solution 

cooled to 0 °C. A mixture of p-toluenesulfonamide (3.68 g, 21.8 mmol) and DBU (3.25 

mL, 21.8 mmol) in dichloromethane (15 mL) was then added drop-wise over 30 min.  

The reaction mixture was allowed to stir at room temperature for 1 h, and then 

quenched with water (25 mL).  The layers were separated and the organic layer 

subsequently washed with aqueous HCl (2N, 2 x 10 mL) and then brine (1 x 10 mL).  

The organic layer was dried over Mg2SO4 and concentrated in vacuo to afford a crude 

residue which was purified by flash column chromatography to afford 359 as a beige 

solid (3.21 g, 52%). M.p. 104 - 106 °C. 

δH (400 MHz, CDCl3):  7.97 (2 H, d, J = 8.1, H-5), 7.35 (2 H, d, J = 8.1, H-6), 

7.00 (1 H, d, J = 15.4, H-3), 6.86 (1 H, d, J = 15.4, H-2), 

3.84 (3 H, s, H-1),  2.44 (3 H, s, H-7). 

δC (100 MHz, CDCl3): 165.6 (C=O), 160.9 (C=O), 145.6 (q), 143.7 (q), 129.8, 

129.7, 128.6, 126.5, 52.9, 21.8.   

νmaxm (neat)/cm
-1

: 3320, 3232, 1919, 1699, 1350, 1303, 1147, 1088, 800. 

HRMS (m/z - ESI): Found: 282.0446 (M-H)
-
 C12H12NO5S Requires: 

282.0441. 
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3-(Phenylsulfonyl)-1-tosylpyrrolidine-2,5-dione (355) 

 

To a 100 mL round-bottomed flask equipped with a magnetic stirring bar was charged 

359 (2.00 g, 7.06 mmol), aqueous sodium hydroxide (2N, 20 mL) and methanol (20 

mL).  The flask was fitted with a condenser, heated at 70 °C for 2 h then allowed to 

cool to room temperature.  The volatiles were removed in vacuo, then EtOAc (20 mL) 

was added and the resulting mixture extracted with aqueous NaHCO3 (5% w/v, 2 x 10 

mL).  The aqueous layer was adjusted to pH 2 with aqueous HCl (2N) and extracted 

with EtOAc (3 x 10 mL).  The combined organic extracts were subsequently dried over 

Mg2SO4 and reduced in vacuo to afford the crude carboxylic acid 360.  The flask 

containin 360 was equipped with a magnetic stirring bar, followed by the addition of 

water (10 mL) and sodium benzenesulfonate 361 (1.27g, 7.06 mmol).  The mixture was 

allowed to stir at room temperature for 3 h, acidified with aqueous HCl (2N), extracted 

with EtOAc (3 x 10 mL), and the organic extracts dried over Mg2SO4 and reduced in 

vacuo to afford the crude carboxylic acid 362. 362 was subsequently transferred to a 

250 mL round-bottomed flask equipped with a magnetic stirring bar followed by the 

addition of dry dichloromethane (100 mL). Trifluoroacetic anhydride (5.00 mL) was 

added via syringe and the resulting solution allowed to stir at room temperature 

overnight.  The reaction mixture was then quenched with water (20 mL) and the layers 

separated.  The organic layer was dried over Mg2SO4 and reduced in vacuo to afford the 

crude residue which was purified by flash column chromatography to afford 355 as a 

white solid (1.44 g, 52% over three steps). M.p. 125-126 °C (dec.). 

δH (400 MHz, CDCl3):  7.97 (2 H, d, J = 8.4, H-6), 7.81 – 7.71 (3 H, m, H-3,H-5), 

7.62 – 7.55 (2 H, m, H-4), 7.39 (2 H, d, J = 8.4, H-7), 

4.26 (1 H, dd, J = 9.9, 3.4, H-2), 3.35 (1 H, dd, J = 19.2, 

3.6, H-1), 3.10 (1 H, dd, J = 19.2, 10.0, H-1’), 2.48 (3 H, 

s, H-8). 



Chapter 3  Experimental procedures and data 

 

127 

 

δC (100 MHz, CDCl3): 167.6 (C=O), 161.7 (C=O), 135.6 (q), 135.3 (q), 134.4 

(q), 133.8, 130.0, 129.6, 129.4, 129.0, 63.6, 30.2, 21.9. 

νmaxm (neat)/cm
-1

: 3016, 2970, 1805, 1742, 1365, 1229, 671. 

HRMS (m/z - ESI): Found: 392.0267 (M-H)
-
 C17H15NO6S2 Requires: 

392.0268. 

3.4 Experimental procedures for Section 2.2 

Homophthalic anhydride (13)
163

 

 

A 100 mL round-bottomed flask containing a magnetic stirring bar was charged with 

homophthalic acid (368, 2.00 g, 11.1 mmol). Acetic anhydride (25 mL) was added, the 

flask was fitted with a condenser and the reaction mixture was heated at 80 °C for 2 h. 

The excess acetic anhydride was removed in vacuo and the solid obtained was triturated 

with diethyl ether (10 mL), filtered and dried to obtain homophthalic anhydride 13 as an 

off white solid (1.53 g, 85%). M.p. 141-142 °C (lit.
163

 m.p. 143-144 °C). Spectral data 

for this compound were consistent with those in the literature.
163

 

δH (400 MHz, DMSO-d6): 8.05 (1 H, d, J = 7.9, H-1), 7.75 (1H, app. t, H-3), 

7.52 (1 H, app. t, H-2), 7.44 (1 H, d, J = 7.8, H-4), 

4.28 (2 H, s, H-5). 

1,3,9-Trioxo-2-phenyl-2,3,3a,4,9,9a-hexahydro-1H-benzo[f]isoindole-4-carboxylic 

acid (369)  

 

To an oven-dried 5 mL round-bottomed flask equipped with a magnetic stirring bar 

under an argon atmosphere was added N-phenylmaleimide 148 (85.2 mg, 0.492 mmol) 

and homophthalic anhydride 13 (79.8 mg, 0.492 mmol) in THF (5.0 mL). N,N-

diisopropylethylamine (17.2 µL, 0.0984 mmol – 20 mol %) was added via syringe and 

the resulting mixture was allowed to stir for 20 h at room temperature.  The reaction 
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mixture was then diluted with EtOAc (15 mL) and extracted with an aqueous solution 

of NaHCO3 (3 x 15 mL, 10% w/v).  The combined aqueous extracts were adjusted to 

pH~2 with aqueous HCl (2.0 N), then extracted with EtOAc (3 x 15 mL).  The 

combined organic extracts were dried over MgSO4 and the solvent was removed in 

vacuo to yield 369 as a yellow solid (140 mg, 85%). M.p. 108-110 °C. 

δH (400 MHz, CDCl3):  7.90 (1 H, dd, J = 7.7, 1.2 Hz, H-1), 7.63 (1 H, ddd J = 

7.7, 7.7, 1.2, H-3), 7.46 - 7.57 (2 H, m, H-2, H-3), 7.32 - 

7.45 (3 H, m, H-9, H-10), 7.10 (2 H, dd, J = 8.2, 1.7, H-

8), 5.89 (1 H, br s, H-11), 4.70 (1 H, d, J = 1.3, H-5), 4.40 

(1 H, d, J = 8.6, H-7), 4.03 (1 H, dd, J = 8.6, 1.3, H-6). 

δC (100 MHz, CDCl3): 186.4 (C=O), 175.3 (C=O), 175.1 (C=O), 169.5 (C=O), 

135.6 (q), 135.2, 131.7 (q), 131.2 (q), 130.3, 129.8, 129.1, 

129.0, 128.5, 126.0, 52.6, 42.9, 41.2.   

νmaxm (neat)/cm
-1

: 3200, 3070, 1708, 1597, 1497, 1456, 1381, 1158, 1006, 

745, 690, 616, 555. 

HRMS (m/z - ESI): Found: 358.0696 (M+Na)
+ 

C19H13NO5Na Requires: 

358.0691. 

1,3,9-Trioxo-2,3,3a,4,9,9a-hexahydro-1H-benzo[f]isoindole-4-carboxylic acid (372) 

 

To an oven-dried 5 mL round-bottomed flask equipped with a magnetic stirring bar 

under an argon atmosphere was added N-Boc maleimide 326 (48.5 mg, 0.246 mmol) 

and homophthalic anhydride 13 (39.9 mg, 0.246 mmol) in THF (2.5 mL, 0.1 M). N,N-

diisopropylethylamine (8.6 µL, 0.0492 mmol – 20 mol%) was added via syringe and 

the resulting mixture was allowed to stir at room temperature until full conversion was 

observed by 
1
H NMR spectroscopic analysis (20 h).  The reaction mixture was then 

diluted with EtOAc (15 mL) and extracted with an aqueous solution of NaHCO3 (3 x 15 

mL, 10% w/v).  The combined aqueous extracts were adjusted to pH 1 with 
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concentrated HCl and left to stir overnight at room temperature.  The mixture was then 

extracted with EtOAc (3 x 15 mL).  The combined organic extracts were dried over 

MgSO4 and the solvent was removed in vacuo to yield the carboxylic acid 372 as a 

white solid (47.8 mg, 75%). M.p. 204 - 206 °C. 

δH (400 MHz, CDCl3):  11.64 (1 H, br s, H-9), 7.70 – 7.66 (2 H, m, H-1, H-3), 

7.54 – 7.48 (2 H, m, H-2, H-4), 4.30, (1 H, d, J = 1.6, H-

5), 4.05 (1 H, d, J = 8.4, H-7), 3.97 (1 H, dd, J = 8.4, 1.6, 

H-6). 

δC (100 MHz, CDCl3): 188.0 (C=O), 178.2 (C=O), 172.7 (C=O), 172.0 (C=O), 

137.5 (q), 134.5, 132.0 (q), 129.8, 129.0, 127.0, 54.5, 

43.2, 42.2. 

νmaxm (neat)/cm
-1

: 3231, 3100, 1789, 1702, 1599, 1455, 1370, 1339, 1301, 

1249, 1155, 1125, 1030, 928, 869, 716. 

HRMS (m/z - ESI): Found: 260.0553 (M+H)
+
 C13H10NO5Na Requires: 

260.0565. 

3-Phenyl-1H-pyrrole-2,5-dione (375) 

 

To a 50 mL round-bottomed flask equipped with a magnetic stirring bar was charged 

phenylmaleic anhydride (374, 5.0 g, 28.7 mmol) and anhydrous ammonium acetate 

(5.53 g, 71.8 mmol). Glacial acetic acid was added (8 mL) and the mixture was heated 

under reflux for 3 h. The solvent was removed in vacuo and the crude residue purified 

by flash column chromatography to give 375 as a beige solid (3.53 g, 71%). M.p. 165 – 

168 °C. 

δH (400 MHz, DMSO-d6): 11.02 (1 H, br s, H-1), 8.01 – 7.94 (2 H, m, H-3), 

7.52 – 7.46 (3 H, m, H-4, H-5), 7.16 – 7.10 (1 H, 

m, H-2). 



Chapter 3  Experimental procedures and data 

 

130 

 

δC (100 MHz, DMSO-d6): 172.2 (C=O), 171.8 (C=O), 143.1 (q), 130.8 (q), 

129.0, 128.8, 128.6, 125.9. 

νmaxm (neat)/cm
-1

: 3179, 1709, 1594, 1447, 1343, 1127, 974, 873, 

789. 

HRMS (m/z - ESI): Found: 172.0412 (M-H)
-
 C10H6NO2 Requires: 

172.0404. 

Tert-butyl 2,5-dioxo-3-phenyl-2,5-dihydro-1H-pyrrole-1-carboxylate (376) 

 

To a solution of 2-phenylmaleimide 375 (1.48 g, 8.5 mmol) in anhydrous CH2Cl2 (17 

mL) was added di-tert-butyl dicarbonate (1.86 g, 8.5 mmol) and a catalytic amount of 

4-dimethylaminopyridine (DMAP; 104 mg, 0.85 mmol) at room temperature. After 

stirring the mixture for 10 min, the solvent was removed in vacuo and the crude residue 

purified by column chromatography to give 376 as a white solid (1.38 g, 60%). M.p. 

85-87 °C. 

δH (400 MHz, CDCl3):  7.93 – 7.89 (2 H, m, H-3), 7.54 – 7.45 (3 H, m, H-4, H-5), 

6.81 (1 H, s, H-2), 1.62 (9 H, s, H-1). 

δC (100 MHz, CDCl3): 166.3 (C=O), 165.9 (C=O), 146.2 (C=O), 144.5 (q), 131.9 

(q), 129.2, 129.0, 128.1, 125.2, 85.5 (q), 28.0. 

νmaxm (neat)/cm
-1

: 2985, 2942, 1796, 1756, 1708, 1617, 1315, 1283, 1250, 

1147, 1006, 836, 788. 

HRMS (m/z - ESI): Found: 296.0897 (M+Na)
+
 C15H15NO4Na Requires: 

296.0893. 
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Tert-butyl 3-(1,3-dioxoisochroman-4-yl)-2,5-dioxo-4-phenylpyrrolidine-1-

carboxylate (378) 

 

To an oven dried 10 mL round-bottomed flask equipped with a magnetic stirring bar 

under an argon atmosphere was added homophthalic anhydride 13 (79.8 mg, 0.492 

mmol), 376 (134.4 mg, 0.492 mmol) and 4-iodoanisole (57.6 mg, 0.123 mmol) as an 

internal standard.  The solids were dissolved in THF (2.5 mL, 0.1 M), then DIPEA 

(17.2 µL, 0.0984 mmol – 20 mol%) was added dropwise via syringe and the mixture 

was allowed to stir at room temperature until full conversion to the enol 377 was 

observed by 
1
H NMR spectroscopic analysis with respect to internal standard (94%). 

Addition of water (0.664 mL, 75.0 equiv.) followed by overnight stirring at room 

temperature revealed the formation of ca. 10% of the keto-Michael adduct 378. The 

reaction mixture was diluted with EtOAc (20 mL) and washed with an aqueous solution 

of NaHCO3 (3 x 15 mL, 10% w/v). The organic layer was dried with MgSO4 and 

reduced in vacuo to afford 378 as a yellow solid (mixture of diastereomers, 30.4 mg, 

0.0698 mmol, 14%).  The diastereomers were separated by the employment of an 

automated flash chromatographic purification system (Biotage SP4) using a high 

performance prepacked silica cartridge (Biotage SNAP 10 g), eluting the mixture in 

gradient of EtOAc from 100% hexanes according the following developed method.  

Flow: 10 ml/min; Unit: CV = column volume = 15 ml = 1 min. Gradient: 100% hexanes 

for 3 CV; from 0% EtOAc in hexanes to 35% EtOAc in hexanes in 24 CV. 

378a (10.5 mg, 5%) M.p. 54 – 56 °C. 

δH (400 MHz, CDCl3):  8.10 (1 H, dd, J = 7.7, 1.1, H-1), 7.86 – 7.83 (1 H, m, H-

4), 7.78 (1 H, ddd, J = 7.7, 7.7, 1.1, H-3), 7.55 (1 H, ddd, 

J = 7.7, 7.7, 1.1, H-2), 7.23 – 7.16 (3 H, m, H-9, H-10), 

7.94 – 7.91 (2 H, m, H-8), 4.34 (1 H, d, J = 7.4, H-7), 
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4.23 (1 H, d, J = 8.4, H- 5), 4.01 (1 H, dd, J = 8.4, 7.4, H-

6), 1.37 (9 H, s, H-11). 

δC (100 MHz, CDCl3): 193.7 (C=O x 2), 170.9 (C=O x 2), 145.4 (C=O), 134.9, 

133.9 (q), 133.7 (q), 132.7 (q), 131.1, 129.2 (2), 129.1, 

128.5, 128.0, 86.1 (q), 51.9, 45.1, 41.3, 27.6. 

νmaxm (neat)/cm
-1

: 3071, 2981, 2939, 1811, 1766, 1723, 1687, 1598, 1491, 

1454, 1370, 1318, 1252, 1143, 1001, 912, 838, 729, 699. 

378b (8.7 mg, 4%) M.p. >60 °C (dec.). 

δH (400 MHz, CDCl3):  8.02 (1 H, dd, J = 7.9, 1.3, H-1’), 7.87 (1 H, d, J = 7.9, 

H-4’), 7.68 (1 H, ddd, J = 7.3, 7.3,1.3, H-3’), 7.48 (1 H, t, 

J = 7.3, H-2’), 7.31 – 7.24 (3 H, m, H9’, H10’), 7.17 – 

7.14 (2 H, m, H-8’), 4.60 (1 H, d, J = 2.8, H-7’), 4.47 (1 

H, d, J = 8.7, H-5’), 3.85 (1 H, dd, J = 8.7, 2.3, H-6’), 

1.54 (9 H, s, H-11’). 

δC (100 MHz, CDCl3): 193.1 (C=O x 2), 172.1 (C=O), 171.7 (C=O), 145.8 

(C=O), 136.8, 134.8 (q), 133.9 (q), 131.4 (q), 129.2, 

129.1 (2), 128.2, 128.0, 127.5, 86.8 (q), 49.5, 44.9, 42.4, 

27.7. 

νmaxm (neat)/cm
-1

: 3064, 2983, 1808, 1766, 1719, 1683, 1596, 1495, 1449, 

1369, 1315, 1254, 1213, 1140, 1030, 949, 909, 800, 729, 

695. 

Methyl 2-(2-methoxy-1-(1-methyl-2,5-dioxo-4-phenylpyrrolidin-3-yl)-2-

oxoethyl)benzoate (379)   

 

To an oven dried 5 mL round-bottomed flask equipped with a magnetic stirring bar 

under an argon atmosphere was added homophthalic anhydride 13 (79.8 mg, 0.492 
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mmol), 376 (134.4 mg, 0.492 mmol) and 4-iodoanisole (57.6 mg, 0.246 mmol) as an 

internal standard.  The solids were dissolved in THF (5.0 mL, 0.1 M), then DIPEA 

(17.2 µL, 0.0984 mmol – 20 mol%) was added via syringe and the mixture was allowed 

to stir at room temperature until full conversion to the enol 377 was observed by 
1
H 

NMR spectroscopic analysis with respect to internal standard (3 d). Deionised water 

(1.32 mL, 75.0 equiv.) was added to the reaction mixture and it was allowed to stir 

overnight at room temperature. The mixture was then diluted with EtOAc (30 mL) and 

extracted with an aqueous solution of NaHCO3 (3 x 10 mL, 10% w/v). The aqueous 

extracts were adjusted to pH 2 using 2N HCl and extracted with EtOAc (3 x 10 mL).   

The combined organic extracts were dried over MgSO4 and reduced in vacuo to afford a 

white solid, to which was added THF (5.0 mL, 0.1 M) followed by the addition of 

anhydrous MeOH (1.50 mL, 36.9 mmol, 75 equiv.) and trimethylsilyldiazomethane (2.0 

M solution in diethyl ether, 300 µL, 0.590 mmol, 1.2 equiv.) via syringe at 0 °C.  After 

30 min the solvent was removed in vacuo and the crude residue purified by flash 

column chromatography on silica gel to afford 379 as a white solid (dr = 95:5, 62.0 mg, 

32%). M.p. 110-112 °C. 

δH (400 MHz, CDCl3):  7.93 – 7.89 (1 H, m, H-1), 7.35 – 7.07 (6 H, m, H,9, H-10, 

H-2, H-3, H-4), 6.74 – 6.66 (2 H, m, H-8), 5.13 (1 H, d, J 

= 8.2, H-5), 3.86 – 3.75 (5 H, m, H-6, H-7, H-11), 3.72 (3 

H, s, H-12), 3.09 (3 H, s, H-13). 

δC (100 MHz, CDCl3): 177.2 (C=O), 176.9 (C=O), 172.6 (C=O), 167.9 (C=O), 

136.9 (q), 135.9 (q), 132.0, 130.6, 130.1 (q), 129.6, 128.7, 

127.9, 127.8, 127.5, 52.7, 52.5, 51.7, 51.1, 46.4, 25.3. 

νmaxm (neat)/cm
-1

: 2950, 1778, 1735, 1690, 1435, 1383, 1280, 1249, 1229, 

1130, 1080, 984, 751, 701. 

HRMS (m/z - ESI): Found: 396.1442 (M+H)
+
 C22H22NO6 Requires: 

396.1432. 
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4-(2,5-Dioxo-4-phenylpyrrolidin-3-yl)-2-(4-methoxyphenyl)isoquinoline-

1,3(2H,4H)-dione (381) 

 

To an oven-dried 5 mL round-bottomed flask equipped with a magnetic stirring bar 

under an argon atmosphere was added homophthalic anhydride 13 (39.9 mg, 0.246 

mmol), and 376 (67.2 mg, 0.246 mmol) in dry THF (2.5 mL, 0.1 M).  The flask was 

fitted with a reflux condenser and the contents heated to 80 °C, followed by the addition 

of DIPEA (8.6 µL, 0.0492 mmol – 20 mol%).  Reflux was maintained until full 

conversion to the keto-Michael adduct 378 was observed by 
1
H NMR spectroscopic 

analysis (20 h), at which point anisidine (380, 30.3 mg, 0.246 mmol) was added and the 

reaction mixture refluxed for a further 20 h.  The solvent was then removed in vacuo 

and the crude residue purified by column chromatography to afford 381 as a white solid 

(45.5 mg, 42%). M.p. >165 °C (dec.). 

δH (400 MHz, CDCl3):  8.01 – 7.98 (1 H, m, H-1), 7.96 – 7.93 (1 H, m, H-4), 7.80 

– 7.65 (1 H, m, H-3), 7.49 – 7.44 (1 H, m, H-2), 7.31 – 

7.20 (5 H, m, H-8, H-9, H-10), 7.13 (2 H, d, J = 9.1, H-

11), 6.93 (2 H, d, J = 9.1, H-12), 4.71 (1 H, d, J = 1.8, H-

7), 4.59 (1 H, d,  J = 8.5, H-5), 3.98 (1 H, dd, J = 8.5, 1.8, 

H-6), 3.82 (3 H, s, H-13), 1.70 (1 H, br s, H-14). 

δC (100 MHz, CDCl3): 193.8 (C=O), 175.7 (C=O), 175.4 (C=O), 159.7 (C=O), 

137.4 (q), 135.1 (q), 134.8 (q), 131.4 (q), 129.5 (q), 129.3, 

129.0, 128.2, 128.0, 127.6, 127.5, 124.1, 114.6, 77.3, 

55.6, 50.1, 44.3, 42.2. 

νmaxm (neat)/cm
-1

: 3011, 2967, 2932, 2835, 1781, 1706, 1596, 1517, 1385, 

1251, 1181, 1027, 932, 826. 
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2-(Tert-butyl) 4-methyl 1,3,9-trioxo-9a-phenyl-1,3,3a,4,9,9a-hexahydro-2H-

benzo[f]isoindole-2,4-dicarboxylate  (382) 

 

To an oven-dried 5 mL round-bottomed flask equipped with a magnetic stirring bar 

under an argon atmosphere was added N-Boc-α-phenyl maleimide  376 (67.2 mg, 0.246 

mmol) and homophthalic anhydride 13 (39.9 mg, 0.246 mmol) in THF (2.5 mL, 0.1 M). 

N-methyl pyrrolidine (25. 6 µL, 0.0492 mmol – 20 mol%) was added via syringe and 

the resulting mixture allowed to stir at room temperature until the formation of a white 

precipitate was observed (~1 h).  An aqueous solution of citric acid (5 % w/v) was 

added drop-wise until the precipitate dissolved, then the mixture was diluted with 

EtOAc (20 mL) and washed with deionised water (5 x 5 mL).  The organic layer was 

dried with MgSO4, reduced in vacuo and the crude solid was placed in an oven dried 5 

mL round-bottomed flask equipped with a magnetic stirring bar under an argon 

atmosphere.  The solid was dissolved in THF (2.5 mL, 0.1 M), then anhydrous MeOH 

(750 µL, 18.5 mmol) and trimethylsilyldiazomethane (2.0 M solution in diethyl ether, 

150 µL, 0.300 mmol) were added via syringe at 0 °C, and the mixture was allowed to 

stir for 30 min.  The solvent was then removed in vacuo and the crude residue purified 

by flash column chromatography on silica gel to afford 382a and 382b as white solids 

(102.8 mg, 93% combined yield). 

382a (64.1 mg, 58%). M.p. 185-187  °C. 

δH (400 MHz, CDCl3):  7.79 (1 H, dd, J = 7.7, 1.1, H-1), 7.62 (1 H, ddd J = 7.7, 

7.7, 1.2, H-3), 7.56 (1 H, d, J = 7.7, H-4), 7.46 (1 H, ddd, 

J = 7.7, 7.7, 1.2, H-2), 7.34 – 7.26 (5 H, m, H-7, H-8, H-

9), 4.59 (1 H, d, J = 6.6, H-5), 4.07 (1 H, d, J = 6.6, H-6), 

3.63 (3 H, s, H-10), 1.59 (9 H, s, H-11). 

δC (100 MHz, CDCl3): 187.7 (C=O), 171.5 (C=O), 171.2 (C=O), 167.8 (C=O), 

146.1 (C=O), 137.0 (q), 135.2 (q), 134.4, 133.3 (q), 
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129.7, 129.6, 129.4, 128.8, 128.7, 126.5, 86.8 (q), 59.6 

(q), 53.3, 49.9, 45.0, 27.9. 

νmaxm (neat)/cm
-1

: 2976, 1806, 1768, 1753, 1719, 1599, 1449, 1372, 1258, 

1243, 1147, 1086, 888, 829, 703. 

HRMS (m/z - ESI): Found: 472.1367 (M+Na)
+
 C25H23NO7Na Requires: 

472.1385. 

382b (38.7 mg, 35%). M.p. 118-120  °C. 

δH (400 MHz, CDCl3):  8.12 (1 H, dd, J = 7.8, 1.2, H-1’), 7.67 (1 H, ddd, J = 7.8, 

7.8, 1.2, H-3’), 7.53 (1 H, ddd, J = 7.8, 7.8, 1.2, H-2’), 

7.41 (1 H, d , J = 7.8, H-4’), 7.40 – 7.29 (3 H, m, H-8’, 

H-9’), 7.26 – 7.23 (2 H, m, H-7’), 4.64 (1 H, d, J = 1.9, 

H-5’), 4.19 (1 H, d, J = 1.9, H-6’), 3.32 (3 H, s, H-10’), 

1.53 (9 H, s, H-11’). 

δC (100 MHz, CDCl3): 187.7 (C=O), 171.1 (C=O), 170.0 (C=O), 168.3 (C=O), 

145.4 (C=O), 137.0 (q), 136.2 (q), 135.3, 131.5 (q), 

130.7, 129.5, 129.2, 128.9, 128.4, 128.1, 126.3, 126.2, 

87.2 (q), 64.5 (q), 52.8, 52.0, 41.9, 27.7. 

νmaxm (neat)/cm
-1

: 2984, 1815, 1772, 1729, 1679, 1599, 1480, 1371, 1297, 

1252, 1231, 1139, 1015, 910, 898, 837, 729, 697. 

HRMS (m/z - ESI): Found: 448.1419 (M-H)
-
 C25H23NO7 Requires: 448.1402. 

2-(4-Nitrophenyl)succinic acid (308)
164

 

 

A three-necked oven-dried 100 mL round-bottomed flask containing a magnetic stirring 

bar fitted with a thermometer was charged with fuming HNO3 (30 mL) and cooled to 0 

o
C. Phenylsuccinic acid (306, 10.0 g, 51.5 mmol) was added portion-wise while 

maintain a temperature below 20 
o
C. The solution was allowed to stir at 0 

°
C for 2h, 
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then crushed ice (30 g) and water (20 mL) were added to the reaction mixture.  The 

white precipitate formed was filtered, washed with water, dried, and then recrystallised 

from water to obtain 308 as a white solid (7.20 g, 58%). M.p. 230 - 234 
o
C (lit

164
 m.p. 

233 – 235 
o
C). 

Spectral data for this compound were consistent with those in the literature.
164

 

δH (400 MHz, DMSO-d6): 12.6 (2 H, br s, H-5, H-6), 8.19 (2 H, d, J = 8.8, H-4), 

7.60 (2 H, d, J = 8.8, H-3), 4.10 (1 H, dd, J = 9.7, 5.5, H-

2), 3.00 (1 H, dd, J = 17.0, 9.7, H-1’), 2.64 (1 H, dd, J = 

17.0, 5.5, H-1). 

3-(4-Nitrophenyl)dihydrofuran-2,5-dione (52)
165

 

 

An oven-dried 50 mL round-bottomed flask containing a magnetic stirring bar was 

charged with 308 (2.0 g, 8.36 mmol).  Freshly distilled acetyl chloride (15 mL) was 

added, the flask was fitted with a condenser and the reaction mixture was heated at 

reflux under an argon atmosphere for 16 h.  The acetyl chloride was then removed in 

vacuo to obtain a dark yellow oil that was purified by passing it through a plug of silica 

eluting with hexanes:EtOAc (1:1; v/v), followed by several azeotropic distillations with 

CHCl3 on a rotary evaporator (5 x 5 mL) to afford 52 as a light yellow solid (1.20 g, 

65%). Spectral data for this compound were consistent with those found in the 

literature. M.p. 66-68 °C. 

Spectral data for this compound were consistent with those in the literature.
165

 

δH (400 MHz, CDCl3): 8.29 (2 H, d, J = 8.8, H-4), 7.51 (2 H, d, J = 8.8, H-3), 

4.51 (1 H, dd, J = 10.4, 7.2, H-2), 3.56 (1 H, dd, 18.8, 

10.4, H-1’), 3.18 (1 H, dd, J = 18.8, 7.2, H-1). 
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Tert-butyl 3-(3-(4-nitrophenyl)-2,5-dioxotetrahydrofuran-3-yl)-2,5-

dioxopyrrolidine-1-carboxylate (386) 

 

To an oven-dried 5 mL round-bottomed flask equipped with a magnetic stirring bar 

under an argon atmosphere was added N-Boc maleimide 326 (48.5 mg, 0.246 mmol) 

and p-nitrophenylsuccinic anhydride 52 (54.4 mg, 0.246 mmol) in THF (2.5 mL). N,N-

diisopropylethylamine (8.6 µL, 0.0492 mmol – 20 mol%) was added via syringe and 

the resulting mixture was allowed to stir for 20 h at room temperature. The solution was 

chilled on ice and an excess of water was added quickly (~2 mL), followed by etching 

of the inside of the flask with a spatula. The precipitate formed was collected by suction 

filtration and washed with cold diethyl ether (~5 mL) to afford 52 as a white solid (30.9 

mg, 31%). M.p. 134-136 °C. 

δH (400 MHz, CDCl3):  8.32 (2 H, d, J = 8.9, H-5), 7.69 (2 H, d, J = 8.9, H-4), 

3.79 (1 H, d, J = 18.9, H-3), 3.73 (1 H, dd, J = 9.6, 6.9, 

H-2), 3.62 (1 H, d, J = 18.9, H-3), 2.88 (1 H, dd, J = 

18.9, 9.5, H-1), 2.61 (1 H, dd, J = 18.9, 6.9, H-1’), 1.55 

(9 H, s, H-6). 

δC (100 MHz, CDCl3): 171.7 (C=O), 171.2 (C=O), 169.0 (C=O), 166.3 (C=O), 

148.7 (C=O), 145.2 (q), 140.0 (q), 128.2, 125.0, 87.8 (q), 

53.8 (q), 47.6, 39.1, 32.1, 27.9. 

νmaxm (neat)/cm
-1

: 2988, 1812, 1785, 1765, 1713, 1521, 1345, 1322, 1232, 

1147, 1099, 1068, 942, 730. 

HRMS (m/z - ESI): Found: 417.0947 (M-H)
-
 C19H17N2O9 Requires: 417.0940. 
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3.5 Experimental procedures for Section 2.3 

Methyl 9-methoxy-1,3-dioxo-2-phenyl-2,3,3a,4-tetrahydro-1H-benzo[f]isoindole-4-

carboxylate (388) 

 

To an oven-dried 5 mL round-bottomed flask equipped with a magnetic stirring bar 

under an argon atmosphere was charged homophthalic anhydride 13 (39.9 mg, 0.246 

mmol) and N-phenylmaleimide 148 (42.6 mg, 0.246 mmol). Anhydrous THF (2.5 mL, 

0.1 M), and DIPEA (8.6 µL, 0.0492 mmol – 20 mol%) were subsequently added via 

syringe and the resulting solution allowed to stir at room temperature until the reaction 

was deemed complete by 
1
H NMR spectroscopic analysis (~3 h).  The mixture was then 

cooled to 0 °C, allowed to stir for 30 minutes, then MeOH (750 µL, 75.0 equiv.) and 

TMSCHN2 (2.0 M, 150 µL – 1.2 equiv.) were added via syringe.  After 30 minutes the 

solvent was removed in vacuo and the residue purified by flash column chromatography 

to afford 388 as a yellow solid (8.94 mg, 10%). M.p. 164 – 166 °C. 

δH (400 MHz, CDCl3):  7.88 – 7.84 (1 H, m, H-1), 7.72 – 7.67 (1 H, m, H-3), 7.62 

– 7.54 (2 H, m, H-2, H-4), 7.50 – 7.31 (5 H, m, H-8, H-9, 

H-10), 4.67 (3 H, s, H-5), 4.34 (1 H , d, J = 14.9, H-6), 

4.09 (1 H, d, J = 14.9, H-7), 3.95 (3 H, s, H-11). 

δC (100 MHz, CDCl3): 186.7 (q), 173.5 (C=O), 172.8 (C=O), 169.8 (C=O), 168.6 

(q), 164.8 (q), 159.0 (q), 143.8 (q), 134.9, 131.9, 131.3, 

130.4, 129.1, 126.7, 126.1, 99.4 (q), 52.8, 46.7, 43.7. 

νmaxm (neat)/cm
-1

: 2988, 1812, 1785, 1765, 1713, 1521, 1345, 1322, 1232, 

1147, 1099, 1068, 942, 730. 

HRMS (m/z - ESI): Found: 417.0947 (M-H)
-
 C19H17N2O9 Requires: 417.0940. 
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3-Methyl-1-phenyl-1H-pyrrole-2,5-dione (391)
146

 

 

To a 25 mL round-bottomed flask equipped with a magnetic stirring bar was added 

citraconic anhydride 390 (1.00 g, 8.92 mmol) and aniline (814 µL, 8.92 mmol) in 

glacial acetic acid (8 mL).  The flask was fitted with a condenser and the contents 

heated at reflux temperature for 2 hours. After cooling to room temperature, the acetic 

acid was removed in vacuo and the crude mixture purified by flash column 

chromatography to afford 391 as an off-white solid (1.29 g, 80%). M.p. 93-95 
o
C (lit.

146 

m.p 93-95 
o
C). 

Spectral data for this compound were consistent with those in the literature.
146 

δH (400 MHz, CDCl3):  7.48 - 7.43 (2 H, m, H-3), 7.36 - 7.32 (3 H, m, H-2, H-3), 

6.46 – 6.42 (1 H, q, J = 2.0, H-4), 2.15 (3 H, d, J = 2.0, H-

5). 

Methyl 9a-methyl-1,3,9-trioxo-2-phenyl-2,3,3a,4,9,9a-hexahydro-1H-

benzo[f]isoindole-4-carboxylate (392) 

 

To an oven-dried 5 mL round-bottomed flask equipped with a magnetic stirring bar 

under an argon atmosphere was charged homophthalic anhydride 13 (39.9 mg, 0.246 

mmol) and maleimide 391 (46.1 mg, 0.246 mmol). Anhydrous THF (2.5 mL, 0.1 M), 

and DIPEA (8.6 µL, 0.0492 mmol – 20 mol%) were subsequently added via syringe 

and the resulting solution allowed to stir at room temperature until the reaction was 

deemed complete by 
1
H NMR spectroscopic analysis (~3 h).  The mixture was then 

cooled to 0 °C, allowed to stir for 30 minutes, then MeOH (750 µL, 75.0 equiv.) and 

TMSCHN2 (2.0 M, 150 µL – 1.2 equiv.) were added via syringe.  After 30 minutes the 
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solvent was removed in vacuo and the residue purified by flash column chromatography 

to afford 392 as a yellow oil (6.26 mg, 7%). 

δH (400 MHz, CDCl3): 7.89 – 7.84 (1 H, m, H-1), 7.63 – 7.58 (1 H, m, H-3), 7.50 

– 7.42 (2 H, m, H-2, H-4), 7.40 – 7.31 (3 H, m, H-9, H-

11), 7.07 – 7.01 (2 H, m, H-10), 4.67 (1 H, d, J = 1.4, H-

6), 3.71 (1 H, d, J = 1.4, H-7), 3.69 (3 H, s, H-5), 1.93 (3 

H, s, H-8).  

HRMS (m/z - ESI) Found: 362.1024 (M-H)
-
 C21H16NO5 Requires: 362.1028. 

3,4-Dimethyl-1-phenyl-1H-pyrrole-2,5-dione (395)
166

 

 

395 was synthesised from 2,3-dimethyl anhydride and aniline according to a literature 

procedure.
166

 

To a 25 mL round-bottomed flask equipped with a magnetic stirring bar was added 2,3-

dimethylmaleic anhydride (394, 500 mg, 4.00 mmol) and aniline (304, 370 µL, 4.00 

mmol) in glacial acetic acid (8 mL).  The flask was fitted with a condenser and the 

contents heated at reflux temperature for 2 hours. After cooling to room temperature, 

the acetic acid was removed in vacuo and the crude mixture purified by flash column 

chromatography to afford 395 as a white solid (547 mg, 2.70 mmol, 69%). M.p. 76-78 

o
C (lit.

166 
m.p 78-79 

o
C). 

Spectral data for this compound were consistent with those in the literature.
166 

 

δH (400 MHz, CDCl3): 7.45 (2H, t, J = 7.5, H-3), 7.30 - 7.37 (3H, m, H-2, H-4), 

2.06 (6H, s, H-1).    

3,4-Dimethyl-1H-pyrrole-2,5-dione (397)
167
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To a 100 mL round-bottomed flask equipped with a magnetic stirring bar was added 

2,3-dimethylmaleic anhydride (394, 1.50 g, 11.90 mmol), ammonium acetate (1.20 g, 

15.70 mmol) and glacial acetic acid (45 mL).  The flask was then fitted with a 

condenser and the mixture heated at 90 
°
C for 2 h.  The contents were allowed to cool to 

room temperature and the acetic acid was removed in vacuo.  The crude product was 

purified by flash column chromatography to afford 397 as a white solid (560 mg, 4.50 

mmol, 38%). M.p. 112-114 
o
C (lit.

167 
m.p 109 – 112 

o
C). 

Spectral data for this compound were consistent with those in the literature.
167  

δH (400 MHz, CDCl3): 7.03 (1H, br s, H-1), 1.96 (6H, s, H-2). 

Tert-butyl 3,4-dimethyl-2,5-dioxo-2,5-dihydro-1H-pyrrole-1-carboxylate (398) 

 

To a 25 mL round-bottomed flask equipped with a magnetic stirring bar was added 397 

(267 mg, 2.10 mmol) and DMAP (26 mg, 0.210 mmol) in MeCN (7 mL). Di-tert-butyl 

dicarbonate (559 mg, 2.60 mmol) was then added in one lot and the solution stirred 

overnight.  The resulting mixture was filtered and the organics washed with water (3 x 5 

mL), followed by evaporation of solvent in vacuo.  The crude mixture was purified by 

passing it through a plug of silica eluting with hexanes:EtOAc 1:1 v/v to afford 398 as a 

white crystalline solid (431 mg, 1.90 mmol, 91%). M.p. 67-69 °C. 

δH (400 MHz, CDCl3): 2.00 (6H, s, H-1), 1.58 (9H, s, H-2).  

 

δC (100 MHz, CDCl3): 167.7 (C=O), 146.3 (q), 138.9 (C=O), 84.8 (q), 28.0, 9.0. 

νmaxm (neat)/cm
-1

: 3100, 2933, 1785, 1707, 1611, 1596, 1519, 1390, 1312, 

1179, 1313, 1179, 1148, 853, 703. 

HRMS (m/z – ESI): Found: 248.0896 (M + Na)
+
 C11H15NO4Na Requires: 

248.0899. 
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Ethyl 6-methyl-2-oxo-4-phenyl-2H-pyran-5-carboxylate (404)
94

 

 

Prepared according to a literature procedure.
94

 

A 100 mL round-bottomed flask containing a magnetic stirring bar was charged with 

ethyl 3-phenylpropiolate (402, 1.4 mL, 8.60 mmol) followed by ethyl 3-oxobutanoate 

(403, 1.0 mL, 8.60 mmol) and 1,4-dioxane (16.5 mL). NaOH (68.8 mg, 1.72 mmol) was 

added to the solution and the reaction mixture was heated at 90 °C for 16 h. The 

mixture was then cooled to room temperature, diluted with water (30 mL) and extracted 

with EtOAc (3 x 15 mL). The combined organic extracts were dried over anhydrous 

MgSO4, filtered and concentrated under reduced pressure to give a pale yellow solid 

which was purified by trituration with hexanes (5 mL) furnishing 404 as a white solid 

(1.33 g, 60%). M.p. 92-94 C, (lit.
94

 m.p. 95-96 C).  

Spectral data for this compound were consistent with those in the literature.
94

 

δH (400 MHz, CDCl3): 7.44 – 7.36 (3 H, m, H-2,H-4), 7.32 – 7.25 (2 H, m, H-3), 

6.14 (1 H, s, H-1), 3.95 (2 H, q, J = 7.1, H-6), 2.45 (3 H, 

s, H5), 0.86 (3 H, t, J = 7.1, H-7). 

 

3-Phenylpent-2-enedioic acid (405)
94

 

 

A 100 mL round-bottomed flask containing a magnetic stirring bar was charged with 

404 (1.00 g, 3.87 mmol), water (15 mL) and NaOH (760 mg, 19.0 mmol). The flask 

was fitted with a condenser and the reaction mixture was heated at 80 °C for 5 h. The 

mixture was then cooled to room temperature and diluted with Et2O (2 x 10 mL). The 

pH of the aqueous solution was then adjusted to pH 2 by the addition of conc. HCl. The 

mixture was then extracted with Et2O (3 x 10 mL). The combined organic layers were 

dried over anhydrous MgSO4 and the solvent removed in vacuo to afford a residue that 
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was triturated with Et2O (3 mL) to afford 405 as a white solid (322 mg, 42%). M.p. 

126-128 C, (lit.
94

 m.p. 128-130 °C).  

δH (400 MHz, DMSO-d6): 12.36 (2 H, bs, H-6,H-7), 7.54 – 7.48 (2 H, m, H-3), 7.45 

– 7.35 (3 H, m, H-2, H-4), 6.22 (1 H, s, H-1), 4.11 (2 H, s, 

H-5). 

 

Phenyl-2H-pyran-2,6(3H)-dione (406)
94

 

 

An oven-dried 50 mL round-bottomed flask containing a magnetic stirring bar was 

charged with di-acid 405 (300 mg, 1.45 mmol).  Freshly distilled acetyl chloride (15 

mL) was added, the flask was fitted with a condenser and the reaction mixture was 

heated at reflux under an argon atmosphere for 16 h.  The acetyl chloride was then 

removed in vacuo to obtain a dark yellow oil which was purified by trituration with a 

small amount of Et2O (2 mL) to afford 406 as a white solid (123 mg, 53%). M.p. 190-

192 C, (lit.
94

 m.p. 193-195 C).  

δH (400 MHz, DMSO-d6): 7.79 (2 H, d, J = 6.7, H-2), 7.55 – 7.41 (3 H, m, H-3, H-

4), 6.78 (1 H, s, H-1), 4.15 (2 H, s, H-5). 

 

Methyl-7-methoxy-1,3-dioxo-2,5-diphenyl-2,3,3a,4-tetrahydro-1H-isoindole-4-

carboxylate (408) 

 

To an oven-dried 5 mL round-bottomed flask equipped with a magnetic stirring bar 

under an argon atmosphere was added phenylglutaconic anhydride 406 (46.3 mg, 0.246 

mmol) and N-phenyl maleimide 148 (42.6, 0.246 mmol).  Dry THF (2.5 mL) was added 

and the resulting solution cooled to -30 °C.  After 30 min, DIPEA (8.6 µL, 0.0492 

mmol – 20 mol%) was added via syringe and the mixture was stirred overnight.  MeOH 
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(750 µL) and TMSCHN2 (2.0 M hexanes, 150 µL) were then added via syringe and the 

solution was allowed to stir at -30 °C for 30 minutes.  The volatiles were removed in 

vacuo and the crude residue purified by flash column chromatography to afford 408 as a 

yellow solid (20.1 mg, 21%). M.p. 84 - 86 °C. 

δH (400 MHz, CDCl3): 7.67 – 7.60 (2 H, m, H-8), 7.53 – 7.36 (8 H, m, H-1, H-2, 

H-3, H-9, H-10), 6.58 (1 H, s, H-4), 4.39 (1 H, d, J = 6.2, 

H-6), 4.26 (3 H, s, H-5), 4.03 (1 H, d, J =6.2, H-7), 3.61 

(3 H, s, H-11).  

 

δC (100 MHz, CDCl3): 173.9 (C=O), 168.9 (C=O), 165.1 (C=O), 158.1 (q), 146.1 

(q), 137.0 (q), 129.8 (q), 129.1, 128.9, 128.4, 126.9, 

126.9, 121.5, 97.1 (q), 61.2, 52.7, 44.1, 42.2. 

νmaxm (neat)/cm
-1

: 3456, 3017, 2918, 2848. 1739, 1719, 1662, 1372, 1231, 

1202, 1122, 743. 

HRMS (m/z - ESI):  Found: 390.1344 (M+H)
+
 C23H20NO5 Requires: 390.1341  

Tert-butyl-1,3,4-trioxo-3a,6-diphenyl-1,3,3a,4,7,7a-hexahydro-2H-isoindole-2-

carboxylate (409) 

 

To an oven-dried 5 mL round-bottomed flask equipped with a magnetic stirring bar 

under an argon atmosphere was added phenylglutaconic anhydride 406 (46.3 mg, 0.246 

mmol) and maleimide 376 (67.2, 0.246 mmol).  Dry THF (2.5 mL) was added and the 

resulting solution cooled to 0 °C.  After 30 min, catalyst 400 (21.3 mg, 0.0246 mmol) or 

DIPEA (8.6 µL, 0.0492 mmol – 20 mol%) was added and the mixture stirred until full 

consumption of starting materials was observed by 
1
H NMR spectroscopic analysis. 

The volatiles were then removed in vacuo and the crude residue purified by flash 

column chromatography to afford 409 as a white solid (47.2 mg, 46%). M.p. 120 - 122 

°C. 
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HPLC analysis. ACQUITY UPC
2 

Trefoil AMY1, 2.5 µm (3.0 x 100 mm). ABPR: 1500 

(psi). A = CO2 / B = Ethanol/MeCN/IPA (1:1:1 v/v/v) gradient as shown in Table 3.1, 

column temperature: 30 °C, UV detection at 230 nm, retention times: 3.731 min (major 

enantiomer) and 4.067 min (minor enantiomer). 

δH (400 MHz, CDCl3): 7.62 – 7.60 (2 H, m, H-3), 7.53 – 7.35 (8 H, m, H-1, H-2, 

H-5, H-6, H-7), 6.61(1 H, d, J = 1.9, H-4), 3.88 (1 H, dd, 

J =6.7, 1.1, H-9), 3.74 (1 H, dd, J = 19.1, 1.1, H-8), 3.05 

(1 H, ddd, J = 19.1, 6.7, 1.1, H-8’), 1.57 (9 H, s, H-10). 

 

δC (100 MHz, CDCl3): 188.1 (C=O), 171.8 (C=O), 167.9 (C=O), 158.1 (C=O), 

145.8 (q), 136.9 (q), 134.1 (q), 131.3, 129.1, 129.0, 128.7, 

127.4, 126.5, 124.0, 86.7 (q), 61.7 (q), 46.8, 27.7, 22.9. 

νmaxm (neat)/cm
-1

: 2975, 2936, 1818, 1767, 1729, 1647, 1608, 1446, 1257, 

1242, 919, 751. 

HRMS (m/z - ESI):  Found: 418.1658 (M+H)
+
 C25H24NO5 Requires: 418.1654 

 

General procedure I: Racemic and organocatalytic Michael addition reaction 

between p-nitrophenylsuccinic anhydride (52) and maleimides. 

An oven-dried 10 mL reaction vessel containing a magnetic stirring bar under argon 

atmosphere was charged with p-nitrophenylsuccinic anhydride 52 (54.4 mg, 0.246 

mmol), the relevant maleimide (0.246 mmol) and the relevant catalyst (5 - 10 mol%) or 

DIPEA (8.6 µL, 0.0492 mmol – 20 mol%).  Anhydrous THF (2.5 mL, 0.1 M) was 

added via syringe and the reaction mixture allowed to stir until complete by 
1
H NMR 

spectroscopic analysis using p-iodoanisole (28.8 mg, 0.123 mmol) as an internal 

standard.  The diastereomeric mixture of Michael adducts was cooled to 0 °C, followed 

by addition of MeOH (750 µL, 18.5 mmol, 75.0 equiv.) and trimethylsilyldiazomethane 

(2.0 M solution in diethyl ether, 150 µL, 0.300 mmol, 1.2 equiv.).  The mixture was 

allowed to stir for 30 min at 0 °C, then the solvent was removed in vacuo and the crude 

mixture of diastereomeric esters was purified by flash column chromatography. 
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Dimethyl 2-(2,5-dioxo-1-phenylpyrrolidin-3-yl)-2-(4-nitrophenyl)succinate (413) 

 

Prepared according to general procedure I. After esterification, the mixture of 

diastereomers were isolated together by flash column chromatography. 

CSP-HPLC analysis. Chiralcel AS (4.6 mm x 25 cm), hexane/IPA: 95/5, 1.0 mL min
-1

, 

RT, UV detection at 254 nm, retention times: 186.7 min (minor enantiomer) and 221.5 

min (major enantiomer). 

δH (400 MHz, CDCl3): 8.22 (2 H, d, J = 9.0, H-10), 7.36 - 7.50 (3 H, m, H-3, H-

5), 7.35 (2 H, d, J = 9.0, H-9), 7.01 - 7.05 (2 H, m, H-4), 

4.21 (1 H, dd, J = 9.5, 5.1, H-2), 4.12 (1 H, d, J = 17.3, 

H-6), 3.86 (3 H, s, H-8), 3.73 (3 H, s, H-7), 3.30 (1 H, dd, 

J = 19.1, 9.6, H-1), 3.28 (1 H, d, J = 17.3, H-6), 2.66 (1 

H, dd, J = 19.1, 5.2, H-1’). 

 

δC (100 MHz, CDCl3): 176.2 (C=O), 174.1 (C=O), 172.3 (C=O), 171.0 (C=O), 

147.5, 144.1 (q), 131.2 (q), 129.1, 128.8 (q), 128.0, 126.1, 

123.9, 54.9, 53.1, 52.1 (q), 43.2, 39.5, 33.2.  

νmaxm (neat)/cm
-1

: 2957, 1775, 1747, 1700, 1598, 1524, 1500, 1439, 1395, 

1350, 1289, 1206, 1175, 1083, 987, 852, 746, 694. 

HRMS (m/z - ESI):  Found: 439.1146 (M-H)
-
 C22H19N2O8 Requires: 439.1141. 
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Dimethyl 2-(4-nitrophenyl)-2-(1-(4-nitrophenyl)-2,5-dioxopyrrolidin-3-yl)succinate 

(416) 

 

Prepared according to general procedure I. After esterification, the diastereomers were 

isolated together by flash column chromatography.  The major diastereomer was 

isolated by trituration of the mixture with i-PrOH in a sonicator. The major 

diastereomer was collected by suction filtration as a white solid. 

CSP-HPLC analysis. Chiralcel AD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL 

min
-1

, RT, UV detection at 254 nm, retention times: 284.4 min (major enantiomer) and 

330.8 min (minor enantiomer). 

δH (400 MHz, CDCl3): 8.30 (2 H, d, J = 8.8, H-4), 8.23 (2 H, d, J = 8.8, H-9), 

7.36 (4H, app t, H-3, H-8), 4.26 (1 H, dd, J = 9.5, 5.2, H-

2), 4.02 (1 H, d, J = 17.0, H-5), 3.87 (3 H, s, H-7), 3.75 (3 

H, s, H-6), 3.33 (1 H, dd, J = 19.3, 9.6, H-1), 3.28 (1 H, 

d, J = 17.0, H-5), 2.73, (1 H, dd, J = 19.3, 5.3, H-1’). 

 

δC (100 MHz, CDCl3): 175.9 (C=O), 173.5 (C=O), 172.4 (C=O), 171.1 (C=O), 

147.8 (q), 147.3 (q), 144.3 (q), 137.0 (q), 127.1, 124.1, 

55.2 (q), 52.5, 43.9, 39.7, 34.2, 29.8, 27.7, 26.2. 

νmaxm (neat)/cm
-1

: 3077, 2959, 2932, 1784, 1708, 1597, 1519, 1496, 1450, 

1384, 1344, 1179, 854, 749, 701. 

HRMS (m/z - ESI): Found: 484.0992 (M-H)
-
 C22H19N3O10 Requries: 

484.0992. 
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Dimethyl 2-(2,5-Dioxopyrrolidin-3-yl)-2-(4-nitrophenyl)succinate (422) 

 

To an oven-dried 10 mL round-bottomed flask equipped with a magnetic stirring bar 

under an argon atmosphere was added p-nitrophenylsuccinic anhydride 52 (54.4 mg, 

0.246 mmol)  and N-boc maleimide 326 (48.5 mg, 0.246 mmol).  Anhydrous THF (2.5 

mL, 0.1 M) was added via syringe and the resulting solution, then catalyst 323 (15.5 

mg, 0.0246 mmol – 10 mol%) or DIPEA (8.6 µL, 0.0492 mmol – 20 mol%) was added 

and the mixture allowed to stir at room temperature until the reaction was deemed 

complete by 
1
H NMR spectroscopic analysis (7 days).  When the reaction was 

complete, water (750 µL, 75.0 equiv.) and TFA (18.8 µL, 1.0 equiv) were added via 

syringe and the solution allowed to stir at room temperature until hydrolysis of the 

Michael adduct was observed by 
1
H NMR spectroscopic analysis of the crude reaction 

mixture (~1 h).  EtOAc was added (10 mL) and the mixture washed with water (3 x 

mL).  The organic layer was then reduced in vacuo and the crude di-acid transferred to 

a 5 mL round-bottomed flask equipped with a magnetic stirring bar, followed by the 

addition of dichloromethane (2.5 mL). The suspension was cooled to 0°C, then TFA 

(18.8 µL, 1.0 equiv) was added via syringe and the mixture allowed to stir for 30 

minutes.  The mixture was then diluted with EtOAc (10 mL) and washed with water (3 

x 5 mL).  The organic layer was dried over MgSO4, concentrated in vacuo and the 

resulting solid transferred to an oven dried 5 mL round-bottomed flask equipped with a 

magnetic stirring bar under an argon atmosphere.  Anhydrous THF (2.5 mL) was added 

via syringe, the reaction mixture cooled to 0°C, then MeOH (750 µL, 75.0 equiv.) and 

TMSCHN2 (2.0 M, 300 µL, 2.4 equiv.) were added via syringe.  The resulting solution 

was allowed to stir at 0 °C for 30 minutes, then concentrated in vacuo and the residue 

purified by flash column chromatography to afford 422 as a white solid (60.9 mg, 68% 

over three steps). M.p. 156-158 °C. 



Chapter 3  Experimental procedures and data 

 

150 

 

HPLC analysis. ACQUITY UPC
2 

Trefoil CEL1, 2.5 µm (3.0 x 100 mm). ABPR: 1500 

(psi). A = CO2 / B =  MeOH/IPA (1:1 v/v) gradient as shown in Table 3.1, column 

temperature: 30 °C, UV detection at 230 nm, retention times: 3672 min and 4.418 min. 

0% ee 

δH (400 MHz, CDCl3): 8.20 (2 H, d, J = 9.2, H-8), 8.02 (1 H, br s, H-3), 7.31 (2 

H, d, J = 9.2, H-7), 4.17 (1 H, d, J = 17.2, H-5), 4.09 (1 

H, dd, J = 9.7, 6.2, H-2), 3.82 (3 H, s, H-7), 3.72 (3 H, s, 

H-4), 3.27 – 3.13 (2 H, m, H-5, H-1), 2.50 (1 H, dd, J = 

17.2, 5.8). 

 

δC (100 MHz, CDCl3): 177.1 (C=O), 174.9 (C=O), 172.5 (C=O), 171.2 (C=O), 

147.6 (q), 144.0 (q), 128.2, 124.2, 54.6 (q), 53.2, 52.3, 

44.5, 39.4, 34.3. 

νmaxm (neat)/cm
-1

: 3265, 1814, 1779, 1724, 1708, 1521, 1352, 742, 608. 

HRMS (m/z - ESI):  Found: 364.0902 (M-H)
-
 C16H16N2O8 Requires: 364.0907. 

General procedure II: General procedure for the derivatisation of Michael 

adducts as bis-imides  

 

To an oven-dried 10 mL carousel tube equipped with a magnetic stir bar under an argon 

atmosphere was charged N-boc maleimide 326 (48.5 mg, 0.246 mmol) and the relevant 

phenylsuccinic anhydride derivative (0.246 mmol).  Anhydrous THF (2.5 mL, 0.1 M) 

was subsequently added and the reaction adjusted to the relevant temperature, then left 

to stir for 30 min.  The relevant catalyst (10 mol%) or DIPEA (20 mol%) was added 

and the reaction allowed to stir until deemed complete by 
1
H NMR spectroscopic 

analysis of the crude reaction mixture.  When complete, the mixture was cooled to -50 

°C, allowed to equilibrate for 30 minutes, then p-anisidine (380, 30.3 mg, 0.246 mmol) 

added in one go.  After 1 hour the reaction mixture was allowed to warm to room 

temperature.  EtOAc (10 mL) was added, and the relevant acid extracted with aqueous 
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NaHCO3 (5 % w/v, 3 x 5 mL).  The combined aqueous extracts were acidified to pH 2 

using aqueous HCl (2N), then extracted with EtOAc (3 x 5 mL).  The combined organic 

extracts were dried over MgSO4, concentrated in vacuo and the crude carboxylic acid 

transferred to an oven-dried 5 mL round-bottomed flask equipped with a magnetic stir 

bar.  Freshly distilled acetyl chloride was added via syringe (2.5 mL), the flask fitted 

with a condenser and the reaction mixture heated under reflux overnight.  The volatiles 

were then removed in vacuo and the crude residue purified by flash column 

chromatography to afford the relevant bis-imide. 

(S,S)-2-(4-Methoxyphenyl)-4a-(4-nitrophenyl)tetrahydro-2,6-naphthyridine-

1,3,5,7(2H,6H)-tetraone (424) 

 

Synthesised according to general procedure II using p-nitrophenylsuccinic anhydride 52 

(54.4 mg, 0.246 mmol) to afford 424 as a white solid (62.5 mg, 60%). M.p. 148-150 °C. 

[α]D
20

 = -75.2 (c = 0.08, CHCl3). 

HPLC analysis. ACQUITY UPC
2 

Trefoil CEL1, 2.5 µm (3.0 x 100 mm). ABPR: 1500 

(psi). A = CO2 / B =  MeOH/IPA (1:1 v/v) gradient as shown in Table 3.2, column 

temperature: 30 °C, UV detection at 230 nm, retention times: 5.620 min (major 

enantiomer) and 5.981 min (minor enantiomer). >99% ee. 

δH (600 MHz, CDCl3): 8.32 (2 H, d, J = 8.8, H-4), 8.03 (1 H, s, H-3), 7.67 (2 H, 

d, J = 8.8, H-5), 6.96 (2 H, d, J = 8.7, H-7), 6.84 (2 H, d, 

J = 8.7, H-8), 3.82 (3 H, s, H-9), 3.71 – 3.60 (2 H, m, H-

2, H-6), 3.42 (1 H, dd, J = 19.2, 4.9, H-1’), 3.35 (1 H, d, J 

= 19.2, H-6), 3.09 (1 H, dd, J = 19.2, 12.7, H-1), 1.62 (1 

H, br s, H-3). 
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δC (151 MHz, CDCl3): 170.6 (C=O), 170.1 (C=O), 167.9 (C=O), 167.7 (C=O), 

160.0 (q), 148.4 (q), 140.2 (q), 128.8, 128.0, 126.0 (q), 

125.0, 115.0, 55.5, 46.6 (q), 44.6, 41.7, 30.6. 

νmaxm (neat)/cm
-1

: 3462, 1736, 1720, 1531, 1508, 1351, 1360, 1205, 1215. 

HRMS (m/z - ESI)  Found: 422.0995 (M-H)
-
 C21H16N3O7 Requires: 422.0994. 

(S,S)-2-(4-methoxyphenyl)-4a-(3-nitrophenyl)tetrahydro-2,6-naphthyridine-

1,3,5,7(2H,6H)-tetraone (501) 

 

Synthesised according to general procedure II using 3-nitrophenylsuccinic anhydride 

491 (54.4 mg, 0.246 mmol) to afford 501 as a white solid (56.3 mg, 60%). M.p. >198 

°C (dec.). [α]D
20

 = -12.1 (c = 0.1, CHCl3). 

HPLC analysis. ACQUITY UPC
2 

Trefoil AMY1, 2.5 µm (3.0 x 100 mm). ABPR: 1500 

(psi). A = CO2 / B = Ethanol/MeCN/IPA (1:1:1 v/v/v) gradient as shown in Table 3.1, 

column temperature: 30 °C, UV detection at 230 nm, retention times: 4.444 min (major 

enantiomer) and 5.156 min (minor enantiomer). 

δH (600 MHz, CDCl3): 8.36 (1 H, br s, H-3), 8.34 – 8.30 (1 H, m, H-4), 8.04 – 

8.98 (1 H, m, H-7), 7.78 – 7.74 (1 H, m, H-6), 7.73 – 7.66 

(1 H, m, H-5), 6.99 – 6.94 (2 H, m, H-9), 6.92 – 6.87 (2 

H, m, H-10), 3.82 (3 H, s, H-11), 3.72 – 3.64 (2 H, m, H-

2, H-8), 3.47 (1 H, dd, J = 18.6, 2.9, H-1’), 3.38 (1 H, d, J 

= 18.4, H-8), 3.06 (1 H, dd, J = 18.6, 13.1, H-1). 

 

δC (151 MHz, CDCl3): 170.7 (C=O), 169.8 (C=O), 167.9 (C=O), 167.8 (C=O), 

160.0 (q), 149.1 (q), 135.7 (q), 132.4, 131.2, 128.8, 126.0 

(q), 121.8, 114.9, 55.5, 53.4, 46.5 (q), 44.4, 41.9, 30.5. 
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νmaxm (neat)/cm
-1

: 3458, 3016, 1738, 1723, 1534, 1510, 1353, 1363, 1207, 

1217, 803. 

HRMS (m/z - ESI):  Found: 422.1002 (M-H)
-
 C21H16N3O7 Requires: 422.0994. 

(S,S)-2-(4-methoxyphenyl)-4a-(4-(methylsulfonyl)phenyl)tetrahydro-2,6-

naphthyridine-1,3,5,7(2H,6H)-tetraone (503) 

 

Synthesised according to general procedure II using 4-(methylsulfonyl)phenylsuccinic 

anhydride 493 (62.5 mg, 0.246 mmol) to afford 503 as a white solid (44.9 mg, 40%). 

M.p. 182 - 184 °C. [α]D
20

 = -50.2 (c = 0.1, CHCl3). 

HPLC analysis. ACQUITY UPC
2 

Trefoil AMY1, 2.5 µm (3.0 x 100 mm). ABPR: 1500 

(psi). A = CO2 / B = Ethanol/MeCN/IPA (1:1:1 v/v/v) gradient as shown in Table 3.2, 

column temperature: 30 °C, UV detection at 230 nm, retention times: 4.349 min (major 

enantiomer) and 5.552 min (minor enantiomer). 

δH (400 MHz, CDCl3): 8.04 (2 H, d, J = 8.7, H-4), 7.96 (1 H, s, H-3), 7.66 (2 H, 

d, J = 8.7, H-5), 6.99 – 6.95 (2 H, m, H-7), 6.89 – 6.83 (2 

H, m, H-8), 3.83 (3 H, s, H-10), 3.69 – 3.64 (2 H, m, H-6, 

H-2), 3.45 (1 H, dd, J = 19.0, 4.7, H-1’), 3.38 (1 H, d, J = 

19.0), 3.14 – 3.07 (4 H, m, H-9, H-1). 

 

δC (151 MHz, CDCl3): 170.7 (C=O), 170.1 (C=O), 167.9 (C=O), 167.8 (C=O), 

160.0 (q), 142.0 (q), 139.4, 129.0, 128.8 (q), 127.9, 126.1 

(q), 114.9, 55.5, 46.8 (q), 44.5, 44.4, 41.4, 30.6. 

νmaxm (neat)/cm
-1

: 3460, 2998, 1856, 17722, 1738, 1601, 1510, 1365, 1363, 

1207, 1217, 1035 803. 
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HRMS (m/z - ESI): Found: 456.0989 (M-H)
-
 C22H20N2O7S Requires: 

456.0991. 

4-((S,S)-2-(4-methoxyphenyl)-1,3,5,7-tetraoxooctahydro-2,6-naphthyridin-4a(2H)-

yl)benzonitrile (502) 

 

Synthesised according to general procedure II using 4-(cyano)phenylsuccinic anhydride 

492 (49.6 mg, 0.246 mmol) to afford 502 as a white solid (47.6 mg, 48%). M.p. 159-

162 °C. [α]D
20

 = -20.9 (c = 0.02, CHCl3). 

HPLC analysis. ACQUITY UPC
2 

Trefoil AMY1, 2.5 µm (3.0 x 100 mm). ABPR: 1500 

(psi). A = CO2 / B = Ethanol/MeCN/IPA (1:1:1 v/v/v) gradient as shown in Table 3.1, 

column temperature: 30 °C, UV detection at 230 nm, retention times: 3.034 min (minor 

enantiomer) and 4.917 min (major enantiomer). 

δH (600 MHz, CDCl3): 8.02 (1 H, br s, H-3), 7.77 (2 H, d, J = 8.6, H-4), 7.58 (2 

H, d, J = 8.6, H-5), 6.99 – 6.92 (2 H, m, H-7), 6.87 – 6.78 

(2 H, m, H-8), 3.82 (3 H, s, H-9), 3.69 – 3.61 (2 H, m, H-

6, H-2), 3.43 (1 H, dd, J = 19.4, 5.3, H-1’), 3.34 (1 H, d, J 

= 19.4, H-6), 3.09 ( 1 H, dd J  = 19.4, 12.8, H-1). 

 

δC (151 MHz, CDCl3): 170.7 (C=O), 170.1 (C=O), 168.0 (C=O), 167.8 (C=O), 

160.0 (q), 138.4 (q), 133.5, 128.7, 127.6, 126.1 (q), 117.3 

(q), 114.9, 114.0 (q), 55.5, 46.6 (q), 44.5, 41.7, 30.4. 

νmaxm (neat)/cm
-1

: 3016, 2970, 2232, 1739, 1684, 1510, 1254, 1365, 1217, 

1206, 1027. 

HRMS (m/z - ESI):  Found: 402.1082 (M-H)
-
 C22H17N3O5 Requires: 402.1095. 
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(R)-(6-Methoxy-2-phenylquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2- 

yl)methanol - C-2 phenyl derived quinine (433)
35

 

 

An oven dried 500 mL round-bottomed flask containing a magnetic stirring bar was 

charged with quinine (212, 6.48 g, 20.0 mmol), fitted with a septum and placed under 

an argon atmosphere. Anhydrous THF (120 mL) was added via syringe and the 

resulting suspension cooled to -15 °C. A solution of phenyllithium (1.8 M in THF, 33.3 

mL, 59.9 mmol) was added via syringe and the reaction mixture was stirred at -15 °C 

for 30 min, then allowed to warm to room temperature. Acetic acid (15 mL) was added 

drop-wise via syringe to the reaction mixture at 0 °C, followed by water (50 mL) and 

EtOAc (50 mL). The reaction mixture was then allowed to warm to room temperature 

followed by the addition of iodine in several portions, until the appearance of a 

persistent deep brown colouration. A solution of sodium thiosulfate (Na2S2O3, 3.00 g) 

in water (50 mL), followed by a concentrated solution of aqueous ammonia (35%, 30 

mL) were added and the mixture then stirred for 10 min. The organic phase was then 

washed with brine and the aqueous phase extracted with dichloromethane (4 x 50 mL).  

The combined organic extracts were then dried over anhydrous MgSO4 and the solvent 

removed in vacuo. The crude residue was purified by flash column chromatography to 

afford 433 as a white solid (3.36 g, 42%). M.p. 146-148 C (lit.
35

 M.p. 151 C).  

Spectral data for this compound were consistent with those in the literature.
35 

 

δH (600 MHz, CDCl3): 8.07 (2 H, d, J = 7.7, H-5), 8.02 (1 H, d, J = 8.6, H-4), 

7.94 (1 H, s, H-1), 7.45 (2 H, app. t, H-6), 7.39 (1 H, app. 

t, H-7), 7.28 (1 H, app. d, J = 8.6, H-3), 7.14 (1 H, app. d, 

H-2), 5.73 - 5.64 (2 H, m, H-8, H-16), 4.96 - 4.89 (2 H, 

m, H-17), 3.84 (3 H, s, H-18), 3.66 - 3.55 (1 H, m, H-

14a), 3.16 - 3.10 (2 H, m, H-9, H-10b), 2.78 - 2.67 (2 H, 
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m, H-10a, H14b), 2.36 - 2.27 (1 H, m, H-11), 1.86 - 1.73 

(3 H, m, H-12, H13b, H-15b), 1.58 - 1.46 (2 H, m, H-13a, 

H-15a). 

General procedure III: General procedure for the preparation of 9-epi-

aminederivatives (3.HCl salts) of quinine (434) and C-2 phenyl quinine (435).  

A 500 mL oven-dried round bottom flask was charged with triphenylphosphine (1.2 

equiv.) and the appropriate alkaloid (1 equiv.), placed under an argon atmosphere and 

fitted with a septum. Dry THF (150 mL) was added via syringe and the resulting 

solution was cooled to 0 °C. Diisopropyl azodicarboxylate (DIAD, 1.2 equiv.) was 

added dropwise via syringe followed by diphenylphosphoryl azide (DPPA, 1.2 equiv.) 

and the resulting mixture was allowed to warm to room temperature. After stirring for 

16 h, the solution was heated to 50 °C for 2 h. Triphenylphosphine (1.2 equiv.) was then 

added and heating was maintained for 2 h. After cooling the solution to ambient 

temperature, water (15 mL) was added and the mixture was stirred for 4 h. The reaction 

was then concentrated in vacuo and the residue dissolved in CH2Cl2 (60 mL) and HCl 

(2N, 60 mL). The aqueous phase was separated and washed with CH2Cl2 (3 x 30 mL). 

The aqueous layer was then concentrated under reduced pressure and the crude product 

was recrystallised from EtOH. 

(S)-(6-Methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2- 

yl)methanamine·3HCl (434)
168 

 

 

Prepared according to general procedure III, using quinine 212 (8.16 g, 9.25 mmol). 

The crude product was recrystallised from EtOH to obtain 3HCl.434 (8.68 g, 80%) as a 

yellow solid. M.p. 218-220 C (dec.) (lit.
168

 M.p. 220-222 C). 

Spectral data for this compound were consistent with those in the literature.
168 
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δH (600 MHz, D2O): 9.08 (1 H, d, J = 5.8, H-1), 8.30 (1 H, d, J = 9.4, H-5), 

8.26 (1 H, d, J = 5.8, H-2), 7.92 (1 H, dd, J = 2.4, 9.4, H-

4), 7.86 (1 H, bs, H-3), 5.88 (1 H, m, H-14), 5.8 (1 H, d, J 

= 10.6, H-6), 5.28 - 5.20 (2 H, m, H-15), 4.50 - 4.41 (1 H, 

m, H-7), 4.12 (3 H, s, H-16), 4.08 - 3.97 (1 H, m, H-12a), 

3.86 (1 H, dd, J = 10.6, 13.4, H-8b), 3.65 - 3.48 (2 H, m, 

H-8a, H-12b), 2.98 - 2.89 (1 H, m, H-9), 2.14 - 2.03 (3 H, 

m, H-10, H-11a and H11b), 1.91 - 1.85 (1 H, m, H-13b), 

1.18 - 1.12 (1 H, m, H-13a). 

 

(S)-(6-Methoxy-2-phenylquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2- 

yl)methanamine·3HCl (435)
35 

 

 

Prepared according to general procedure III, using C-2 phenyl quinine 433 (2.9 g, 7.25 

mmol). The crude product was recrystallised from EtOAc and MeOH to obtain 

3HCl.268 (2.99 g, 81%) as a yellow solid. M.p. 196-199 C, (dec.) (lit.
168

 M.p. 195-200 

C). 

Spectral data for this compound were consistent with those in the literature.
35  

 

δH (600 MHz, DMSO-d6): 8.85 (1 H, s, H-1), 8.36 (2 H, d, J = 7.3, H-5), 8.14 (1 H, 

d, J = 9.1, H-4), 7.84 (1 H, d, J = 2.4, H-3), 7.59 - 7.50 (4 

H, m, H-4, H-6,H-7), 5.90 - 5.84 (2 H, m, H-8, H-16), 

5.28 (1 H, d, J = 17.3, H-17), 5.11 (1 H, d, J = 10.5, H-

17), 4.83 - 4.79 (1 H, m, H-9), 4.20 - 4.16 (1 H, m, H-

14a), 4.01 (3 H, s, H-18), 3.76 - 3.72 (1 H, m, H-10b), 

3.39 - 3.35 (2 H, m, H-10a, H-14b), 2.79 - 2.73 (1 H, m, 

H-11), 1.91 - 1.82 (3 H, m, H-12, H-13a, H-13b), 1.56 - 

1.52 (1 H, m, H-15b), 0.94 - 0.90 (1 H, m, H-15a). 
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Tris(4-(trifluoromethyl)phenyl)methanol (438)
169

 

 

A 100 mL oven dried three-neck round-bottomed flask containing a stirring bar was 

charged with methyl 4-bromobenzotrifluoride (436, 5.8 g, 25.72 mmol). Anhydrous 

diisopropyl ether (30 mL) was then added via syringe and the solution was cooled to -

10 °C. A solution of n-butyl lithium (1.6 M in hexanes, 17.6 mL, 28.17 mmol) was 

added dropwise via syringe and the reaction was stired for 30 min. A solution of methyl 

4- (trifluoromethyl)benzoate (437, 2.5 g, 12.25 mmol) in dry diisopropyl ether (5 mL) 

was added dropwise via syringe at -10 °C and the resulting solution was allowed warm 

to room temperature and stirred for 16 h. The reaction mixture was then quenched with 

water (20 mL), acidified with aqueous HCl (2 N), and extracted with dichloromethane 

(3 x 50 mL). The combined organic layers were dried over anhydrous MgSO4, filtered 

and concentrated in vacuo to afford a residue that was purified by flash column 

chromatography to afford 438 (4.26 g, 75%) as a light yellow solid. M.p. 91-93 C 

(lit.
169

 M.p. 92-93 C). 

Spectral data for this compound were consistent with those in the literature.
169 

δH (400 MHz, CDCl3): 7.62 (6 H, d, J = 8.3, H-1), 7.42 (6 H, d, J = 8.3, H-2), 

2.87 (1 H, bs, H-3). 

 

4,4',4''-(Azidomethanetriyl)tris((trifluoromethyl)benzene) (439)
43 

 

 

A 250 mL oven dried three-neck round-bottomed flask containing a stirring bar was 

charged with alcohol 438 (4.00 g, 8.61 mmol). Anhydrous CH2Cl2 (90 mL) was then 

added via syringe and the resulting solution was cooled to -10 °C. Triflic acid (835 µL, 

9.47 mmol) was added via syringe and the reaction was stirred for 15 min. 
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Trimethylsilyl azide (1.3 mL, 9.47 mmol) was added dropwise via syringe at -10 °C and 

the resulting solution was allowed to warm to room temperature and stirred for 30 min. 

After disappearance of the starting material was observed by TLC (~30 min), the 

reaction mixture was poured onto ice (~ 100 g). The product was extracted with 

dichloromethane (4 x 50 mL) and the combined organic layers dried over anhydrous 

MgSO4, filtered and concentrated in vacuo to afford a residue that was purified by flash 

column chromatography to afford 439 as a white solid (4.01 g, 95%). M.p. 71-73 °C 

(lit.
43

 M.p. 70-72 C). 

Spectral data for this compound were consistent with those in the literature.
43 

δH (400 MHz, CDCl3): 7.66 (6 H, d, J = 8.3, H-1), 7.43 (6 H, d, J = 8.3, H-2). 

 

Tris(4-(trifluoromethyl)phenyl)methanamine (440)
43 

 

 

A 100 mL oven dried round-bottomed flask containing a stirring bar was charged with 

azide 439 (3.50 g, 7.37 mmol), activated zinc powder (1.92 g, 29.5 mmol) and 

ammonium formate (1.86 g, 29.5 mmol). Dry MeOH (29.5 mL - 0.25 M) was added via 

syringe and the reaction mixture stirred at room temperature under an argon atmosphere 

until completion of the reaction was observed by TLC analysis (~ 1 h. The reaction 

mixture was then filtered through a Celite pad, washed with CH2Cl2 (10 mL), then the 

combined filtrates were concentrated in vacuo. The resulting residue was taken up in 

CH2Cl2 (30 mL), washed with a saturated brine solution (2 x 20 mL) then with water (2 

x 20 mL). The organic layer was subsequently dried over anhydrous MgSO4 and 

concentrated in vacuo to afford a residue which was purified by flash column 

chromatography to afford 440 as a white solid (2.81 g, 82%). M.p. 80-82 °C (lit.
43

 M.p. 

82-84 C). 

Spectral data for this compound were consistent with those in the literature.
43

 

δH (400 MHz, CDCl3): 7.59 (6 H, d, J = 8.3, H-1), 7.43 (6 H, d, J = 8.3, H-2), 

2.31 (2 H, bs, H-3). 
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3,4-Dimethoxycyclobut-3-ene-1,2-dione (443)
170 

 

 

A 100 mL round-bottomed flask containing a magnetic stirring bar under argon 

atmosphere was charged with squaric acid (441, 4.00 g, 35.07 mmol). Dry MeOH (40 

mL), followed by trimethyl orthoformate (442, 11.5 mL, 105 mmol) and TFA (537 L, 

7.01 mmol - 20 mol%), were then added via syringe. The flask was fitted with a 

condenser and the reaction mixture heated at reflux temperature for 48 h then allowed 

to cool to room temperature. The volatiles were removed in vacuo and the residue 

obtained purified by flash column chromatography to afford 443 as a white solid (4.10 

g, 84%). M.p. 52-54 C (lit.
170

 M.p. 52-54 C). 

Spectral data for this compound were consistent with those in the literature.
170

  

δH (400 MHz, CDCl3): 4.36 (6 H, s, H-1). 

 

3-Methoxy-4-((tris(4-(trifluoromethyl)phenyl)methyl)amino)cyclobut-3-ene-1,2-

dione (444)
43 

 

 

An oven-dried 25 mL round-bottomed flask equipped with a magnetic stirring bar under 

an argon atmosphere was charged with 443 (500 mg, 3.52 mmol) and amine 440 (1.63 

g, 3.52 mmol). Anhydrous MeOH (4 mL) was subsequently added via syringe and the 

resulting suspension allowed to stir at room temperature for 14 days. The solvent was 

then removed in vacuo and the resulting residue purified by flash column 

chromatography to afford 444 as a white solid (421 mg, 21%). M.p. 91-93 °C (lit.
43

 

M.p. 94-98 C). 

Spectral data for this compound were consistent with those in the literature.
43

 

δH (400 MHz, CDCl3): 7.65 (6 H, d, J = 8.3, H-4), 7.27 (6 H, d, J = 8.3, H-3), 

6.90 (1 H, bs, H-2), 3.85 (1 H, bs, H-1). 
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3-(((S)-(6-Methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-

yl)methyl)amino)-4-((tris(4-(trifluoromethyl)phenyl)methyl)amino)cyclobut-3-

ene1,2-dione (400)
43

 

 

A 5 mL oven dried round-bottomed flask containing a stirring bar was charged with 445 

(800 mg, 2.47 mmol) and 444 (1.42 mg, 2.47 mmol). Dry MeOH (5 mL) was added via 

syringe and the reaction mixture was placed under an argon atmosphere. The solution 

was stirred at room temperature for 48 h. The solvent was subsequently removed in 

vacuo and the residue purified by flash column chromatography to afford 400 as a pale 

yellow solid (1.45 g, 68%). M.p. 209-211 °C (dec.) (lit.
43

 M.p. 212-214 C (dec.)).  

Spectal data for this compound were consistent with those in the literature.
43 

δH (600 MHz, CDCl3): 8.56 (1 H, bs, N-H), 7.92 (1 H, d, J = 9.0, H-5), 7.58 - 

7.56 (7 H, m, H-1, H-18), 7.52 (1 H, bs, H-3), 7.33 (1 H, 

d, J = 9.0, H-4), 7.30 - 7.18 (6 H, m, H-2, H-17), 6.43 (1 

H, bs, N-H), 5.67 - 5.58 (2 H, m, H-6, H-14), 4.96 - 4.92 

(2 H, m, H-15), 3.92 (3 H, s, H-16), 3.03 - 2.98 (2 H, m, 

H-8b, H12a), 2.45 - 2.42 (3 H, m, H-7, H-8a, H-12b), 

2.27 - 2.19 (1 H, m, H-9), 1.64 - 1.58 (1 H, m, H-10), 

1.57 - 1.49 (2 H, m, H-11a, H-13a), 1.29 - 1.23 (1 H, m, 

H-11b, H-13b). 
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3-(((S)-(6-Methoxy-2-phenylquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-

yl)methyl)amino)-4-((tris(4-(trifluoromethyl)phenyl)methyl)amino)cyclobut-3-ene-

1,2-dione (447) 

 

A 5 mL oven dried round-bottomed flask containing a stirring bar was charged with 446 

(300 mg, 0.926 mmol) and 444 (531 mg, 0.926 mmol). Dry MeOH (2 mL) was added 

via syringe and the reaction mixture was placed under an argon atmosphere. The 

solution was stirred at room temperature for 48 h. The solvent was subsequently 

removed in vacuo and the residue purified by flash column chromatography to afford 

447 as a pale yellow solid (551 mg, 62%). M.p. 178 - 180 °C. [α]D
20

 = + 0.162 (c = 

0.08, CHCl3) 

δH (600 MHz, DMSO-d6): 8.25 – 8.20 (2 H, m, H-3, N-H), 8.08 – 8.02 (2 H, m, H-2, 

H-5), 7.72 – 7.64 (7 H, m, H-18, H-4), 7.62 – 7.37 (11 H, 

m, H-19, H-20, H-21, H-17), 6.01 – 5.86 (2 H, m, H-14, 

H-6), 5.08 – 4.93 (2 H, m, H-15), 3.92 (3 H, s, H-16), 

3.59 – 3.43 (1H, m, H-9), 3.31 – 3.21 (1H, m, H-8a), 2.84 

– 2.61 (2 H, m, H-8b, H-12b), 2.36 – 2.26 (1 H, m, H-

12a), 1.68 – 1.39 (4 H, m, H-13a,b, H-10, H-11b), 0.93 – 

0.73 (1 H, m, H-11a). 

 

δC (151 MHz, CDCl3): 167.6 (2 x C=O), 158.6 (q), 154.7 (q), 146.7 (q), 145.0 

(q), 138.3 (q), 132.4 (q), 130.4 (q) (q, 
2
JC-F = 33.8), 129.6, 

129.0, 128.3, 128.3, 127.7, 127.1, 125.7, 124.9, 124.1 (q) 

(q, 
1
JC-F = 269.2), 122.8 (q), 119.5, 116.4, 116.1, 115.2, 

100.8 (q), 71.3 (q), 61.9, 55.9, 53.2, 40.9, 39.0, 27.4, 27.1, 

25.6, 23.8. 
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νmaxm (neat)/cm
-1

: 1581, 1498, 1408, 1321, 1217, 1228, 1167, 1115, 1068, 

1015, 827. 

HRMS (m/z - ESI): Found: 941.3122 (M-H)
- 

C52H42N4F9O3 Requires: 

941.3108. 

General procedures for the synthesis of substituted phenylsuccinic anhydrides 

 

 

General procedure IV: esterification of phenylacetic acids 

An oven-dried round-bottomed flask equipped with a magnetic stirring bar under an 

argon atmosphere was charged with the relevant substituted phenylacetic acid (1 

equiv.). EtOH (0.5 M) and conc. H2SO4 (5 mol%) were subsequently added, the flask 

fitted with a condenser and the mixture heated under reflux for 2 hours.  The solution 

was then allowed to cool to room temperature and concentrated in vacuo. The resulting 

residue was dissolved in EtOAc, washed once with NaHCO3 (10% w/v), dried over 

MgSO4 and reduced in vacuo to afford the relevant ethyl ester. 

General procedure V: alkylation of substituted-phenylacetic acid ethyl esters 

To an oven-dried round-bottomed flask equipped with a magnetic stirring bar under an 

argon atmosphere was added the relevant substituted-phenylacetic acid ethyl ester (1 

equiv.) and caesium carbonate (1 equiv.) followed by MeCN (0.4 M) and ethyl 

bromoacetate (1 equiv.).  The flask was then fitted with a condenser and heated at 80 °C 
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for 16 h.  The mixture was then cooled to room temperature, diluted with water and 

extracted thrice with EtOAc.  The combined organics were dried over MgSO4, reduced 

in vacuo and purified by flash column chromatography to afford the relevant alkylated 

compound. 

General procedureVI: hydrolysis of di-esters 

To a round-bottomed flask containing a magnetic stirring bar was added the relevant di-

ester (1 equiv.) followed by EtOH:H2O (1:1 v/v, 0.06 M).  A condenser was fitted and 

the mixture heated at 80 °C for 2 h.  The mixture was then allowed to cool to room 

temperature and reduced in vacuo.  The resulting aqueous residue was washed once 

with EtOAc, acidified to pH 2, then extracted three times with EtOAc.  The combined 

organic extracts were dried over Mg2SO4, reduced in vacuo and the resulting solid 

purified by recrystallisation from water or flash column chromatography. 

General procedure VII: synthesis of substituted phenyl-succinic anhydrides 

To an oven-dried round-bottomed flask containing a magnetic stirring bar under argon 

an atmosphere was added the relevant bis-acid precursor followed by freshly distilled 

acetyl chloride (~ 20 mL). The flask was fitted with a condenser and the reaction heated 

at reflux temperature for 16 h. The mixture was then cooled to room temperature and 

the volatiles reduced in vacuo.  A small amount of diethyl ether was added to the 

residue causing precipitation of the pure anhydride. 

Ethyl (4-(Trifluoromethyl)phenylacetate (460)
171

 

 

Prepared according to general procedure IV using 4-(trifluoromethyl)phenylacetic acid 

(451, 3.00 g, 14.7 mmol) to afford the product as a colourless liquid (2.85g, 84%).  

Spectral data for this compound were consistent with those in the literature.
171
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δH (400 MHz, CDCl3): 7.58 (2 H, d, J = 8.1, H-1), 7.40 (2 H, d, J = 8.1, H-2), 

4.16 (2 H, q, J = 7.1, H-4), 3.67 (2 H, s, H-3), 1.26 (3 H, 

t, J = 7.1, H-5). 

 

HRMS (m/z - ESI):  Found: 231.06 (M-H)
-
 C11H10F3O2 Requires: 231.06. 

4-(Trifluoromethyl)phenylsuccinic acid (478) 

 

Prepared first according to general procedure V using ester 460 (2.80 g, 12.1 mmol), 

caesium carbonate (4.01 g, 12.1) and ethyl bromoacetate (1.37 mL, 12.1 mmol) to 

afford a mixture of mono-alkylated and di-alkylated products (2.41 g, 85:15) as a 

colourless oil (inseparable by chromatography).  The mixture was then hydrolysed 

according to general procedure VI using KOH (4.30 g, 76.0 mmol) and EtOH:H2O (100 

mL, 1:1 v/v).  The mixture of acids was then recrystallised from water to afford 478 as a 

white solid (1.12 g, 35 % over two steps). M.p. 188-190 °C. 

δH (400 MHz, DMSO-d6): 7.70 (2 H, d, J = 8.1, H-1), 7.53 (2 H, d, J = 8.1, H-2), 

4.03 (1 H, dd, J = 9.8, 5.3, H-3), 2.99 (1 H, dd, J = 16.9, 

9.8, H-4), 2.62 (1 H, dd, J = 16.9, 5.4, H-4’). 

 

δC (100 MHz, DMSO-d6): 173.5 (C=O), 172.5 (C=O), 143.5, 128.9 (q), 128.0 (q) (d, 

JC-F = 31.8), 125.6 (q, JC-F = 3.5), 124.4 (q) (d, JC-F = 

271.6), 46.8, 37.12. 

δF (376.5 MHz, DMSO-d6): -60.96. 

νmaxm (neat)/cm
-1

: 2931, 2647, 1707, 1618, 1420, 1324, 1128, 1068, 923, 

856. 
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HRMS (m/z - ESI):  Found: 261.0382 (M-H)
-
 C11H8F3O4 Requries: 261.0380. 

 

3-(4-(Trifluoromethyl)phenyl)dihydrofuran-2,5-dione (487) 

 

Prepared according to general procedure VII using bis-acid 478 (1.10 g, 4.50 mmol) to 

afford 487 as a white solid (868 mg, 79%). M.p. 110-112 °C. 

δH (400 MHz CDCl3): 7.70 (2 H, d, J = 8.1, H-4), 7.43 (2 H, d, J = 8.1, H-3), 

4.43 (1 H, dd, J = 10.3, 7.1, H-2), 3.51 (1 H, dd, J = 18.9, 

10.3, H-1), 3.14 (1 H, dd, J = 18.9, 6.8, H-1’). 

δC (100 MHz, CDCl3): 170.8 (C-O), 168.7 (C=O), 138.3, 131.3 (q) (d, JC-F = 

32.9), 128.0 (q), 126.6 (q, JC-F = 3.7), 123.8 (q) (d, JC-F = 

272.0), 46.2, 36.3. 

δF (376.5 MHz, CDCl3): -62.87. 

νmaxm (neat)/cm
-1

: 2991, 2957, 1866, 1852, 1776, 1709, 1619, 1408, 1321, 

1250, 1166, 1114, 929, 859. 

HRMS (m/z - ESI):  Found: 243.0273 (M-H)
-
 C11H6F3O4 Requries: 243.0275. 

Ethyl (4-cyanophenyl)acetate (465)
172

 

 

Prepared according to general procedure IV using 4-(cyano)phenylacetic acid (456, 

2.00 g, 12.4 mmol), to afford 465 as a colourless oil (2.06 g, 88%). 

Spectral data for this compound were consistent with those found in the literature.
172
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δH (400 MHz CDCl3): 7.63 (2 H, d, J = 6.5, H-1), 7.41 (2 H, d, J = 6.7, H-2), 

4.17 (2 H, q, J = 7.1, H-4), 3.68 (2 H, s, H-3), 1.26 (3 H, 

t, J = 7.1, H-5). 

LRMS (m/z - ESI):  Found: 189.08 (M)
+
 C11H11NO2 Requries: 189.08. 

Diethyl (4-cyanophenyl)succinate (474)
173

 

 

Prepared according to general procedure V using ester 465 (2.00 g, 10.6 mmol), 

caesium carbonate (3.45 g, 10.6 mmol) and ethyl bromoacetate (1.18 mL, 10.6 mmol) 

to afford 474 as a yellow liquid (2.62g, 90%). 

Spectral data for this compound were consistent with those found in the literature.
173

 

δH (400 MHz CDCl3): 7.63 (2 H, d, J = 8.4, H-1), 7.42 (2 H, d, J = 8.4, H-2), 

4.16 – 4.11 (5 H, m, H-5, H-7, H-3), 3.18 (1 H, dd, J = 

17.0, 9.4, H-4’), 2.68 (1 H, dd, J = 17.0, 6.1, H-4), 1.20 (6 

H, m, H-6, H-8). 

LRMS (m/z - ESI):  Found: 276.12 (M+H)
+
 C15H18NO4 Requries: 276.12. 

4-(2,5-Dioxotetrahydrofuran-3-yl)benzonitrile (492) 

 

To a round-bottomed flask containing di-ester 474 (2.60 g,  9.44 mmol) was added THF 

(24 mL) and water (7 mL) followed by lithium hydroxide (1.36 g, 38.0 mmol).  The 

mixture was allowed to stir at room temperature until disappearance of the starting 

material was observed by TLC (~4 h).  The reaction mixture was then acidifed with an 

aqueous HCl solution (2N) and extracted with EtOAc (3 x 20 mL).  The combined 

organic layers were dried over Mg2SO4 and reduced in vacuo to yield the di-acid 483 as 
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a white solid (1.90 g) which was cyclised following general procedure VII to furnish 

492 as a white solid (1.28 g, 67% over two steps). M.p. 103-105 °C. 

δH (400 MHz CDCl3): 7.73 (2 H, d, J = 8.4, H-4), 7.44 (2 H, d, J = 8.4, H-3), 

4.44 (1 H, dd, J = 10.5, 7.0, H-2), 3.52 (1 H, dd, J = 18.8, 

10.5, H-1), 3.14 (1 H, dd, J = 18.8, 7.0, H-1’). 

δC (100 MHz, CDCl3): 170.3 (C=O), 168.2 (C=O), 139.2 (q), 133.2, 128.3, 117.9 

(q), 113.0 (q), 46.3, 36.1. 

νmaxm (neat)/cm
-1

: 3007, 2944, 2237, 1775, 1711, 1421, 1215, 1069, 1040, 

924, 838. 

HRMS (m/z - ESI):  Found: 200.0346 (M-H)
-
 C11H6NO3 Requries: 200.0353. 

Ethyl (3,5-bis(trifluoromethyl)phenylacetate (459)
174

 

 

Prepared according to general procedure IV using 3,5-Bis(trifluoromethyl)phenylacetic 

acid (450, 5.00g, 18.4 mmol) to afford 459 as a red liquid (5.10 g, 92%). 

Spectral data for this compound were consistent with those found in the literature.
174

 

δH (400 MHz CDCl3): 7.80 (1 H, s, H-1), 7.76 (2H, s, H-2), 4.19 (2 H, q, J = 7.1, 

H-4), 3.75 (2 H, s, H-3), 1.27 (3 H, t, J = 7.1, H-5). 

HRMS (m/z - ESI):  Found: 299.0513 (M-H)
-
 C12H9F6O2 Requries: 299.0512. 

Diethyl (3,5-bis(trifluoromethyl)phenylsuccinate (468) 
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Prepared according to general procedure V using ester 459 (5.06 g, 16.9 mmol), 

caesium carbonate (5.51 g, 16.9 mmol) and ethyl bromoacetate (1.88 mL, 16.9 mmol) 

to afford 468 as a yellow liquid (3.60 g, 55%). 

δH (400 MHz CDCl3): 7.81 (1 H, s, H-1), 7.76 (2 H, s, H-2), 7.26 – 4.08 (5 H, m, 

H-5, H-7, H-3), 3.21 (1 H, dd, J = 16.8, 9.1, H-4), 2.73 (1 

H, dd, J = 16.8, 6.1, H-4’), 1.33 (6 H, t, J = 7.2, H-6, H-

8). 

δC (100 MHz, CDCl3): 171.5 (C=O), 170.6 (C=O), 140.3, 132.1 (q) (q, JC-F = 

33.57), 128.3 (q), 123.1 (q) (q, JC-F = 271.43) , 121.7, 

61.8, 61.1, 46.9, 37.5, 14.1, 14.0. 

δF (376.5 MHz, CDCl3): -62.97. 

νmaxm (neat)/cm
-1

: 2917, 2849, 1737, 1468, 1373, 1279, 1239, 1171, 1133, 

1024, 899. 

HRMS (m/z - ESI): Found: 387.1026 (M+H)
+
 C16H17F6O4 Requries: 

387.1026. 

3,5-Bis(trifluoromethyl)phenyldihydrofuran-2,5-dione (486) 

 

Di-ester 468 (3.55 g, 9.19 mmol) was hydrolysed according to general procedure VI 

using KOH (5.16g, 9.19 mmol) in EtOH:H2O (46 mL, 1:1 v/v) to afford di-acid 477 as a 

white solid (2.41g) which was then cyclised to anhydride 486 following general 

procedure VII to afford 486 as a white solid (1.07 g , 37% over two steps). M.p. 104-

106 °C. 

δH (400 MHz CDCl3): 7.92 (1 H, s, H-1), 7.78, (2 H, s, H-2), 4.53 (1 H, dd, J = 

10.6, 7.8, H-3), 3.58 (1 H, dd, J = 18.8, 10.3, H-4), 3.20 

(1 H, dd, J = 18.8, 7.6, H-4’). 
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δC (100 MHz, CDCl3): 170.1 (C=O), 167.7 (C=O), 136.5 (q), 133.1 (q) (q, JC-F = 

33.49), 127.9 (m), 123.1 (m), 122.9 (q) (q, JC-F = 272.69), 

45.9, 36.0. 

δF (376.5 MHz, CDCl3): -62.97. 

νmaxm (neat)/cm
-1

: 2943, 1859, 1779, 1699, 1374, 1275, 1172, 1111, 1043, 

933, 845. 

HRMS (m/z - ESI):  Found: 311.0145 [M-H]
-
 C12H5F6O3 Requries: 311.0148. 

Ethyl (3-nitrophenyl)acetate (464)
175

 

 

Prepared according to general procedure IV using 3-Nitrophenylacetic acid (455, 3.00g, 

16.6 mmol) to afford 464 as a colourless liquid (2.90 g, 84%). 

Spectral data for this compound were consistent with those in the literature.
175

 

δH (400 MHz CDCl3): 8.09 – 8.20 (2 H, m, H-1, H,2), 7.61 – 7.66 (1 H, m, H-4), 

7.51 – 7.49 (1 H, m, H-3), 4.19 (2 H, q, J = 7.1, H-6), 

3.73 (2 H, s, H-6), 1.27 (3 H, t, J = 7.1, H-7). 

HRMS (m/z - ESI): Found: 232.0570 (M+Na)
+ 

C10H11NNaO4 Requries: 

232.0580. 

Diethyl (3-nitrophenyl)succinate (482) 
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Di-ester 473 was prepared first according to general procedure B using ethyl ester 464 

(2.85g, 13.6 mmol), ethyl bromoacetate (1.51 mL, 13.6 mmol) and caesium carbonate 

(4.43g, 13.6 mmol), to afford a mixture of mono-alkylated and di-alkylated products 

(inseparable by chromatography) as a colourless oil after work-up (3.51g, 9:1). The 

mixture was then hydrolysed according to general procedure VI using KOH (7.63g, 136 

mmol) in EtOH:H2O (340 mL, 1:1 v/v).  The product di-acid was then recrystallised 

from water to afford 482 as a white solid (1.22g, 37% over two steps). M.p. 142-144 

°C. 

δH (400 MHz, DMSO-d6): 12.57 (2 H, br s, H-7, H-8), 8.18 – 8.13 (2 H, m, H-2, H-

1), 7.82 – 7.78 (1 H, m, H-4), 7.65 – 7.62 (1H, m, H-3), 

4.14 (1 H, dd, J = 9.6, 5.7, H-5), 3.02 (1 H, dd, J = 17.0, 

9.6, H-6), 2.68 (1 H, dd, J = 17.0, 5.7, H-6’). 

δC (100 MHz, DMSO-d6): 173.3 (C=O), 172.3 (C=O), 147.8 (q), 140.8 (q), 134.8, 

130.1, 122.6, 122.2, 46.4, 37.1. 

νmaxm (neat)/cm
-1

: 2890 (br), 2636, 1698, 1609, 1522, 1443, 1344, 1297, 

1259, 1191, 915, 783, 605. 

HRMS (m/z - ESI):  Found: 238.0348 (M-H)
-
 C10H8NO6 Requries: 238.0357. 

(3-Nitrophenyl)dihydrofuran-2,5-dione (491) 

 

Prepared according to general procedure VII using diacid 482 (1.20g, 5.02 mmol) to 

afford 491 as an off-white solid (798 mg, 72%). M.p. 96-98 °C. 

δH (400 MHz, CDCl3): 8.29 – 8.24 (1 H, m, H-1), 8.21 – 8.18 (1 H, m, H-2), 7.71 

– 7.61 (2 H, m, H-3, H-4), 4.51 (1 H, dd, J = 10.4, 7.4, H-

5), 3.56 (1 H, dd, J = 18.8, 10.4, H-6), 3.21 (1 H, dd, J = 

18.8, 7.4, H-6’). 

δC (100 MHz, CDCl3): 170.4 (C=O), 168.1 (C=O), 148.8 (q), 136.1 (q), 133.5, 

130.8, 123.9, 122.8, 46.0, 36.2. 
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νmaxm (neat)/cm
-1

: 3325, 2973, 1872, 1846, 1777, 1520, 1345, 1228, 1035, 

923, 881, 801, 683. 

HRMS (m/z - ESI):  Found: 220.0250 (M-H)
-
 C10H6NO5 Requries: 220.0251. 

Ethyl (3,4,5-trifluorophenyl)acetate (462)  

 

Prepared according to general procedure IV using 3,4,5-trifluorophenylacetic acid (453, 

3.00g, 15.8 mmol) which furnished 462 as a colourless liquid (3.07g, 89%). 

δH (400 MHz CDCl3): 6.96 – 6.87 (2 H, m, H-1), 4.17 (2 H, q, J = 7.0, H-3), 

3.54 (2 H, s, H-2), 1.26 (3 H, t, J = 6.9, H-4). 

δC (100 MHz, CDCl3): 170.3 (C=O), 151.0 (q) (ddd, JC-F = 250.3, 10.0, 4.2), (q) 

139.1 (dt, JC-F = 251.2, 10.0), 130.1 (q) (m), 113.5 (m), 

61.3, 40.2, 14.1. 

δF (376.5 MHz, CDCl3): -134.51 (2 F, d, J = 19.4), -162.7 (1 F, t, J = 19.4).  

νmaxm (neat)/cm
-1

: 3107, 1729, 1534, 1325, 1022, 975, 799. 

HRMS (m/z - ESI):  Found: 217.0482 [M-H]
-
 C10H8F3O2 Requries: 217.0482. 

Diethyl (3,4,5-trifluorophenyl)succinate (480) 
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Di-ester 471 was prepared first according to general procedure V using ethyl ester 462 

(3.00 g,  13.8 mmol), ethyl bromoacetate (1.54 mL, 13.8 mmol) and caesium carbonate 

(4.50g, 13.8 mmol) to afford a mixture of mono-alkylated and di-alkylated products 

(inseparable by chromatography) as a colourless oil after work-up (3.61 g, 85:15). The 

mixture was then hydrolysed according to general procedure VI with KOH (7.74g, 138 

mmol) in EtOH:H2O (345 mL, 1:1 v/v).  The product diacid was then recrystallised 

from water to afford 480 as a white solid (2.18 g, 64% over two steps). M.p. 168-170 

°C. 

δH (400 MHz, DMSO-d6): 12.47 (2 H, br s, H-4, H-5), 7.35 – 7.28 (2 H, m, H-1), 

3.97 (1 H, dd, J = 9.6, 5.5, H-2), 2.99 (1 H, dd, J = 17.1, 

9.6, H-3), 2.61 (1 H, dd, J = 17.1, 5.5, H-3’). 

δC (100 MHz, DMSO-d6): 173.5 (C=O), 172.8 (C=O), 150.5 (q) (m), 138.4 (q) (m), 

136.4 (q) (m), 113.3 (m), 46.4, 37.2. 

δF (376.5 MHz, DMSO-d6): -135.3 (2 F, d, J = 21.5), -163.5 (1 F, t, J = 21.5). 

νmaxm (neat)/cm
-1

: 2921, 2648, 1698, 1620, 1531, 1450, 1421, 1306, 1226, 

1044, 917, 660. 

HRMS (m/z - ESI):  Found: 247.0231 [M-H]
-
 C10H6F3O4 Requires: 247.0224. 

(3,4,5-Trifluorophenyl)dihydrofuran-2,5-dione (489) 

 

Prepared according to general procedure VII using diacid 480 (2.10 g, 8.46 mmol) to 

furnish 489 as a white solid (993 mg, 51%). M.p. 94-96 °C. 

δH (400 MHz CDCl3): 7.01 – 6.94 (2 H, m, H-1), 4.32 (1 H, dd, J = 10.2, 7.5, H-

2), 3.49 (1 H, dd, J = 19.0, 10.2, H-3), 3.09 (1 H, dd, J = 

19.0, 7.2, H-3’). 
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δC (100 MHz, CDCl3): 170.1 (C=O), 167.9 (C=O), 151.7 (q) (ddd, JC-F = 252.7, 

10.2, 4.0), (q) 140.01 (q) (dt, J = 254.80, 10.2), 130.03 

(m), 112.05 (m), 45.4, 35.9. 

δF (376.5 MHz, CDCl3): -131.2 (2 F, J = 20.6), -158.9 (1 F, J = 20.6). 

νmaxm (neat)/cm
-1

: 3070, 1855, 1769, 1622, 1527, 1455, 1230, 1069, 1046, 

937, 789, 671. 

HRMS (m/z - ESI):  Found: 229.0111 (M-H)
-
 C10H4F3O3 Requires: 229.0118. 

Ethyl (3,5-dibromophenyl)acetate (458)
176

 

 

Prepared according to general procedure IV using 3,5-dibromophenylacetic acid (449, 

4.82 g, 16.5 mmol) to afford 458 as a yellow liquid (4.68 g, 88%). 

Spectral data for this compound were consistent with those in the literature.
176

 

δH (400 MHz CDCl3): 7.57 (1 H, s, H-1), 7.38 (2 H, s, H-2), 4.17 (2 H, q, J = 

7.1, H-4), 3.55 (2 H, s, H-3), 1.26 (3 H, t, J = 7.1, H-5). 

LRMS (m/z - ESI):  Found: 310.9 (M+H)
+
 C10H11Br2O2 Requires: 320.91. 

(3,5-Dibromophenyl)succinic acid (477)
177
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Di-ester 467 was prepared first according to general procedure V using ethyl ester 458 

(4.60 g,  14.3 mmol), ethyl bromoacetate (1.59 mL, 14.3 mmol) and caesium carbonate 

(4.66 g, 14.3 mmol) to afford a mixture of mono-alkylated and di-alkylated products 

(inseparable by chromatography) which was then hydrolysed according to general 

procedure VI with KOH (8.02 g, 143 mmol) in EtOH:H2O (360 mL, 1:1 v/v).  The 

product diacid was then recrystallised from water to afford 477 as a white solid (2.88 g, 

57% over two steps). M.p. 226-228 °C (lit
177 

227-229 °C). 

Spectral data for this compound were consistent with those in the literature.
177

 

δH (400 MHz DMSO-d6): 12.5 (2 H, br s, H-5, H-6), 7.76 (1 H, s, H-1), 7.54 (2 H, s, 

H-2), 3.94 (1 H, dd, J = 9.6, 5.6, H-3), 2.96 (1 H, dd, J = 

17.0, 9.6, H-4), 2.63 (1 H, dd, J = 17.0, 5.6, H-4’). 

(3,5-Dibromophenyl)dihydrofuran-2,5-dione (485)
39

 

 

Prepared according to general procedure VII using diacid 477 (2.80 g, 7.96 mmol) to 

afford 485 as a white solid (1.97 g, 74%). M.p. 110-112 °C (lit
39 

112-115 °C) 

Spectral data for this compound were consistent with those found in the literature.
39 

 

δH (400 MHz CDCl3): 7.69 (1 H, s, H-1), 7.38 (2 H, s, H-2), 4.31 (1 H, dd, J = 

10.3, 7.2, H-3), 3.48 (1 H, dd, J = 18.9, 10.3, H-4), 3.11 

(1 H, dd, J = 18.9, 7.2, H-4’). 

Ethyl (2,3,4-trifluorophenyl)acetate (461) 

 

Prepared according to general procedure IV using 2,3,4-trifluorophenylacetic acid (452, 

3.00g, 15.8 mmol), furnished 461 as a colourless liquid (3.28 g, 95%). 
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δH (400 MHz CDCl3): 7.02 – 6.87 (2 H, m, H-1, H-2), 4.18 (2 H, q, J = 7.2, H-

4), 3.64 (2 H, s, H-3), 1.26 (3 H, t, J = 7.2, H-5). 

δC (100 MHz, CDCl3): 169.9 (C=O), 151.5 (q) (ddd, JC-F = 58.7, 10.3, 3.1), 149.0 

(q) (ddd, JC-F = 59.1, 10.3, 3.1), 140.0 (q) (dt, JC-F = 251.6, 

14.6), 125.7 (q) (m), 119.0 (m), 111.9 (dd, JC-F = 17.6, 

3.9), 61.3, 33.9 (m), 14.1. 

δF (376.5 MHz, CDCl3): -135.7 (1 F, dd, J = 20.0, 7.2), -137.1 (1 F, dd, J = 20.0, 

7.2), -160.4 (1 F, d, J = 20.0). 

νmaxm (neat)/cm
-1

: 3110, 1725, 1531, 1322, 1018, 971, 797. 

HRMS (m/z - ESI): Found: 217.0481 [M-H]
-
 C10H8F3O2 Requries: 217.0482. 

Diethyl (2,3,4-trifluorophenyl)succinate (470) 

 

Prepared according to general procedure V using ester 461 (3.00 g, 13.8 mmol), 

caesium carbonate (4.50 g, 13.8 mmol) and ethyl bromoacetate (1.53 mL, 13.8 mmol) 

to afford 470 as a yellow liquid (5.91 g, 71%). 

δH (400 MHz CDCl3): 7.03 – 6.88 (2 H, m, H-1, H-2), 4.34 (1 H, dd, J = 8.9, 

6.4, H-3), 4.24 – 4.07 (4 H, m, H-5, H-7), 3.15 (1 H, dd, J 

= 17.0, 9.1, H-4), 2.65 (1 H, dd, J = 17.0, 6.6, H-4’), 1.25 

– 1.18 (6 H, m, H-6, H-8). 

δC (100 MHz, CDCl3): 171.5 (C=O), 170.9 (C=O), 151.4 (q) (ddd, JC-F = 109.3, 

10.2, 3.2), 148.8 (q) (ddd, JC-F = 109.3, 10.2, 3.2), 140.1 

(q) (dt, J = 250.5, 14.8), 122.9 (q) (m), 122.7 (m), 122.3 

(dd, JC-F = 17.4, 3.9), 61.6, 61.0, 40.3, 36.6, 14.1, 14.0. 

δF (376.5 MHz, CDCl3): -135.0 (1 F, dd, J = 20.0, 8.2), -137.3 (1 F, dd, J = 20.0, 

8.2), -159.5 (1 F, J = 20.0) 

νmaxm (neat)/cm
-1

: 3111, 2850, 1722, 1529, 1321, 1015, 970. 
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HRMS (m/z - ESI): Found: 327.0938 [M+Na]
+
 C14H15F3NaO4 Requries: 

327.0815. 

2,3,4-Trifluorophenyldihydrofuran-2,5-dione (488) 

 

Di-ester 470 (5.00 g, 16.4 mmol) was hydrolysed according to general procedure VI 

using KOH (9.21 g, 16.4 mmol) in EtOH:H2O (100 mL, 1:1 v/v) to afford di-acid 479 as 

a white solid which was then cyclised following general procedure VII to afford 488 as 

a white solid (1.40 g , 37% over two steps). M.p. 68 - 70 °C. 

δH (400 MHz CDCl3): 7.10 – 6.98 (2 H, m, H-1, H-2), 4.43 (1 H, dd, J = 10.7, 

7.5, H-3), 3.48 (1 H, dd, J =19.1, 11.0, H-4), 3.06 (1 H, 

dd, J = 19.1, 7.5, H-4’). 

δC (100 MHz, CDCl3): 170.3 (C=O), 168.3 (C=O), 151.9 (q) (m), 149.5 (q) (m), 

140.3 (q) (m), 123.5 (q) (m), 120.0 (m), 113.1 (m), 41.7, 

36.0. 

δF (376.5 MHz, CDCl3): -131.8 (1 F, dd, J = 20.4, 8.5), -135.9 (1 F, dd, J = 20.4, 

8.5), -157.7 (1 F, t, J = 20.4). 

νmaxm (neat)/cm
-1

: 3069, 1854, 1765, 1621, 1521, 1452, 1228, 1065, 1040, 

933, 786, 670. 

HRMS (m/z - ESI): Found: 329.0119 [M-H]
-
 C10H4F3NaO4 Requries: 

327.0815. 
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Ethyl 4-(methylsulfonyl)phenylacetate (466)
178

 

 

Prepared according to general procedure IV using 4-(methylsulfonyl)phenylacetic acid 

(457, 3.00 g, 14.0 mmol), to afford 466 as a colourless oil (3.05 g, 90%). 

Spectral data for this compound were consistent with those found in the literature.
178

 

δH (400 MHz CDCl3): 7.91 (2 H, d, J = 8.3, H-1), 7.50 (2 H, d, J = 8.3, H-2), 

4.18 (2 H, q, J = 7.7, H-4), 3.71 (2 H, s, H-3), 3.05 (3 H, 

s, H-6), 1.27 (3 H, t, J = 7.7, H-5). 

LRMS (m/z - ESI):  Found: 241.0532 [M-H]
-
 C11H13O4S Requries: 241.0535. 

4-(Methylsulfonyl)phenylsuccinic acid (484) 

 

Di-ester 475 was prepared first according to general procedure V using ethyl ester 466 

(3.00 g,  12.4 mmol), ethyl bromoacetate (1.38 mL, 12.4 mmol) and caesium carbonate 

(4.05 g, 12.4 mmol) to afford a mixture of mono-alkylated and di-alkylated products 

(inseparable by chromatography) which was then hydrolysed according to general 

procedure VI with KOH (6.97 g, 124 mmol) in EtOH:H2O (300 mL, 1:1 v/v).  The 

product diacid was then recrystallised from water to afford 484 as a white solid (2.06 g, 

61% over two steps). M.p. 186 - 185 °C. 
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δH (400 MHz, DMSO-d6): 12.53 (2 H, br s, H-5, H-6), 7.90 (2 H, d, J = 8.2, H-1), 

7.59 (2 H, d, J = 8.2, H-2), 4.06 (1 H, dd, J = 9.7, 5.2, H-

3), 3.22 (3 H, s, H-7), 3.01 (1 H, dd, J = 17.0, 9.7, H-4), 

2.64 (1 H, dd, J = 17.0, 5.3, H-4’). 

δC (100 MHz, DMSO-d6): 173.2 (C=O), 172.4 (C=O), 144.5 (q), 139.7 (q), 128.9, 

127.3, 46.8, 43.5, 37.0. 

νmaxm (neat)/cm
-1

: 3459, 3221, 2994, 2930, 1851, 1771, 1740, 1600, 1361, 

1142, 1029. 

HRMS (m/z - ESI): Found: 295.0246 [M+H]
+
 C11H12NaO6S Requires: 

295.0247. 

4-(Methylsulfonyl)phenyldihydrofuran-2,5-dione (493) 

 

Prepared according to general procedure VII using diacid 484 (2.00 g, 7.35 mmol) to 

afford 493 as a white solid (1.27 g, 68%). M.p. 176 - 178 °C.  

δH (400 MHz DMSO-d6): 7.95 (2 H, d, J= 8.5, H-2), 7.75 (2 H, d, J = 8.5, H-3), 

4.80 (1 H, dd, J = 9.8, 8.1, H-4), 3.46 (1 H, dd, J = 18.5, 

10.0, H-5), 3.36 – 3.29 (1 H, m, H-5’), 3.24 (3 H, s, H-1). 

δC (100 MHz, DMSO-d6): 172.8 (C=O), 170.6 (C=O), 141.0 (q), 140.3 (q), 129.5, 

127.3, 46.1, 43.4, 36.1. 

νmaxm (neat)/cm
-1

: 3462, 2998, 2932, 1856, 1772, 1743, 1601, 1365, 1144, 

1033, 913. 

HRMS (m/z - ESI):  Found: 253.0171 (M-H)
-
 C11H5O5S Requries: 253.0176. 
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Ethyl 2-(2-nitrophenyl)acetate (463)
179

 

 

Prepared according to general procedure IV using 2-Nitrophenylsuccinic acid (454, 

3.00g, 16.6 mmol) to afford 463 as a colourless liquid (3.04 g, 88%). 

Spectral data for this compound were consistent with those in the literature.
179

 

δH (400 MHz CDCl3): 8.13 (1 H, dd, J = 8.2, 1.2, H-1), 7.63 – 7.60 (1 H, m, H-

3), 7.50 – 7.48 (1 H, m, H-2), 7.38 (1 H, dd, J = 7.5, 0.9, 

H-4), 4.20 (2 H, q, J = 7.1, H-6), 4.04 (2 H, s, H-5), 1.28 

(3 H, t, J = 7.1, H-7). 

LRMS (m/z - ESI):  Found: 208.06 (M-H)
- 
C10H11NO4 Requries: 208.06. 

Diethyl 2-(2-nitrophenyl)succinate (472) 

 

Prepared according to general procedure V using ester 463 (3.00 g, 14.3 mmol), 

caesium carbonate (4.66 g, 14.3 mmol) and ethyl bromoacetate (1.59 mL, 14.3 mmol) 

to afford 472 as a yellow liquid (3.17 g, 75%). 

δH (400 MHz CDCl3): 7.99 0 7.95 (1 H, m, H-1), 7.62 – 7.55 (1 H, m, H-3), 7.49 

– 7.42 (2 H, m, H-2, H-4), 4.67 (1 H, dd, J = 8.2, 6.1, H-

5), 4.29 – 4.09 (4 H, m, H-7, H-9), 3.26 (1 H, dd, J = 

17.0, 8.2, H-6), 2.82 (1 H, dd, J = 17.0, 6.2, H-6’)1.26 – 

1.15 (6 H, m, H-8,H-10).  

δC (100 MHz, CDCl3): 171.5 (C=O), 171.2 (C=O), 149.0 (q), 133.5, 133.1 (q), 

130.8, 128.7, 125.3, 61.7, 61.1, 43.9, 37.4, 14.2, 14.1. 
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νmaxm (neat)/cm
-1

: 3445, 3090, 2982, 2938, 1733, 1532, 1477, 1410, 1394, 

1370, 1351, 1230, 1176, 1160, 736, 681. 

HRMS (m/z - ESI): Found: 318.1105 [M+Na]
+
 C14H17NNaO6 Requries: 

318.0948. 

(3-(2-Nitrophenyl)dihydrofuran-2,5-dione (490) 

 

Di-ester 472 (3.00 g, 10.2 mmol) was hydrolysed according to general procedure VI 

using KOH (5.72 g, 10.2 mmol) in EtOH:H2O (60 mL, 1:1 v/v) to afford diacid 481 as a 

white solid which was then cyclised following general procedure VII to afford 490 as 

an off-white solid (1.24 g , 55% over two steps). M.p. 109-111 °C. 

δH (400 MHz CDCl3): 8.27 (1 H, dd, J = 8.1, 1.1, H-1) 7.76 – 7.70 (1 H, m, H-

3), 7.66 – 7.60 (1 H, m, H-2), 7.44 (1 H, dd, J = 8.1, 1.1, 

H-4), 4.64 (1 H, dd, J = 10.5, 8.1, H-5), 3.49 (1 H, dd, J 

= 18.8, 10.4, H-6), 3.16 (1 H, dd, J = 18.8, 7.9, H-6’). 

δC (100 MHz, CDCl3): 170.2 (C=O), 168.6 (C=O), 146.9 (q), 135.1, 133.4, 

130.6, 129.9 (q), 126.7, 46.6, 36.7. 

νmaxm (neat)/cm
-1

: 3323, 2971, 1871, 1842, 1776, 1518, 1342, 1222, 1029, 

920, 879, 799, 679. 

HRMS (m/z - ESI): Found: 220.0246 [M-H]
-
 C10H16NO5 Requries: 220.0251. 
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3.6 Crystal structures 

(rac)-379 

 

(rac)-382b 

 

The X-ray structural analysis of 379 and 382b were performed on a Bruker D8 Quest 

Eco at 100(2) K with an Oxford Cryosystems cryostat, with samples mounted on a 

MiTeGen microloop using Mo Kα radiation (λ = 0.71073 Å). Bruker APEX
7
 software 
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was used to collect and reduce data and determine the space group. Absorption 

corrections were applied using SADABS.
8
 The structures were solved with the XT 

structure solution program
9
 using Intrinsic Phasing and refined with the XL refinement 

package
10

 using Least Squares minimisation in Olex2.
11

 All non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms were assigned to calculated positions using a 

riding model with appropriately fixed isotropic thermal parameters.  

In 379, there are two independent molecules in the asymmetric unit with identical 

chirality. The Model has chirality at C5, R; C5A, R; C16, S; C16A, S; C17, S; C17A, S. 

In 382b, the Model has Chirality at C5, S; C14, R; C15, S (centrosymmetric space 

group). 

Table 3.3  Crystal data and structure refinement parameters for 379 and 382b 

Identification code  379 382b 

Empirical formula  C22H21NO6 C25H23NO7 

Formula weight  395.40 449.44 

Temperature (K) 100(2)  100(2) 

Wavelength (Å) 0.71073  0.71073 

Crystal system  Triclinic Triclinic 

Space group  P1 P1 

a (Å) 11.4121(3) 7.8998(2) 

b (Å) 11.4588(3) 11.8254(4) 

c (Å) 15.1821(4) 12.5588(4) 

°) 82.2960(10) 77.6681(13) 

°) 79.7080(10) 78.7428(13) 

°) 78.8140(10) 76.0758(13) 

Volume (Å3) 1906.11(9)  1099.60(6) 

Z 4 2 

ρ (calculated) (Mg/m3) 1.378  1.357 

Absorption coefficient (mm-1) 0.101  0.100 

F(000) 832 472 

Crystal size (mm3)  0.32 x 0.17 x 0.11  0.3 x 0.15 x 0.12 

Reflections collected 61470 21416 

Independent reflections 9558 [R(int) = 0.0489] 5326 [R(int) = 0.0398] 

Completeness to theta = 25.242° 99.9 %  99.9 % 

Max. and min. transmission 0.7457 and 0.7003 0.7456 and 0.7085 

Data / restraints / parameters 9558 / 0 / 529 5326 / 0 / 302 
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Goodness-of-fit on F2 1.014 1.014 

Final R indices [I>2σ(I)] 
R1 = 0.0407, wR2 = 

0.0918 

R1 = 0.0401, wR2 = 

0.0911 

R indices (all data) 
R1 = 0.0575, wR2 = 

0.0999 

R1 = 0.0599, wR2 = 

0.1010 

Largest diff. peak and hole (e.Å-

3) 
0.316 and -0.263  0.315 and -0.235 

 

(S,S)-424  

 

Table 3.4 Crystal data and structure refinement parameters for (S,S)-424 

Empirical formula  C21H17N3O7 

Formula weight  423.38 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21 

Unit cell dimensions a = 6.6218(12) Å = 90°. 

 b = 11.9315(18) Å = 98.905(5)°. 

 c = 11.960(2) Å  = 90°. 

Volume 933.6(3) Å3 

Z 2 

Density (calculated) 1.506 Mg/m3 
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Absorption coefficient 0.115 mm-1 

F(000) 440 

Crystal size 0.286 x 0.245 x 0.109 mm3 

Theta range for data collection 3.114 to 28.824°. 

Index ranges -8≤h≤8, -16≤k≤16, -16≤l≤16 

Reflections collected 19135 

Independent reflections 4860 [R(int) = 0.0425] 

Completeness to theta = 25.242° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7458 and 0.7039 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4860 / 2 / 285 

Goodness-of-fit on F2 1.030 

Final R indices [I>2σ(I)] R1 = 0.0347, wR2 = 0.0753 

R indices (all data) R1 = 0.0450, wR2 = 0.0802 

Absolute structure parameter -0.2(4) 

Largest diff. peak and hole 0.196 and -0.202 e.Å-3 
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30. (a) Bin Mao, Martín Fañ anas-Mastral, and Ben L. Feringa, Chem. Rev., 2017, 117, 

10502. (b) T. Martín, C. M. Rodríguez and V. S. Martín, J. Org. Chem., 1996, 61, 

6450. (c) C. Böhm and O. Reiser, Org. Lett., 2001, 3, 1315. (d) B. Chhor, B. Nosse, S. 

Sörgel, C. Böhm, M. Seitz and O. Reiser, Chem. Eur. J., 2003, 9, 260. (e) S. 

Braukmüller and R. Brückner, Eur. J. Org. Chem., 2006, 2110. (f) M. 

Chandrasekharam, R.-S. Liu, J. Org. Chem., 1998, 63, 9122. (g) A. Vaupel and P. 

Knochel, J. Org. Chem., 1996, 61, 5743. (h) H. Takahata, Y. Uchida and T. Momose, 

J. Org. Chem., 1995, 60, 5628. 

31. (a) S. Wan, F. Wu, J. C. Rech, M. E. Green, R. Balachandran, W. S. Horne, B. W. 

Day and P. E. Floreancig, J. Am. Chem. Soc. 2011, 133, 16668. (b) R. H. Cichewicz, 

F. A. Valeriote, and P. Crews, Org. Lett., 2004, 6, 1951. (c) Y. F. Huang, L.-H. Li, L. 

Tian, L. Qiao, H.-M. Hua and Y. -H. Pei, J. Antibiot., 2006, 59, 355. (d) M. Enomoto 

and S. Kuwahara, Angew. Chem. Int. Ed., 2009, 121, 1144. (e) T. K. Tabopda, G. W. 

Fotso, J. Ngoupayo, A.-C. Mitaine-Offer, B. T. Ngadjui and M.-A. Lacaille-Dubois, 

Planta Med., 2009, 75, 1228. (f) M. G. Bogdanov, M. I. Kandinska, D. B. Dimitrova, 

B. T. Gocheva and M. D. Palamareva, Naturforsch, 2007, 62, 477. (g) H. Hussain, N. 



  References 

 

188 

 

                                                                                                                                                                               

Akhtar, S. Draeger, B. Schulz, G. Pescitelli, P. Salvadori, S. Antus, T. Kurtán and K. 

Krohn, Eur. J. Org. Chem., 2009, 749. (h) B. V. McInerney, W. C. Taylor, M. J. 

Lacey, R. J. Akhurst and R. P. Gregson, J. Nat. Prod., 1991, 54, 785. (i) Y. 

Shimojima, T. Shirai, T. Baba and H. Hayashi, J. Med. Chem., 1985, 28, 3. (j) P. 

Kongsaeree, S. Prabpai, N. Sriubolmas, C. Vongvein and S. Wiyakrutta, J. Nat. Prod., 

2003, 66, 709. (k) N. Nazir, S. Koul, M. A. Quirishi, M. A. Najar and M. I. Zargar, 

Eur. J. Med. Chem., 2011, 46, 2415. (l) M. Yoshikawa, E. Uchida, N. Chatani, H. 

Kobayashi, Y. Naitoh, Y. Okuno, H. Matsuda, J. Yamahara and N. Murakami, Chem. 

Pharm Bull., 1992, 40, 3352. 

32. A. Peschiulli, Y. Gun’ko and S. J. Connon, J. Org. Chem., 2008, 73, 2454. 

33. A. Peschiulli, C. Quigley, S. Tallon, Y. Gun’ko and S. J. Connon, J. Org. Chem., 

2008, 73, 6409. 

34. Selected reviews on hydrogen bonding in catalysis: (a) T. Akiyama, J. Itoh and K. 

Fuchibe, Adv. Synth. Catal., 2006, 348, 999. (b) M. S. Taylor, and E. N. Jacobsen, 

Angew. Chem., Int. Ed. 2006, 45, 1520. (c) S. J. Connon, Chem. Eur. J. 2006, 12, 

5418. (d) S. J. Connon, Angew. Chem. Int. Ed., 2006, 45, 3909. (e) Y. Takemoto, Org. 

Biomol. Chem., 2005, 3, 4299. (f) P. M. Pihko, Angew. Chem., Int. Ed. 2004, 43, 

2062. (g) P. R. Schreiner, Chem. Soc. Rev., 2003, 32, 289. 

35. C. Cornaggia, F. Manoni, E. Torrente, S. Tallon and S. J. Connon, Org. Lett., 2012, 

14, 1850. 

36. T. Okino, Y. Hoashi, T. Furukawa, X. Xu and Y. Takemoto, J. Am. Chem. Soc., 2005, 

127, 119. 

37. (a) B. Kotai, G. Kardos, A. Hamza, V. Farkas, I. Papai and T. Soos, Chem. Eur. J., 

2014, 20, 5631. (b) A. Hamza, G. Schubert, T. Soos and I. Papai, J. Am. Chem. Soc., 

2006, 128, 13151. 

38. C. Trujillo, I. Rozas, A. Botte and S. J. Connon, Chem. Commun., 2017, 53, 8874. 

39. F. Manoni, C. Cornaggia, J. Murray, S. Tallon and S. J. Connon, Chem. Commun., 

2012, 48, 6502. 

40. Y. Chen and L. Deng, J. Am. Chem. Soc., 2001, 123, 11302. 

41. Y. Cheng, P. McDaid and L. Deng, Chem. Rev., 2003, 103, 2965. 

42. A. Peschiulli, B. Procuranti, C. J. O’Connor and S. J. Connon, Nat. Chem., 2010, 2, 

380. 

43. R. Claveau, B. Twamley and S. J. Connon, Chem. Commun., 2018, 54, 3231. 



  References 

 

189 

 

                                                                                                                                                                               

44. (a) P. D. Bailey, P. A. Millwood and P. D. Smith, Chem. Commun., 1998, 633. (b) H.-

P. Husson and J. Royer, Chem. Soc. Rev., 1999, 28, 383. (c) S. Laschat and T. 

Dickner, Synthesis, 2000, 1781. (d) P. M. Weintraub, J. S. Sabol, J. M. Kane and D. 

R. Borcherding, Tetrahedron, 2003, 59, 2953. (e) M. G. P. Buffat, Tetrahedron, 2004, 

60, 1701. (f) M. S. M. Pearson, M. Mathl-Allainmat, V. Fargeas and J. Lebreton, Eur. 

J. Org. Chem., 2005, 2159; (g) J. Cossy, Chem. Rec., 2005, 5, 70. 

45. R. R. A. Kitson, A. Millemaggi and R. J. K. Taylor, Angew. Chem., Int. Ed., 2009, 48, 

9426. 

46. M. P. DeMartino, K. Chen and P. S. Baran, J. Am. Chem. Soc., 2008, 130, 11546. 

47. R. Claveau,  B. Twamley  and  S. J. Connon , Org. Biomol. Chem., 2018,16, 7574. 

48. Several groups have utilised sulfamides as organocatalysts (although, until the time of 

this publication their incorporation into a cinchona alkaloid was unknown): (a) X.-J. 

Zhang, S.-P. Liu, X.-M. Li, M. Yan and A. S. C. Chan, Chem. Commun., 2009, 7, 

833; (b) J.-R. Chen, L. Fu, Y.-Q. Zou, N.-J. Chang, J. Rong and W.-J. Xiao, Org. 

Biomol. Chem., 2011, 9, 5280; (c) S. Tortoioli, S. Bacchi, C. Tortoreto, J. B. 

Strachana and A. Perboni, Tetrahedron Lett., 2012, 53, 1878; (d) T. C. Nugent, A. 

Sadiq, A. Bibi, T. Heine, L. L. Zeonjuk, N. Vankova and B. S. Bassil, Chem. Eur. J., 

2012, 18, 4088. 

49. J. Chen, L. Zhou, C. K. Tan and Y.-Y. Yeung, J. Org. Chem., 2012, 77, 999. 

50. (a) M. Chen, C.-L. Shao, K.-L. Wang, Y. Xu, Z.-G. She, and C.-Y. Wang, 

Tetrahedron, 2014, 70, 9132. (b) A. Nakayama, H. Sato, S. Karanjit, N. Hayashi, M. 

Oda and K. Namba, Eur. J. Org. Chem., 2018, 4013. 

51. M. L. Aiello, U. Farid, C. Trujillo, B. Twamley and S. J. Connon, J. Org. 

Chem., 2018, 83, 15499. 

52. (a) S. Sotheeswaran, Chem. Aust., 1987, 377. (b) M. W. Klohs, F. Keller, R. E. 

Williams, M. I. Tockes and G. E. Cronheim, J. Med. Pharm. Chem., 1959, 1, 95. 

53. M. G. Bogdanov, B. T. Gocheva, D. B. Dimitrova and M. D. Palamareva, J. 

Heterocycl. Chem., 2007, 44, 673. 

54. C. Cornaggia, S. Gundala, F. Manoni, N. Gopalasetty and S. J. Connon, Org. Biomol. 

Chem., 14, 3040. 

55. T. Brown, P. Charlier, R. Herman, C. J. Schofield and E. Sauvage, J. Med. Chem., 

2010, 53, 5890. 

https://pubs.rsc.org/is/results?searchtext=Author%3ARomain%20Claveau
https://pubs.rsc.org/is/results?searchtext=Author%3ABrendan%20Twamley
https://pubs.rsc.org/is/results?searchtext=Author%3AStephen%20J.%20Connon
https://pubs.acs.org/author/Aiello%2C+Maria+Luisa
https://pubs.acs.org/author/Farid%2C+Umar
https://pubs.acs.org/author/Trujillo%2C+Cristina
https://pubs.acs.org/author/Twamley%2C+Brendan
https://pubs.acs.org/author/Connon%2C+Stephen+J


  References 

 

190 

 

                                                                                                                                                                               

56. G. E. Croston, R. Olsson, E. A. Currier, E. S. Burstein, D. Weiner, N. Nash, D. 

Severance, S. G. Allenmark, L. Thunberg, J.-N. Ma, N. Mohell, B. O’Dowd, M. R. 

Brann and U. Hacksell, J. Med. Chem., 2002, 45, 4950. 

57. J. Papillon and C. Adams, EP 2301931 A1, 2007. 

58. N. Castagnoli, J. Org. Chem., 1969, 34, 3187. 

59. M. Cushman and N. Castagnoli, J. Org. Chem., 1973, 38, 440. 

60. M. Cushman and N. Castagnoli, J. Org. Chem., 1974, 39, 1546. 

61. M. Cushman, J. Gentry and F. W. Dekow, J. Org. Chem., 1977, 42, 1111. 

62. M. A. Haimova, N. M. Mollov, S. C. Ivanova, A. I. Dimitrova and V. I. Ognyanov, 

Tetrahedron, 1977, 33, 331. 

63. M. Cushman and E. J. Madaj, J. Org. Chem., 1987, 52, 907. 

64. J. Kaneti, S. M. Bakalova and I. G. Pojarlieff, J. Org. Chem., 2003, 68, 6824. 

65. J. Wei and J. T. Shaw, Org. Lett., 2007, 9, 4077. 

66. C. E. Masse, P.Y. Ng, Y. Fukase, M. Sanchez-Rosello and J. T. Shaw, Comb. Chem., 

2006, 8, 293. 

67. D. Q. Tan, A. L. Atherton, A. J. Smith, C. Soldi, K. A. Hurley, J. C. Fettinger and J. 

T. Shaw, ACS Comb. Sci., 2012, 14, 218. 

68. O. Pattawong, D. Q. Tan, J. C. Fettinger, J. T. Shaw and P. Ha-Yeon Cheong, Org. 

Lett., 2013, 15, 5130. 

69. (a) M. A. Cinelli, P. V. N. Reddy, P.-C. Lv, J.-H. Liang, L. Chen, K. Agama,Y. 

Pommier, R.B. van Breemen and M. Cushman, J. Med.Chem., 2012, 55, 10844. (b) 

T.X. Nguyen, M. Abdelmalak, C. Marchand, K. Agama, Y. Pommier, M.Cushman, J. 

Med.Chem., 2015, 58, 3188. 

70. M. Krasavin and D. Dar'in , Tetrahedron Lett., 2016, 57 , 1635. 

71. Examples of asymmetric variants (through the use of enantioenriched starting 

materials, chiral auxiliaries, or resolutions: a) R. D. Clark and M. Souchet, 

Tetrahedron Lett., 1990, 31, 193; b) M. Cushman and J. K. Chen, J. Org.Chem., 1987, 

52, 1517; c) Y. Vara, T. Bello, E. Aldaba, A. Arrieta, J. L. Pizarro, M. I. Arriortua, X. 

Lopez, F. P. Cossio, Org. Lett., 2008, 10, 4759; d) D. Q. Tan, A. Younai, O. 

Pattawong, J. C. Fettinger, P. H.-Y. Cheong, J. T. Shaw, Org. Lett., 2013, 15, 5126; e) 

J. Liu, Z. Wang, A. Levin,T. J. Emge, P. R. Rablen, D. M. Floyd, S. Knapp, J. Org. 

Chem., 2014, 79, 7593. 



  References 

 

191 

 

                                                                                                                                                                               

 

72. S. Dong, M. Frings, D. Zhang, Q. Guo, C. G. Daniliuc, H. Cheng, C. Bolm, Chem. 

Eur. J., 2017, 23, 13888. 

73. T. Yokosaka, A. Hamajima, T. Nemoto and Y. Hamada, Tetrahedron Lett., 2012, 53, 

1245. 

74. J. Caruano, G. G. Mucciolib and R. Robiette, Org. Biomol. Chem., 2016, 14, 10134. 

75. P. Y. Ng, Y. Tang, W. M. Knosp, H. S. Stadler and J. T. Shaw, Angew. Chem. Int. Ed. 

2007, 46, 5352. 

76. S. A. Cronin, A. Gutiérrez Collar, S. Gundala, C. Cornaggia, E. Torrente, F. Manoni, 

A. Botte, B. Twamley and S. J. Connon, Org. Biomol. Chem., 2016, 14, 6955. 

77. C. L. Jarvis, J. S. Hirschi, M. J. Vetticatt and D. Seidel, Angew. Chem. Int. Ed. 2017, 

56, 2670. 

78. Selected reviews on anion binding/ion-pairing catalysis: a) J.Lacour,V.Hebbe-

Viton,Chem. Soc. Rev., 2003, 32, 373; b) J. Lacour, D. Moraleda, Chem. Commun., 

2009,7073; c) Z.Zhang, P. R. Schreiner, Chem. Soc. Rev., 2009, 38, 118. 

79. (a) Y. Sohtome, A. Tanatani, Y. Hashimoto and K. Nagasawa, Tetrahedron Lett., 

2004, 45, 5589. (b) Y. Sohtome, N. Takemura, R. Takagi, Y. Hashimoto, K. 

Nagasawa, Tetrahedron, 2008, 64, 9423. 

80. Y. Tamura, A. Wada, M. Sasho and Y. Kita, Tetrahedron Lett., 1981, 22, 4283. 

81. Y. Tamura, A. Wada, M. Sasho, K. Fukunaga, H. Maeda and Y. Kita, J. Org. Chem. 

1982, 47, 4376. 

82. Y. Tamura, M. Sasho, K. Nakagawa, T. Tsugoshi and Y. Kita, J. Org. Chem. 1984, 

49, 473. 

83. Y. Kita, S. Mohri, T. Tsugoshi, H. Maeda and Y. Tamura, Chem. Pharm. Bull., 1985, 

33, 4723. 

84. (a) Y. Kita, R. Okunaka, M. Sasho, M. Taniguchi, T. Honda and Y. Tamura, 

Tetrahedron Lett. 1988, 29, 5943. (b) Y. Kita, R. Okunaka, T. Honda, M. Shindo, M. 

Taniguchi, M. Kondo and M. Sasho, J. Org. Chem., 1991, 56, 119. 

85. (a) Y. Tamura, M. Sasho, S. Akai, A. Wada and Y. Kita, Tetrahedron, 1984, 40, 4539. 

(b) Y. Tamura, F. Fukata, M. Sasho, T. Tsugoshi and Y. Kita, J. Org. Chem. 1985, 50, 

2273. (c) Y. Tamura, M. Sasho, S. Akai, H. Kishimoto, J. Sekihachi and Y. Kita, 

Chem. Pharm. Bull. 1987, 35, 1405. (d) H.  Fujioka, H. Yamamoto, H. Kondo, H. 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Dong%2C+Shunxi
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Frings%2C+Marcus
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Zhang%2C+Duo
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Guo%2C+Qianqian
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Daniliuc%2C+Constantin+G
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Cheng%2C+Hanchao
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Bolm%2C+Carsten
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ng%2C+Pui+Yee
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Tang%2C+Yuchen
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Tang%2C+Yuchen
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Stadler%2C+H+Scott
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Shaw%2C+Jared+T
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Jarvis%2C+Claire+L
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Hirschi%2C+Jennifer+S
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Vetticatt%2C+Mathew+J
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Seidel%2C+Daniel


  References 

 

192 

 

                                                                                                                                                                               

Annoura and Y. Kita, Chem. Commun., 1989, 20, 1509. (e) Y. Tamura, M. Sasho, S. 

Akai, H. Kishimoto, J. Sekihachi and Y. Kita, Tetrahedron Lett. 1986, 27, 195. 

86. (a) H. Fujioka, H. Yamamoto, H. Annoura, M. Miyazaki and Y Kita, Chem. Pharm. 

Bull., 1990, 38, 1872. (b) H. Fujioka, H. Yamamoto, H. Annoura, H. Maeda and Y. 

Kita, Chem. Pharm. Bull., 1992, 40, 32. (c) M. Kawasaki, F. Matsuda, S. Terashima, 

Tetrahedron Lett., 1985, 26, 2693. (d) M. Kawasaki, F. Matsuda, S. Terashima, 

Tetrahedron, 1988, 44, 5695. (e) F. Matsuda, M. Kawasaki, M. Ohsaki, K. Yamada 

and S. Terashima, Chem. Lett., 1988, 653. (f) T. Hottop, H. Gutke and S. I. 

Murahashi, Tetrahedron Lett. 2001, 42, 3343. 

87. (a) M. D. Shair, T. Y. Yoon and S. J. Danishefsky, Angew. Chem. Int. Ed., 1995, 34, 

1721. (b) M. D. Shair, T. Y. Yoon, K. K. Mosny, T. C. Chou and S. J. Danishefsky, J. 

Am. Chem. Soc., 1996, 118, 9509. (c) S. J. Danishefsky and M. D. Shair, J. Org. 

Chem. 1996, 61, 16. 

88. Y. Tamura, A. Wada, M. Sasho, and Y. Kita, Chem. Pharm. Bull., 1983, 31, 2691. 

89. R. J. Spangler and J. H. Kim, Tetrahedron Lett., 1972, 13, 1249. 

90. N. G. Ramesh, K. Lio, A. Okajima, S. Akai and Y. Kita, Chem. Commun. 1998, 24, 

2741. 

91. F. T. Smith and R. V. Atigadda, J. Heterocycl. Chem. 1991, 28, 1813. 

92. L.‐T. Shen , W.‐Q Jia and S. Ye, Angew. Chem. Int. Ed., 2013, 52, 585. 

93. (a) Y.-L. Liu and J. Zhou, Adv. Synth. Catal., 2010, 352, 1381. (b) G. S. Singh and Z. 

Y. Desta, Chem. Rev., 2012, 112, 6104. 

94. F. Manoni and S. J. Connon, Angew. Chem. Int. Ed., 2014, 53, 2628. 

95. F. Manoni, U. Farid, C. Trujillo and S. J. Connon, Org. Biomol. Chem., 2017, 15, 

1463. 

96. U. Nath and S. C. Pan, J. Org. Chem., 2017, 82, 3262. 

97. H. Xu, F. Sha, Q. Li and X.-Y Wu, Org. Biomol. Chem., 2018, 16, 7214. 

98. (a) M. Amireddy and K. Chen, Tetrahedron, 2015, 71, 8003. (b) J. Duan, J. Cheng, B. 

Li, F. Qi and P. Li, Eur. J. Org. Chem., 2015, 6130. (c) J. Duan, J. Cheng and P. Li, 

Org. Chem. Front., 2015, 2, 1048. (d) Z.-M. Zhou, Tetrahedron Lett., 2017, 58, 2475. 

99. Chauhan, J. Kaur and S. S. Chimni, Chem. Asian. J., 2013, 8, 328. 

100. For an excellent review on hydrogen bonding catalysts see: P. R. Schreiner, Chem. 

Soc. Rev., 2003, 32, 289. 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Shen%2C+Li-Tao
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Jia%2C+Wen-Qiang
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ye%2C+Song


  References 

 

193 

 

                                                                                                                                                                               

101. (a) A. M. Crider, T. M. Kolczynski and K. M. J. Yates, Med. Chem., 1980, 23, 324. b) 

A. Fredenhagen, S. Y. Tamura, P. T. M. Kenny, H.Komura, Y. Naya, K. Nakanishi, 

K. Nishiyama, M. Sugiura and H. Kita, J. Am. Chem. Soc., 1987, 109, 4409. (c) C. 

Malochet-Grivois, C. Roussakis, N. Robillard, J. F. Biard, D. Riou, C. Debitus and J. 

F. Verb-ist, Anti-Cancer Drug Des., 1992, 7, 493. (d) Y. Ando, E. Fuse, W. D. 

Figg,Clin. Cancer Res., 2002, 8, 1964. (e) C. Freiberg, N. A. Brunner, G. Schiffer, T. 

Lampe, M. Pohlmann, D. Habich and K. Ziegelbauer, J. Biol. Chem., 2004, 279, 

26066. (f) C. Freiberg, H. P. Fischer and N. A. Brunner, Antimicrob. Agents 

Chemother., 2005, 49, 749. (g) M. Isaka, N.Rugseree, P. Maithip, P. Kongsaeree, S. 

Prabpai, Y. Thebtaranonth, Tetrahedron, 2005, 61, 5577. (h) J. Uddin, K. Ueda, E. R. 

O. Siwu, M. Kita and D. Uemura, Bioorg. Med. Chem., 2006, 14, 6954. (j) F. Robert, 

H. Q. Gao, M. Donia, W. C. Merrick, M. T.Hamann and J. Pettetier, RNA, 2006, 12, 

717. 

102. (a) T.-J. R. Cheng, T.-H. Chan, E.-L. Tsou, S.-Y. Chang, W.-Y. Yun, P.-J. Yang, Y.-

T. Wu and W.-C. Cheng, Chem. Asian J., 2013, 8, 2600. (b) H. J. Jeong, J. M. Lee, M. 

K. Kim and S.-G. Lee, J. Heterocyclic Chem., 2002, 39, 1019. 

103. J. Caruano, G. G. Mucciolib and R. Robiette, Org. Biomol. Chem., 2016, 14, 10134. 

104. For selected reviews of asymmetric Michael additions, see: a) O. M. Berner, L. 

Tedeschi, D. Enders, Eur. J. Org. Chem., 2002, 1877; b) R. Ballini, G. Bosica, D. 

Fiorini, A. Palmieri, M. Petrini, Chem. Rev., 2005, 105, 933; c) S. B. Tsogoeva, Eur. 

J. Org. Chem., 2007, 1701; d) R. P. Herrera, T. Tejero, P. Merino, Tetrahedron: 

Asymmetry, 2010, 21, 2561; e) P. Chauhan and S. S. Chimni, RSC Adv., 2012, 2, 

6117; f) Y, Zhang and W. Wang, Catal. Sci. Technol., 2012, 2, 42. 

105. G. Bartoli, M. Bosco, A. Carlone, A. Cavalli, M. Locatelli, A. Mazzanti, P. Ricci, L. 

Sambri and P. Melchiorre, Angew. Chem. Int. Ed., 2006, 45, 4966. 

106. C. S. Cucinotta, M. Kosa, P. Melchiorre, A. Cavalli and F. L. Gervasio, Chem. Eur. 

J., 2009, 15, 7913. 

107. J.-J. Wang, X.-J. Dong, W.-T and Wei, M. Yan, Tetrahedron: Asymmetry, 2011, 22, 

690. 

108. A. Zea, G. Valero, A.-N. R. Alba, A. Moyano and R. Rios, Adv. Synth. Catal., 2010, 

352, 1102. 

109. J. Lu, W.-J. Zhou, F. Liu and T.-P. Loh, Adv. Synth. Catal., 2008, 350, 1796. 



  References 

 

194 

 

                                                                                                                                                                               

110. Y.-H. Liao, X.-L. Liu, Z.-J. Wu, L.-F. Cun, X.-M. Zhang, W.-C. Yuan, Org. Lett., 

2010, 12, 2896. 

111. A.-N. R. Alba, G. Valero, T. Calbet, M. Font-Bardia, A. Moyano and R. Rios, Chem. 

Eur. J., 2010, 16, 9884. 

112. G.-L. Zhao, Y. Xu, H. Sundn, L. Eriksson, M. Sayah and A. Crdova, Chem. Commun. 

2007, 734. 

113. J. Wang, M.-M. Zhang, S. Zhang, Z.-A. Xu, H. Li, X.-H. Yu and W. Wang, Synlett, 

2011, 473. 

114. A. Moyano and R. Rios, Chem. Rev., 2011, 111, 4703. 

115. O. Riant and H. B. Kagan, Tetrahedron Lett., 1989, 30, 7403. 

116. H. Hiemstra and H. Wynberg, J. Am. Chem. Soc., 1981, 103, 417. 

117. H. Wynberg, Top Stereochem., 1986, 16, 87 

118. A. Zea, A.-N. R. Alba, N. Bravo, A. Moyano and R. Rios, Tetrahedron, 2011, 67, 

2513. 

119. J. Y.-T. Soh and C.-H. Tan, J. Am. Chem. Soc., 2009, 131, 6904. 

120. C. Gioia, A. Hauville, C. Bernardi, F. Fini and A. Ricci, Angew. Chem. Int. Ed., 2008, 

47, 9236. 

121. S. Shimizu, K. Ohori, T. Arai, H. Sasai and M. Shibasaki, J. Org. Chem., 1998, 63, 

7547. 

122. Q. Zhao, X. Han, Y. Wei, M. Shi and Y. Lu, Chem. Commun., 2012, 48, 970. 

123. J.-F. Bai, L.-L. Wang, L. Peng, Y.-L. Guo, J.-N. Ming, F.-Y. Wang, X.-Y. Xu and L.-

X. Wang, Eur. J. Org. Chem., 2011, 4472. 

124. L. Zu, H. Xie, H. Li, J. Wang, W. Jiang and W. Wang, Adv. Synth. Catal., 2007, 349, 

1882. 

125. (a) T. A. Moss, D. R. Fenwick and D. J. Dixon, J. Am. Chem. Soc., 2008, 130, 10076. 

(b) F. Zhong, G.-Y. Chen, X. Han, W. Yao and Y. Lu, Org.  Lett., 2012, 14, 3764. (c) 

Y. Wang, L. Liu, T. Zhang, N.-J. Zhong, D. Wang and Y.-J. Chen, J. Org. Chem., 

2012, 77, 4143. 

126. Reviews: (a) H. Pellissier, Tetrahedron., 2007, 63, 9267. (b) M. Santanu, J. Yang, S. 

Hoffmann and B. List, Chem. Rev., 2007, 107, 5471. (c) D. Almasi, D. A. Alonso, C. 

Najera, Tetrahedron: Asymmetry., 2007, 18, 299. (d) Y. Takemoto and H. Miyabe, 

Chimia., 2007, 61, 269. 

https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Fjo981069g
https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Fjo981069g


  References 

 

195 

 

                                                                                                                                                                               

127. P. Jakubec, D. M. Cockfield, P. S. Hynes, E. Cleator and D. J. Dixon, Tetrahedron: 

Asymmetry., 2011, 22, 1147. 

128. M. M. Patil and S. S. Rajput, Int. J. Pharm. Pharm. Sci., 2014, 6, 8. 

129. K. Kutto, Bull. Chem. Soc. Jap., 1962, 35, 1736. 

130. M. I. Collado, E. Lete, N. Sotomayor and M. J. Villa, Tetrahedron.,1995, 51, 4701.  

131. Claudio E. Grînenfelder, Jessica K. Kisunzu, and Helma Wennemers, Angew. Chem. 

Int. Ed., 2016, 55, 8571. 

132. U. Eder, G. Sauer and R. Wiechert, Angew. Chem. Int. Ed. Engl., 1971, 10, 496. 

133. Z. G. Hajos and D. R. Parrish, J. Org. Chem., 1973, 38, 3244.  

134. B. List, R. A. Lerner and C. F. Barbas III, J. Am. Chem. Soc., 2000, 122, 2395. 

135. T. Ooi and K. Maruoka, Angew. Chem. Int. Ed.,  2007, 46, 4222. 

136. (a) M. J. O’Donnell, W. D. Bennett and S. Wu, J. Am. Chem. Soc., 1989, 111, 2353. 

(b) K. B. Lipkowitz, M. W. Cavanaugh, B. Baker and M. J. O’Donnell, J. Org. 

Chem., 1991, 56, 5181. 

137. M. C. Kohler, J. M. Yost, M. R. Garnsey and D. M. Coltart, Org. Lett., 2008, 10, 

3809. 

138. S. Allua , N. Molleti, R. Panem, V. K. Singh, Tetrahedron Lett., 2011, 52, 4080. 

139. E. N. Jacobsen and M. S. Taylor, Angew. Chem. Int. Ed., 2006, 45, 1520. 

140. A. R. Brown, W. H. Kuo and E. N. Jacobsen, J. Am. Chem. Soc., 2010, 132, 9286. 

141. Daly, Jones, Nicholls, Smith, Rowlands and Bunnett, J. Med. Chem., 1986, 29, 520. 

142. M. Jegelka and B. Plietker, Chem. Eur. J., 2011, 17, 10417. 

143. N. A. Sorto, M. J. Di Maso, M. A. Munoz, R. J. Dougherty, J. Fettinger, J. T. Shaw, J. 

Org. Chem., 2014, 79,  2601. 

144. S. Balasubramaniam and I. Singh Aidhen, Synthesis., 2008, 23, 3707. 

145. N. Mitsuaki, T. Takero and O. Makoto, bcsj., 1971, 44, 1084. 

146. D.-S. Choi, S. Huang, T. S. Barnard, R. D. Adams, J. M. Seminario, J. M. Tour, J. 

Org. Chem., 1998, 63, 2646. 

147. D. H. McDaniel and H. C. Brown, J. Org. Chem., 1958, 23, 420. 

148. R. N. Warrener and L. Maksimovic, Tetrahedron Lett., 1994, 35, 2389. 

149. M. Bayat, J. M. Fox, J. Hetero. Chem., 2016, 53, 1661. 

150. N. Banjac, N. Trisovic, Z. E. Vitnik, V. Vitnik, N. Valentic, G. Uscumlic and I. 

Juranic, Montash. Chem., 2013, 144, 1525. 

151. H. J. Kim, J. Kim, S. H. Cho and S. Chang, J. Am. Chem. Soc., 2011, 133, 16382. 

152. S. Chandrasekhar and S. K. Gorla, Tetrahedron: Asymmetry., 2006, 17, 2247. 

javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
https://www.journal.csj.jp/author/Narita%2C+Mitsuaki
https://www.journal.csj.jp/author/Teramoto%2C+Takero
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
https://pubs.acs.org/author/BROWN%2C+HERBERT+C.
javascript:
javascript:
javascript:
javascript:


  References 

 

196 

 

                                                                                                                                                                               

153. Henkel and Cie Pat. FR1598564, 1968. 

154. M. Barker, D. Dixon, R. A. Jones, S. Marsh and J. Barrie J, Chem. Commun., 2008, 

19, 2218.  

155. A. Mandal, H. Sahoo, S. Dana, M. Baidya, Org. Lett., 2017, 19, 4138. 

156. D. N. Garad, S. D. Tanpure and S. B. Mhaske, Beilstein. J. Org. Chem., 2015, 11, 

1008. 

157. M. P. Cava, A. A. Deana, K. Muth and M. J. Mitchell, Org. Synth., 1961, 41, 93. 

158. L. Huang and J. Zhao, Chem. Commun., 2013, 49, 3751. 

159. M. Jegelka and B. Plietker, Chem. Eur. J., 2011, 17, 10417. 

160. T. Sengoku, Y. Murata, Y. Aso, A. Kawakami, T. Inuzuka, M. Sakamoto, M. 

Takahashi and H. Yoda, Org. Lett., 2015, 17, 5846. 

161. T. W. Bell and F. Sondheimer, J. Org. Chem., 1981, 46, 217. 

162. K. S. Halskov, T. K. Johansen, R. L. Davis, M. Steurer, F. Jensen and K. A. 

Jørgensen, J. Am. Chem. Soc., 2012, 134, 12943. 

163. S. Özcan and M. Balci, Tetrahedron, 2008, 64, 5531. 

164. J. K. Grandall and T. Schuster, J. Org. Chem., 1990, 55, 1973. 

165. C. Li, G. Yuan and H. Jiang, Chin. J. Chem., 2010, 28, 1685 

166. D-S. Choi , S. Huang , M. Huang , T. S. Barnard , R. D. Adams, J. M. Seminario 

and J. M. Tour, J. Org. Chem., 1998, 63, 2646. 

167. K. Rix, G. H. Kelsall, K. Hellgardt and K. K. Hii, Chem. Sus. Chem., 2015, 8, 665. 

168. S. Tallon, Ph.D. Thesis, Trinity College Dublin, 2013. 

169. D. Dieter, N. Wilhelm, A. Penenory and U. Stewen, Chemische Berichte, 1989, 122, 

533. 

170. M. Mohamed, T. P. Gonçalves, R. J. Whitby, H. F. Sneddon and D. C. Harrowven, 

Chem. Eur. J., 2011, 17, 13698. 

171. R. Claveau, B. Twamley and S. Connon, Chem. Commun., 2018, 54, 3231.  

172. G. Wu, Y. Deng, C. Wu, Y. Zhang, J. Wang, Angew. Chem. Int. Ed., 2014, 53, 10510. 

173. D. Q. Tan, A. L. Atherton, A. J. Smith, C. Soldi, K. Hurley, J. Fettinger, J. T. Shaw, 

ACS Comb. Sci., 2012, 14, 218. 

174. C. Zhengwang, Y. Wen, Y. Fu, H. Chen, M. Ye and G. Luo, Synlett., 2017, 28, 981. 

175. R. Shang, D.-S. Ji, L. Chu, Y. Fu, L. Liu, Angew. Chem. Int. Ed., 2011, 50, 4470. 

176. G. Wu, Y. Deng, C. Wu, Y. Zhang, J. Wang, Angew. Chem. Int. Ed., 2014, 53, 10510. 

javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
http://pubs.rsc.org/en/results?searchtext=Author%3ALing%20Huang
http://pubs.rsc.org/en/results?searchtext=Author%3AJianzhang%20Zhao
javascript:
javascript:
javascript:
javascript:
javascript:
https://www.reaxys.com/
https://www.reaxys.com/
https://www.reaxys.com/
https://www.reaxys.com/
https://www.reaxys.com/
https://www.reaxys.com/
https://www.reaxys.com/
https://www.reaxys.com/
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:


  References 

 

197 

 

                                                                                                                                                                               

177. F. Manoni, C. Cornaggia, J. Murray, S. Tallon and  S. J. Connon, Chem. Commun., 2012, 

48, 6502.  

178. V. Weber, C. Rubat, E. Duroux, C. Lartigue, M. Madesclaire, P. Coudert, Bioorg. 

Med. Chem., 2005, 13, 4552. 

179. Z.-L.Yu, J. Org. Chem., 2016, 81, 57. 

 

https://pubs.rsc.org/en/results?searchtext=Author%3AFrancesco%20Manoni
https://pubs.rsc.org/en/results?searchtext=Author%3AClaudio%20Cornaggia
https://pubs.rsc.org/en/results?searchtext=Author%3AJames%20Murray
https://pubs.rsc.org/en/results?searchtext=Author%3ASean%20Tallon
https://pubs.rsc.org/en/results?searchtext=Author%3AStephen%20J.%20Connon
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:
javascript:




  Appendix 

 

199 

 

Appendix 

 

CSP-HPLC chromatograms of product 503 

 

 

 

 

 

Racemic: 

  

 

 

 

 

 

Enantioselective: 90% ee 

 

 

Peak results: Enantioselective 

 

 Ret. Time 

(min) 

Rel. Area 

(%) 

1 4.349 95.12 

2 5.545  4.88 

 

Peak results: Racemic 

 

  Ret. Time 

(min) 

Rel. Area 

(%) 

1 4.332 49.76 

2 5.555 50.24 


