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Abstract 
This thesis describes a synthetic journey that culminated in the structural revision of 
yuremamine (2), a natural product isolated from the entheogenic plant Mimosa tenuiflora. 
The initial synthetic approach to yuremamine examined the use of iterative sp3 arylation 
reactions to install the aryl groups in a regioselective and diastereoselective fashion. Model 
studies identified 176 and 142 as the best aryl iodide substrates and 8-aminoquinoline as the 
best directing group for the sp3-arylations reactions. Sequential sp3-arylations with 176 and 142 
occurred with the desired cis-selectivity to give the diarylated indane 186. 
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We sought to apply the successful results from the model study in the synthesis of yuremamine 
itself. Early sp3 arylation reactions on pyrroloindole substrates 308 and 330 with the aryl iodide 
142 indicated C-1 underwent arylation in preference to C-3, giving the products 318 and 331 
with good cis-diastereoselectivity, albeit in low yield and accompanied by the C-9 arylated 
product 319. The side reactions could be eliminated by using the methyl-substituted 
pyrroloindole 338, which underwent the desired sp3-arylation with aryl iodide 176, giving the 
C-1 arylated product 348. The second sp3 arylation of 348 with aryl iodide 142 proceeded at 
the desired C3 site giving the diarylated yuremamine core structure 360, which unfortunately 
possessed the aryl groups in a 1,3-trans relationship resulting from epimerisation during the 
reaction conditions. 
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Given the unsuccessful sp3-arylation approach, a new synthetic strategy to yuremamine was 
devised that was based on our own proposed biosynthesis of the natural product, which hinged 
on the skeletal rearrangement of flavanoidal indole 408. 
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The Lewis acid-mediated condensation of N,N-dimethyltryptamine (DMT) with flavan-3,4-
diol 439 gave flavanoidal indole 408 with excellent β-diastereoselectivity. Upon conversion of 
408 to its TFA salt, its NMR data was identical to that of the natural product. Detailed NMR 
analysis of 408, along with its spectroscopic comparison with the authentic sample of the 
natural product and X-ray crystal structure unequivocally supported the structural revision of 
yuremamine from the putative pyrroloindole 2 to flavanoidal indole 408, which was initially 
proposed as a biosynthetic intermediate. 
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1.1 Mimosa Tenuiflora and Yurema 
Mimosa tenuiflora is a shrub native to the Northeastern regions of Brazil, which thrives in 
semi-arid climates.1,2 It has been used for centuries by both the indigenous Brazilian population 
and Afro-brazilian cultures for a number of medicinal purposes, including the treatment of 
infections,3 burns,4 and eczema.5 Furthermore, the root bark is used to prepare yurema, a 
psychoactive beverage consumed during traditional rituals for its entheogenic effects.6,7 The 
bark has been shown to contain the potent serotonin agonist N,N-dimethyltryptamine (DMT, 
1, Figure 1)2,7,8 in significant quantities (0.1-0.9% dry weight).8-10 However, this hallucinogen 
is not orally active due to rapid metabolism by monoamine oxidase (MAO) in the gut. As no 
MAO inhibitors have been detected in Mimosa tenuiflora, there is ongoing interest into how 
yurema exerts its visionary effects.2,6,7,10-12 

 
Figure 1 N,N-dimethyltryptamine (DMT) 

 
1.1.1 Isolation of Yuremamine 
Yuremamine (2, Figure 2), a unique natural product containing the pyrrolo[1,2-a]indole motif 
(3), was isolated from the stem bark of Mimosa tenuiflora in 2005.6 It has been proposed that 
this alkaloid possesses an intramolecular hydrogen bond between a phenolic proton and the 
dimethylamine side chain that protects it from degradation by MAO, causing inhibition of the 
enzyme and thus facilitating the oral activity of DMT in yurema. The relative configuration of 
the D-ring substituents was assigned based on the coupling constants observed for the alkyl 
methine protons, however no investigations into the absolute stereochemistry of the natural 
product were performed, and an optical rotation was not reported. 
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Figure 2 Yuremamine and the pyrrolo[1,2-a]indole core 

 

1.2 Representative Pyrroloindole Natural Products 
Several pyrrolo[1,2-a]indole (simplified to pyrroloindole henceforth) natural products with a 
wide range of biological activities have been reported in the literature.13 The best known are 
the mitomycins (4-6, Figure 3).14,15 Mitomycin A (4) was isolated in 1956 by Hoshi and co-
workers from Streptomyces caespitosus and was found to be a potent antibiotic and antitumor 
agent.14 Mitomycin C (5), isolated by Wakaki and co-workers in 1958 from the same bacterial 
strain, is used clinically as an anti-cancer agent.16,17 Mitomycin K (6) is distinguished from 4 
and 5 by the presence of a highly electrophilic exocyclic double bond.14,18 Isoborreverine (7) 
was isolated by Tillequin and co-workers in 1979 from Flindersia fournieri,19 and was later 
shown to possess antimalarial activity (0.32 µM).20 The indolesesquiterpene polyavolensin (8) 
was isolated in 1980 by Okorie.21 However, the isolation of the similar greenwayodendrines (9 
and 10) by Hasan and co-workers in 1982 brought the original assignment of 8 into doubt, 22 
and following single-crystal X-ray analysis the structure of polyavolensin was reassigned to 
10.23 Isatisine (11) was isolated in 2007 by Liu and co-workers from Isatis indigotica.24 
Although not tested for biological activity itself, its acetonide (12) was shown to possess anti-
HIV activity with an EC50 = 37.8 µM.24 Flinderoles A-C (13-15) were isolated from Flindersia 
acuminate (13) and Flindersia ambionensis (14 and 15) in 2009 by Fernandez and co-
workers,20 and subsequently shown to possess antimalarial activity against P. falciparum with 
IC50 values between 0.15 and 1.42 µM.  
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Figure 3 Representative pyrroloindole natural products 

 

1.3 Synthesis of Pyrroloindole Natural Products 
Due in large part to the significant bioactivity of the mitomycins, many synthetic approaches 
to pyrroloindoles have been developed in the last 50 years.15,25-27 Successful syntheses of 
pyrroloindole natural products are outlined henceforth.15,26  
1.3.1 Kishi’s Synthesis of (±)-Mitomycins A and C 
The first synthesis of a mitomycin was accomplished by Kishi and co-workers in 1977.28 This 
landmark synthesis formed the pyrroloindole core structure by a transannular ring closure 
(Scheme 1).28,29 Reaction of eight-membered ketal 16 with tetrafluoroboric acid enabled 
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intramolecular attack by the aminoquinone nitrogen to yield pyrroloindole 17. Protected 
aziridine 17 was further elaborated to give the first total synthesis of (±)-mitomycin A, which 
could be converted to (±)-mitomycin C by known semi-synthetic methods.28,30  

 
Scheme 1 The Kishi synthesis of mitomycins A and C 

 
1.3.2 Fukuyama’s Synthesis of (±)-Mitomycins A and C 
The second successful approach to the mitomycins was reported by Fukuyama in 1987.31 This 
approach used the natural product isomitomycin A (18)32 as a key synthetic intermediate, which 
was assembled by conjugate addition of the 2-trimethylsilyloxyfuran 19 to chalcone 20, 
followed by intramolecular dipolar cycloaddition31,33 to give unstable triazoline 21 which 
underwent extrusion of molecular nitrogen to give aziridine 22 (Scheme 2). Tetracycle 22 could 
be further converted to isomitomycin A, which was readily converted to the isomeric natural 
product albomitomycin A (23) in the presence of aluminium isopropoxide. This labile 
intermediate underwent rearrangement to mitomycin A under the reaction conditions, and was 
further converted to mitomycin C by known methods.  
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Scheme 2 The Fukuyama synthesis of mitomycins A and C 

 
1.3.3 Danishefsky’s Synthesis of (±)-Mitomycin K 
The first total synthesis of mitomycin K was carried out by Danishefsky and co-workers in 
1992.18,34 A photochemical rearrangement of 24 generated nitrosobenzene 25, which 
underwent an intramolecular [4+2]-cycloaddition to yield oxazine-fused indole 26, which 
spontaneously isomerised to pyrroloindole 27 (Scheme 3). Elaboration of 27 gave mitomycin 
K in nine subsequent synthetic steps.  
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Scheme 3 The Danishefsky synthesis of mitomycin K 

 
1.3.4 Jimenez’ Synthesis of (±)-Mitomycin K 
An alternative synthesis of mitomycin K was described by Jimenez and Wang in 1996.35 
Pyrroloindole formation was achieved through reaction of vinyldimethylsulfonium iodide with 
2-formylindole 28, with the resulting epoxide 29 opened with sodium azide to yield 30, a late-
stage intermediate in the total synthesis of mitomycin K (Scheme 4).36 

 
Scheme 4 The Jimenez synthesis of mitomycin K 
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1.3.5 Total Synthesis of (+)-Isatisine 
The total synthesis of isatisine was achieved by Karadeolian and Kerr in 2010.37 Late-stage 
construction of the pyrroloindolone motif was achieved by oxidation of 2(2ʹ-indolyl)-
tetrahydrofuran substrate 31 with m-CPBA, with the resulting hemiaminal 32 attacked by 
indole to yield intermediate 33, which underwent concomitant cyclisation to form the 
pyrroloindolone core of the natural product (Scheme 5).38 Acetonide deprotection completed 
the total synthesis of (+)-isatisine. 
 

 
Scheme 5 Total synthesis of (+)-isatisine 
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1.3.6 Biomimetic Synthesis of (±)-Flinderoles B and C 
The first synthesis of the flinderole alkaloids was reported using a biomimetic approach by 
Dethe and co-workers in 2011 (Scheme 6).39 An intermolecular [6+2]-cycloaddition between 
tryptophol derivatives 34 and 35 (generated in situ from 36) yielded a mixture of pyrroloindoles 
37 and 38, which upon side-chain modification and deprotection gave flinderoles B (14) and C 
(15) as a separable mixture.40 

 
Scheme 6 Total synthesis of flinderoles B and C 
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1.3.7 Biomimetic Syntheses of Flinderole and Borreverine Alkaloids 
A related biomimetic synthesis of the flinderole and borreverine alkaloids was reported by 
Vallakati and May (Scheme 7).41 Borrenine 39, previously identified as a likely biosynthetic 
precursor of isoborreverine 7 by Koch and co-workers,42 was converted to flinderoles 13-15 
and dimethyl isoborreverine 40 in a one-pot process. Treatment of borrenine with 
trifluoroacetic acid gave 41 and 42 which underwent [6+2]-cycloaddition to give (±)-13 and 
[4+2]-cycloaddition to give (±)-7 (Scheme 7, below). On the other hand, initial treatment of 39 
with methyl triflate in chloroform followed by addition of trifluoroacetic acid generated 
cycloaddition precursors 43 and 44, which enabled access to natural products (±)-14 and (±)-
15 following [6+2]-cycloaddition, together with dimethyl isoborreverine (±)-40 after [4+2]-
cycloaddition (Scheme 7, above). This succinct biomimetic approach strongly implies a close 
biogenetic relationship between the flinderole and borreverine alkaloids. 
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Scheme 7 Total synthesis of the flinderole and borreverine alkaloids from a common precursor 
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1.4 Previous Synthetic Approaches to Yuremamine 
Although no total syntheses of yuremamine have been published, a number of synthetic studies 
towards the natural product have been reported, which have all focussed on constructing the 
pyrroloindole core. 
 
1.4.1 Nitrone Cycloaddition 
The first reported approach to yuremamine was published by Johansen and Kerr in 2008. The 
dipolar cycloaddition between nitrone 45 and cyclopropanediester 46 gave 47, which 
underwent an intramolecular Heck reaction to yield tricycle 48 (Scheme 8). Cleavage of the N-
O bond gave benzazocane 49, which could be converted to pyrroloindole 50 via transannular 
ring closure.43 No further elaboration of pyrroloindole 50 towards yuremamine was reported. 

 
Scheme 8 Dipolar cycloaddition approach to yuremamine 
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1.4.2 Iridium Catalysed N-Allylation 
An approach to yuremamine which enabled access to its full carbon framework was published 
in 2012 by Liu and co-workers (Scheme 9).44 Applying their novel iridium-catalysed N-
allylation procedure to the reaction between indoline 51 and allyl carbonate 52, the asymmetric 
synthesis of N-allyl indole 53 was accomplished, which enabled access to benzylic alcohol 54. 
An acid catalysed intramolecular alkylation of 54 gave pyrroloindole 55, albeit as the undesired 
diastereomer, with the resorcinol ring situated trans to the pyrogallol ring. This intermediate 
was nevertheless further elaborated to the pentamethyl yuremamine analogue 56. Attempts to 
remove the methyl ether protecting groups were not reported. 

 
Scheme 9 Asymmetric N-allylation approach to yuremamine 

 
1.4.3 [6 + 2]-Cycloaddition 
In 2013 Dethe and co-workers published an approach to pyrroloindoles,45 which hinged upon 
a similar [6 + 2]-cycloaddition strategy to that employed during their total synthesis of the 
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flinderole alkaloids (Scheme 10, see also Scheme 6).39 Initially desiring to build up a model 
yuremamine core structure, indole 57 was treated with copper (II) triflate, however the desired 
[6+2]-cycloaddition between indole 58 and cinnamate 59 did not take place. The major product 
isolated from the reaction was instead triarylmethane 60, formed via condensation of unreacted 
57 with 58, followed by retro-aldol reaction46 of intermediate 61. When more reactive alkene 
substrate 62 was reacted with tryptophol derivative 63, the desired cycloaddition was 
successful, delivering pyrroloindole 64, which could be elaborated to yuremamine analogue 
65, which possessed the aryl groups in the desired cis-relationship. 

 
Scheme 10 [6 + 2]-Cycloaddition approach to yuremamine 
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1.4.4 Intramolecular Hydroacylation  
A recently reported approach to the core of yuremamine involved a rhodium-catalysed 
asymmetric intramolecular hydroacylation of N-vinylindole 66 with excellent enantiomeric 
excess observed at the newly formed stereocentre (Scheme 11).47 No elaboration of 67 towards 
the natural product was described. 

 
Scheme 11 Intramolecular hydroacylation approach to yuremamine 

 

1.5 Proposed Synthetic Approach to Yuremamine 
While many approaches towards yuremamine have been reported in the literature, a total 
synthesis of the natural product has remained elusive. Our retrosynthetic approach to 
yuremamine is outlined in Scheme 12. We were interested in attempting a C-H 
functionalization48,49 route to yuremamine by using two directing group mediated sp3 arylation 
reactions to install the aromatic rings onto the pyrroloindole core.50,51 

 
Scheme 12 Sp3 arylation approach to yuremamine 
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1.6 C-H Functionalization Methodology 
While traditional organic chemistry relies on the reactivity of carbon-heteroatom bonds or 
carbon-carbon π-bonds to generate molecular complexity, C-H functionalizations use an ‘inert’ 
carbon-hydrogen bond as a synthetic handle in chemical transformations (Scheme 13).49 As C-
H bonds do not generally need to be installed in the molecule prior to the desired reaction, 
topologically obvious C-H functionalization processes can be carried out on simple, readily 
accessible substrates in a step- and atom-economic fashion.52 However, as C-H bonds are 
ubiquitous in organic molecules, selectively activating a single inert C-H bond in the presence 
of many more reactive sites is a significant challenge.48 As such, the development of 
regioselective C-H functionalization methods has been the focus of significant research 
efforts.53,54 

 
Scheme 13 Comparing traditional synthetic methodology to the C-H functionalization approach 

 
1.6.1 Early Sp3 C-H Functionalization Reactions 
1.6.1.1 Löffler’s Synthesis of Nicotine 
The use of sp3 C-H functionalization has been an illustrious area of organic synthesis for over 
a century.48 The pioneering total synthesis of nicotine (68, Scheme 14) by Löffler in 1909 
identified N-halogenated amines as effective substrates for C-H functionalization (the 
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Hofmann-Löffler-Freytag reaction),55 enabling a facile synthesis of the natural product from 
acyclic bromoamine 69, which upon irradiation gave a nitrogen-centred radical that underwent 
an intramolecular hydrogen abstraction to give carbon-centred radical 70.56 Subsequent 
bromination and cyclisation delivered the natural product in a one-pot process. Nicotine was 
also shown to be accessible from the regioisomeric starting material 71 by a similar HLF 
reaction. 

 
Scheme 14 Total synthesis of nicotine by the HLF reaction 

 
1.6.1.2 Corey and Arigoni’s Approaches to Functionalized Steroids 
The HLF reaction was also utilised to selectively functionalize the C-18 position of steroids by 
both Corey57 and Arigoni58 in 1958. The Corey synthesis of dihydroconessine (72) used a three 
step HLF reaction starting from steroid 73, giving the natural product in excellent yield 
(Scheme 15, top). Arigoni and co-workers demonstrated a similar steroid functionalization by 
treatment of 74 with hypochlorous acid, followed by a mixture of sulfuric and acetic acid to 
yield functionalised product 75 (Scheme 15, bottom). 
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Scheme 15 Steroid functionalization using the HLF reaction 

 
1.6.1.3 Barton’s Synthesis of Aldosterone Acetate 
A distinct radical sp3 C-H functionalization reaction was reported by Barton in 1960.59 Under 
photolytic conditions, nitrite 76 underwent fragmentation to give oxygen-centred radical 77, 
which was capable of abstracting a proton from the nearby methyl group (Scheme 16).60 
Recombination of nitric oxide with 78 gave nitroso 79, which readily tautomerised to oxime 
80. Treatment of this oxime with sodium nitrite in acetic acid gave the natural product 
aldosterone acetate (81) in one further step. Although the C-H functionalization step took place 
in low yield, this semi-synthesis represents a highly step-economical approach to the natural 
product.  
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Scheme 16 Total synthesis of aldosterone acetate 

 
1.6.1.4 Breslow’s Directing Group Mediated Steroid Functionalization 
In 1973, Breslow demonstrated the use of prefunctionalized directing groups to enable 
regioselective sp3 C-H functionalization under radical conditions.54 A steroid possessing a 
tethered benzophenone undergoes excitation upon exposure to light (82), giving diradical 83 
upon C-H abstraction (Scheme 17). A second hydrogen transfer is accompanied by C-C double 
bond formation, giving functionalized steroid 84 in good yield from 85.61  
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Scheme 17 Directing group mediated C-H functionalization of benzophenone-linked steroid 

 
A related experiment showed that changing the directing group to tethered iodine dichloride 
86 enabled access to structurally distinct dehydrogenated products to those depicted in Scheme 
17.62 Upon irradiation of 86, iodine monochloride radical 87 is formed, which gives carbon-
centred radical 88 with concomitant loss of hydrochloric acid (Scheme 18).63 Formation of the 
desired carbon-chlorine bond gives the functionalised steroid 89, which can be further 
converted to synthetically useful alkene 90 in good yield. 
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Scheme 18 Directing group mediated C-H functionalization of iodine dichloride-linked steroid 

 
1.6.2 Transition Metal Mediated Sp3 C-H Functionalization 
1.6.2.1 Functionalization of Primary C-H Bonds 
The early examples of directed C-H functionalization discussed previously in this section were 
generally reliant on radical chemistry. The use of transition metals to selectively activate an 
sp3 C-H bond, thereby generating a reactive carbon-metal bond, would constitute an attractive 
alternative to the aforementioned radical-based methods. The earliest examples of a transition 
metal mediated functionalization of an sp3 C-H bond were facilitated by the use of a nitrogen 
directing group (Scheme 19). In 1970 Hartwell and co-workers reported the formation of 
organopalladium dimer 91 from the reaction of 92 and lithium tetrachloropalladate (Scheme 
19, top).64 A conceptually related functionalization of oxime 93 was reported by Shaw and co-
workers in 1978 (Scheme 19, middle), and this finding was extended to the directed C-H 
palladation and functionalization of steroid substrate 94 by Sutherland, demonstrating the 
synthetic utility of this process (Scheme 19, bottom).65,66 
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Scheme 19 Early transition metal mediated sp3 C-H functionalization reactions 

 
1.6.2.2 Functionalization of Secondary C-H Bonds 
As the above transition-metal mediated reactions were only applicable to the functionalization 
of methyl groups (i.e. primary C-H bonds), further research into this area sought to investigate 
the functionalization of secondary C-H bonds. This was accomplished by Jun and co-workers 
in 1998, by reaction of benzylated 2-aminopyridine 95 and alkene 96 in the presence of a 
ruthenium catalyst (Scheme 20, top).67 Coordination of ruthenium by the pyridine nitrogen 
facilitated C-H insertion, giving ruthenium hydride intermediate 97, which underwent reaction 
with hexene 96. A conceptually similar approach was reported by Murai and co-workers in 
2001, whereby 2-pyrrolidinyl and 2-piperidinyl derivatives were successfully ethylated under 
ruthenium catalysis (Scheme 20, bottom).68  
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Scheme 20 Secondary sp3 C-H functionalization reactions 

 
1.6.3 Transition Metal Enabled Sp3 C-H Functionalization Utilising a Removable Bidentate 
Directing Group 
The transition metal catalysed sp3 C-H functionalization reactions in Scheme 20 only proceed 
for activated C-H bonds (benzylic and/or adjacent to a heteroatom), which constitutes a 
drawback to their synthetic utility. In 2005, Daugulis and co-workers developed an 
unprecedented, broadly applicable method for the functionalization of unactivated sp3 C-H 
bonds.51 This approach was distinguished from previous reports by the use of a bidentate 
directing group, which enabled rapid, catalytic arylation of primary or secondary sp3 C-H bonds 
(Scheme 21).53,69,70 Furthermore, the directing group could be removed following the desired 
reaction, enabling overall transformation of readily available carboxylic acid 98 to the β-
arylated product 99.69 
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Scheme 21 Directing group mediated sp3 C-H arylation reaction 

 
The initial step in the postulated reaction mechanism is interaction of the palladium species 
with the aromatic nitrogen and ligand exchange with the amide functionality, giving chelated 
palladium species 100 (Scheme 21).53,69 C-H functionalization is accompanied by loss of the 
second palladium ligand to give five-membered palladacycle 101. The stereochemical outcome 
of the reaction is typically dependent on formation of the most stable palladacycle, with cyclic 
substrates typically giving high cis-diastereoselectivity.51,69,71 Oxidative addition of an aryl 
iodide gives PdIV species 102, which then undergoes reductive elimination in the desired C-C 
bond forming process. Ligand exchange gives the desired product 103, along with PdII species 
104, enabling the process to be carried out with catalytic quantities of palladium. A silver salt 
is often included in such reactions to facilitate the regeneration of palladium acetate from 104 
by thermodynamically favourable formation of silver iodide.51,72,73 
 
1.6.4 Additives Employed in Directing Group Mediated C-H Functionalizations 
1.6.4.1 Pivalic Acid 
As Daugulis’ approach has found widespread use in synthetic chemistry research, a number of 
additives which enhance the reaction have since been disclosed. Although first reported to 
enhance sp2 C-H functionalization, pivalic acid (PivOH, 105, Scheme 22) has also been shown 
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to be beneficial for sp3 C-H functionalization reactions. The seminal report by Lafrance and 
Fagnou in 2006 demonstrated that 105 is able to facilitate the C-H functionalization of benzene 
(Scheme 22, top).74 The benzene C-H bond in 106 is weakened by interaction with the pivalate 
carbonyl, ameliorating formation of the desired palladium-carbon bond by a concerted 
metalation-deprotonation (CMD) mechanism.75 Sp3 C-H functionalization may be similarly 
facilitated by pivalic acid, with ligand exchange followed by the C-H functionalization event 
(Scheme 22, bottom).69,74,76 The bulky nature of the pivalate group ensures that the t-butyl 
group is positioned away from the reactive site (107), thereby ensuring that the carboxylate 
oxygens are available for assisting in the CMD pathway. In addition to pivalic acid, other 
carboxylic acid additives which have been shown to promote sp3 arylation reactions include 
ortho-phenylbenzoic acid 10877 and TFA.78 

 
Scheme 22 The role of pivalic acid in C-H functionalization reactions 

 



26 
 

 

1.6.4.2 Dibenzylphosphate 
Another additive which has found widespread use in sp3 C-H functionalization reactions is 
dibenzylphosphate (DBP, 109). While initially postulated to enhance the dissolution of silver 
salts, thereby assisting in sp3 C-H alkylation (Scheme 23, top),79 DBP has also been shown to 
promote sp3 arylation, which could not proceed through such an SN2 process.80,81 Recent 
investigations have indicated that it is more likely to act as a ligand which regenerates 
palladium from the C-H functionalized product 110 (Scheme 23, bottom), or that it stabilises 
free PdII species, thereby limiting formation of catalytically inactive palladium black.82 

 
Scheme 23 The role of dibenzylphosphate in C-H functionalization reactions 

 
1.6.5 Other Transition Metal Directing Groups for Sp3 C-H Functionalization 
1.6.5.1 Bidentate Directing Groups 
A number of alternative bidentate directing groups have also been reported which can facilitate 
catalytic sp3 C-H functionalization. A selection of the most commonly used directing groups 
are displayed in Figure 4. The 8-aminoquinoline group (111) has been used extensively,83,84 
and interestingly a recent mechanistic study demonstrated that this group binds the transition 
metal more tightly than the other directing groups studied (112, 113, and 114), rendering the 
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C-H activation process more facile.85 The derivative 115 has been developed by Chen and co-
workers as a more labile alternative to 111, able to be removed under mild oxidative 
conditions.71,86 
Developed by Daugulis contemporaneously to 111, the picolinamide directing group 112 gives 
formal γ-arylation relative to the amine functionality.51,69,70 Derivative 116, which was 
developed by Chen and co-workers, is more readily cleaved than 112, being removed under 
mild acidic conditions.87 Also useful for the γ-arylation of amine substrates is the N-(2-
pyridyl)sulfonyl directing group 117.88 The 2-methylthioaniline directing group 113 was 
developed by Daugulis in 2010.69 Although specifically designed for mono-arylation of 
primary C-H bonds, it has also been shown to be applicable to the efficient arylation of 
secondary C-H bonds.76,81 

 
Figure 4 Commonly used bidentate directing groups for transition metal mediated sp3 C-H functionalization 

 
Pyridylmethyl directing group 114 was first developed for sp2 C-H functionalization but is also 
amenable to sp3 C-H functionalization.86,89,90 Its alkylated derivatives 115-117 are more 
conformationally constrained, and have been shown to enable efficient γ-functionalization 
when the corresponding β-proton is inaccessible.91-94 Chen and co-workers demonstrated the 
removal of silyloxy-functionalized directing group 117 under mild desilylation conditions.92 
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Ackermann and co-workers introduced triazole directing group 118 in 2014, which was shown 
to facilitate iron-catalysed sp3 arylation and alkylation.95,96 
 
1.6.5.2 Monodentate Directing Groups 
While most sp3 C-H functionalization studies have focussed on bidentate directing groups, a 
variety of monodentate directing groups have been developed by Yu and co-workers, including 
electron deficient anilines 119 and 120, and methoxyamide 121 (Scheme 24, top).78,97-99 A 
benefit of utilising a monodentate directing group is the presence of free coordination sites at 
the metal centre in the metallacycle 122, which enables the use of ligands (e.g. 123-127) which 
can tune the metal’s reactivity (Scheme 24, bottom). The use of a chiral ligand has been shown 
to enable access to enantioenriched sp3 arylation products (128) from prochiral substrates with 
directing group 119.99 The perfluoroaniline directing group 120 can be selectively 
monoarylated when ligand 124 is employed, or diarylated when either 126 or 127 are 
used.78,98,100 Although directing group 121 facilitates sp3 arylation in the absence of ligands, 
the substrate scope can be greatly improved when simple pyridine ligands 124 and 125 are used 
in the palladium catalysed reaction.101 
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Scheme 24 Ligand assisted sp3 arylation using a monodentate directing group 

 
1.6.6 Applications of Sp3 Arylation Methodology in Total Synthesis 
The general utility of the catalytic sp3 arylation reaction has seen its rapid adoption by the 
synthetic chemistry community, with a number of total syntheses employing this methodology. 
1.6.6.1 Celogentin C 
The enantioselective total synthesis of celogentin C was enabled by sp3 arylation of leucine 
derivative 129 with 6-iodo tryptophan 130 (Scheme 25).73 It is notable that the arylated product 
131 is formed as a single diastereomer, the explanation for which can be traced back to selective 
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generation of the most stable palladacycle during the catalytic cycle (100 → 101, Scheme 
21).72,73 
 

 
Scheme 25 Key sp3 arylation reaction in the total synthesis of celogentin C 

 
1.6.6.2 (±)-Piperarborenines B and D 
Baran and co-workers have demonstrated a number of total syntheses enabled by sp3 C-H 
functionalization methodology.76,102,103 The cis-selective C-H arylation of cyclobutane 132 
gave key intermediate 133, which could be selectively epimerised to 134 or 135 (Scheme 26). 
A second cis-selective sp3 arylation event gave tetrasubstituted cyclobutanes 136 and 137, 
which could be readily elaborated to piperarborenines B and D.102 The spectroscopic data of 
the proposed structure of piperarborenine D did not match that reported in the literature.  
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Scheme 26 Divergent synthesis of piperarborenines using sp3 arylation 

 



32 
 

 

1.6.6.3 (±)-Pipercyclobutanamide A 
A further application of this strategy was demonstrated in the synthesis of the proposed 
structure of pipercyclobutanamide A (Scheme 27).103 Employing the 8-aminoquinoline 
directing group on cyclobutane 138, sequential cis-selective sp3 arylation and sp3 alkenylation 
were successfully performed, giving highly functionalised cyclobutane 139. Elaboration of 139 
gave 140, which was shown to be spectroscopically distinct from pipercyclobutanamide A.76 

 
Scheme 27 Total synthesis of putative pipercyclobutanamide A 

 
1.6.6.4 (±)-Podophyllotoxin 
A concise synthesis of podophyllotoxin incorporating an sp3 C-H arylation was reported in 
2014 by Ting and Maimone.81 A rapid synthesis of 2-methylthioaniline directing group-
appended substrate 141 was followed by cis-selective C-H arylation with aryl iodide 142 
(Scheme 28). The total synthesis was completed by global deprotection/cyclisation using TFA. 
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Scheme 28 Total synthesis of podophyllotoxin 

 
1.6.6.5 Hibispeptin A 
The enantioselective total synthesis of hibispeptin A was reported in 2014 by Chen and co-
workers.92 Amino acid derivative 143 underwent efficient γ-arylation with aryl iodide 144 and 
was subsequently elaborated to carboxylic acid derivative 145 (Scheme 29). A further eight 
steps completed the total synthesis of hibispeptin A. 
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1.6.6.6 Aeruginosins 98A-C and 298A 
A recent application of C-H arylation methodology in total synthesis has been demonstrated 
by Baudoin and co-workers, with their enantioselective total synthesis of aeruginosins 146-
149.104 In the key arylation step, the pyridyl isopropylamine directing group incorporated into 
150 gave better results than other directing groups, enabling high yield of arylated product on 
gram scale (Scheme 30). Furthermore, halogenated derivatives could also be utilised in this 
reaction, enabling access to arylated products 151-153.105 Elaboration to the natural products 
146-149 took place in nine steps from 151-153.106 
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Scheme 30 Application of sp3 arylation methodology in the synthesis of aeruginosins 
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Chapter Two: Sp3 Arylation Approach to Yuremamine

CHAPTER TWO 
SP3 ARYLATION 
APPROACH TO 
YUREMAMINE 
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2.1 Sp3 Arylation Approach to Yuremamine 
Inspired by the pioneering applications of sp3 C-H functionalization methodology in total 
synthesis, a related approach to yuremamine was considered (Scheme 31). Having previously 
identified 154 as the key intermediate during our initial synthetic plan, we considered that 
sequential sp3 arylation reactions on this substrate with aryl iodides 155 and 156 would give 
157, installing the two aryl groups in the desired cis-relationship, as has been demonstrated in 
the literature for the sp3 arylation of cyclic substrates.69,76,81 We were confident that selective 
monoarylation of 154 could be accomplished by exploiting the difference in reactivity between 
the C-1 and C-3 methylene positions. Following the sp3 arylations, hydrolysis of the amide 
directing group would give 158, with the resulting carboxylic acid group subjected to a 
decarboxylative halogenation reaction.107,108 While scrambling of the stereocentre would be 
likely under these conditions, the halide should be readily hydrolysed and oxidised to give 
ketone 159. Stereoselective reduction followed by global deprotection would then deliver 
yuremamine.  
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Scheme 31 Sp3 arylation approach to yuremamine 
 

2.2 Sp3 Arylation Model Studies 
To gauge the viability of the proposed sequential sp3 C-H arylation approach to yuremamine, 
a model study was devised. Indane 160 was chosen as an appropriate model compound as both 
154 and 160 possess a fused five-membered ring with two benzylic sites where the desired C-H 
functionalizations would need to occur (Figure 5). 

 
Figure 5 Comparing pyrroloindole 154 with model indane 160 
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The proposed indane sp3 arylation substrate 160 should be readily available from the known 
carboxylic acid 161. Replication of the literature synthesis of 161 proceeded in good overall 
yield by dialkylation of 162 with diethyl malonate, followed by hydrolysis and thermal 
decarboxylation (Scheme 32).109 

 
Scheme 32 Synthesis of indane carboxylic acid 161 
 
2.2.1 Synthesis of Indane 163 Bearing the 8-Aminoquinoline Directing Group 
As the 8-aminoquinoline group is the most commonly employed in sp3 functionalization 
reactions, we chose to incorporate this directing group into our model indane 163.51,69 Standard 
amide coupling conditions were inefficient at promoting the reaction of 161 and 164 (Table 1, 
Entries 1 and 2). Attempting to generate the acid chloride of 161 and react this with 164 in the 
presence of trimethylamine also gave poor yields (Entries 3 and 4). However, use of the peptide 
coupling reagent 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl) 
gave good yields of amide 163 (Entry 5). 
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Table 1 Optimised synthesis of amide 163 

 
Entry Conditions Yield 

1 DCC, DMAP, DCM 10% 
2 HATU, DMAP, DCM 17% 
3 1) (COCl)2, DMF; 2) Et3N, DCM 18% 
4 1) SOCl2, DMF; 2) Et3N, DCM 25% 
5 EDC·HCl, DCM 64% 

 
 
2.2.2 Aryl Iodide Coupling Partners  
With an efficient approach to 163 established, we turned our attention to the sp3 C-H arylation 
reactions. For this, we first focussed on the use of resorcinol derived aryl iodide 155 as the 
arylation substrate (Figure 6). 

 
Figure 6 Aryl iodide coupling partners 
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2.2.2.1 Synthesis of Resorcinol Derived Aryl Iodides 165-167 
The sp3 C-H arylation reaction was to be trialled with protected and unprotected substrates, and 
as such aryl iodides 165-167 were synthesised. The unprotected aryl iodide 165 was accessible 
by monoiodination of resorcinol (168) using iodine monochloride (Scheme 33, top).110 We next 
considered the synthesis of protected aryl iodides, and decided to employ the isopropyl 
protecting group, as it may be readily deprotected in the presence of mild Lewis acids.111 As 
such, dialkylation of resorcinol using 2-bromopropane gave 169, followed by iodination in the 
presence of potassium iodide and ammonium peroxydisulfate to give diisopropyl-protected 
aryl iodide 166 in good yield (Scheme 33, middle).112,113 Dimethoxyaryl iodide 167 has been 
used successfully in literature sp3 arylation reactions,88,114,115 and this substrate was thus 
synthesised by the known dimethylation of resorcinol to give 170, followed by iodination using 
sodium iodide and Oxone® (Scheme 33, below).116,117 
 

 
Scheme 33 Synthesis of aryl iodides 165-167 
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2.2.3 Sp3 Arylation of Indane 163 with Aryl Iodides 165-167 
With aryl iodides 165-167 in hand, a screen of sp3 arylation conditions was conducted (Table 
2). Exposing indane 163 and unprotected 165 to the silver-free arylation conditions first 
pioneered by Daugulis69 gave no trace of 171 (Entries 1 and 2), with the inclusion of silver 
salts and/or pivalic acid118 also resulting in no reaction (Entries 3 and 4). While both coupling 
partners could be recovered following purification of the reaction mixture, the yield of 
recovered 163 was low, indicating that the indane substrate was degrading under the reaction 
conditions.  
As unprotected aryl iodide 165 did not participate in the sp3 arylation, we next investigated the 
use of diisopropyl protected aryl iodide 166. Daugulis’ silver-free protocol gave no product, 
under both aqueous and anhydrous conditions (Entries 5 and 6). Heating the reaction to 140 °C 
still resulted in no reaction, as did attempts to perform the sp3 arylation under solvent-free 
conditions (Entries 7 and 8). Finally, tert-butanol solvent was used with silver acetate base, 
both under conventional heating and microwave irradiation, however these attempts were 
similarly fruitless (Entries 9 and 10). In all cases, substrate 163 could be recovered in low yield 
following the reaction, as noted for unprotected aryl iodide 165.  
At this point we considered that the bulky isopropyl protecting group could be inhibiting 
formation of our desired arylated product, and as such we turned our attention to dimethoxyaryl 
iodide 167. Pleasingly, the first attempt at the sp3 arylation of 163 and 167 gave the desired 
arylation product 171 (R = Me), albeit in very low yield (Entry 11). A strong NOE correlation 
between H-1 and H-2 indicated that the aryl group had been introduced cis to the directing 
group (Figure 7, red arrow) with all other correlations consistent with this assignment (blue 
arrows). Desiring to improve the yield of 171, we employed reaction conditions which had 
been shown to be effective in the sp3 arylation of cyclobutanes,76,102,118 however, a lower yield 
of 171 was obtained under these conditions (Entries 12 and 13). Although we were pleased to 
have proven the viability of 163 and 167 as sp3 arylation substrates, we were dissatisfied with 
the reaction yields, and an alternative protecting group strategy was considered. 
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Table 2 Attempted sp3 arylation of 163 with aryl iodides 165-167 

 

Entry Aryl iodide Base Solvent Temp 
(°C) 

Time 
(h) Other Yield 

1 165 (R = H), 1.7 eq K2CO3 t-AmOH/ 
H2O 110 16 - NR 

2 165 (R = H), 3 eq K2CO3 t-AmOH/ 
H2O 110 24 - NR 

3 165 (R = H), 3 eq AgOAc t-AmOH/ 
H2O 110 48 PivOH NR 

4 165 (R = H), 3 eq AgOAc toluene 80 48 - NR 
5 166 (R = i-Pr), 2 eq K2CO3 t-AmOH/ 

H2O 110 48 - NR 
6 166 (R = i-Pr), 3 eq K3PO4 t-AmOH 110 96 - NR 
7 166 (R = i-Pr), 2 eq Cs2CO3 xylenes 140 24 PivOH NR 
8 166 (R = i-Pr), 3 eq AgOAc neat 110 48 - NR 
9 166 (R = i-Pr), 0.5 eq AgOAc t-BuOH 110 50 - NR 
10 166 (R = i-Pr), 0.5 eq AgOAc t-BuOH 110 16 µwave NR 
11 167 (R = Me), 3 eq K2CO3 t-AmOH/ 

H2O 110 48 - 6% 
12 167 (R = Me), 3 eq Ag2CO3 t-AmOH 85 16 PivOH 3% 
13 167 (R = Me), 4 eq AgOAc toluene 110 90 - NR 
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Figure 7 Assigning the cis-diastereoselectivity of 171 from NOE analysis 
 
2.2.4 Alternative Protecting Group Strategy 
From literature searches one may infer that low yields are often obtained when ortho-
substituted aryl iodides are employed in sp3 arylation reactions.92,119,120 This is likely due to the 
difficulty encountered during the key oxidative addition step, as the ortho-substituent renders 
formation of PdIV complex 172 unfavourable (Scheme 34).  

 
Scheme 34 Rationalising low product yield for ortho-substituted aryl iodides 
 
Considering that the ortho-substituted aryl iodides 165-167 had performed poorly in the sp3 
arylation reaction, we postulated that the methoxymethylether protecting group could stabilise 
the formation of 173 by an interaction between an alkylether oxygen and the palladium centre 
(Scheme 35). A similar stabilising interaction has been reported in the literature for PdII species 
174.121 As our proposed chelated intermediate 173 is a PdIV species, we were also encouraged 



45 
 

 

to note a literature report detailing the isolation and characterisation of 175, demonstrating that 
hexasubstituted, high valent palladium species can be fairly stable.69 Desiring to test this 
hypothesis, we next set out to synthesise the dimethoxymethyl protected aryl iodide 176. 

 

 
Scheme 35 Alternative sp3 arylation strategy using dimethoxymethyl protected aryl iodide 176 
 
2.2.4.1 Synthesis of Aryl Iodide 176 
The known aryl iodide 176 was synthesised according to the literature procedure.122 A solution 
of methoxymethyl chloride was generated in situ from dimethoxymethane and acetyl chloride 
in the presence of catalytic quantities of zinc bromide, to which resorcinol and diisopropylethyl 
amine were added, giving the diprotected product 177 in fair yield (Scheme 36). Iodination 
took place under silver-promoted conditions to give aryl iodide 176 in good yield.  

 
Scheme 36 Synthesis of dimethoxymethyl protected aryl iodide 176 
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2.2.5 Sp3 Arylation of Indane 163 with Aryl Iodide 176 
Performing the sp3 arylation reaction with aryl iodide 176 using the best conditions from Table 
2 (Entry 11) gave a significantly improved yield of arylated product 178 (Table 3, Entry 1). 
This result appeared to corroborate our hypothesis that increased stabilisation of the palladium 
centre could facilitate the sp3 arylation reaction. The cis-relationship between the directing 
group and the newly installed aryl group was again confirmed by NOE analysis, which showed 
a strong correlation between H-1 and H-2 (178, Figure 8). With this promising result, the 
reaction was subjected to extensive optimisation in efforts to increase the yield.  
A small increase in catalyst loading resulted in a moderately improved yield (Entry 2). Next 
we turned our attention to the use of silver salts in the reaction mixture, as these have frequently 
been demonstrated to facilitate sp3 arylation reactions.72,73,123 However, utilising silver acetate 
and silver carbonate resulted in a poor yield and no reaction, respectively (Entries 3 and 4). 
Use of cesium phosphate gave a similar product yield to potassium carbonate, together with 
diarylated 179 and moderate recovery of starting material (Entry 5). Although diarylation was 
not desirable when considering the total synthesis of yuremamine, we were nonetheless pleased 
that 179 was formed with the aryl groups in a cis-relationship (Figure 8), as would be required 
for the eventual synthesis of yuremamine. 
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Table 3 Sp3 arylation of indane 163 with dimethoxymethyl protected aryl iodide 176 

 
 Aryl 

iodide Catalyst Base Solvent Temp. Time Other Yield 
1 3 eq Pd(OAc)2 (30%)a K2CO3 t-AmOH/H2O 

(4:1) 110 °C 65 h - 22% (178) 
2 3 eq Pd(OAc)2 (35%)b K2CO3 t-AmOH/H2O 

(4:1) 110 °C 72 h - 24% (178) 
3 3 eq Pd(OAc)2 (35%)b AgOAc t-AmOH/H2O 

(4:1) 110 °C 72 h - 10% (178) 
4 3 eq Pd(OAc)2 (35%)b Ag2CO3 t-AmOH/H2O 

(4:1) 110 °C 48 h - NR 

5 3 eq Pd(OAc)2 (35%)b Cs3PO4 t-AmOH/H2O 
(4:1) 110 °C 72 h - 

23% (178) 
(40% brsm) 
+ 4% (179) 

6 3 eq Pd(OAc)2 (35%)b K2CO3 t-AmOH/H2O 
(4:1) 110 °C 72 h PivOH 11% (178) + 

11% (179) 
7 3 eq Pd(OAc)2 (35%)b K2CO3 t-AmOH/H2O 

(4:1) 110 °C 72 h PivOH, 
AgOAc 

7% (178) + 
7% (179) 

8 3 eq Pd(OAc)2 (35%)b K2CO3 t-AmOH/H2O 
(4:1) 110 °C 72 h DBP 19% (178) 

9 3 eq Pd(OAc)2 (35%)b Ag2CO3 t-AmOH/H2O 
(4:1) 110 °C 48 h DBP NR 

10 3 eq Pd(OAc)2 (35%)b K2CO3 t-AmOH/H2O 
(4:1) 120 °C 72 h - ~30% (178) 

11 3 eq Pd(OAc)2 (35%)b Cs3PO4 t-AmOH/H2O 
(4:1) 120 °C 72 h - 22% (178) + 

3% (179) 
12 3 eq Pd(TFA)2 (35%)b K2CO3 t-AmOH/H2O 

(4:1) 120 °C 72 h - 16% (178) 

13 3 eq Pd(TFA)2 (35%)b Cs3PO4 t-AmOH/H2O 
(4:1) 110 °C 72 h - 

29% (178) 
(40% brsm) 

+ traces (179) 
14 3 eq Pd(TFA)2 (35%)b Cs3PO4 t-AmOH/H2O 

(1:1) 110 °C 72 h - 24% (178) + 
8% (179) 

15 3 eq Pd(TFA)2 (35%)b Cs3PO4 t-AmOH 110 °C 72 h - NR 
16 11 eq Pd(OAc)2 (100%)c AgOAc neat 110 °C 44 h - 6% (178) 
17 3 eq Pd(TFA)2 (35%)b Cs3PO4 t-AmOH/H2O 

(4:1) 110 °C 72 h Air 15% (178) 
18 3 eq Pd(TFA)2 (35%)b Cs3PO4 t-AmOH/H2O 

(4:1) 110 °C 72 h O2 9% (178) 
19 2 eq Pd(OAc)2 (30%)a K2CO3 t-AmOH 80-90 

°C 40 h DBP, 
µwave 13% (178) 
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Note: a) 15 mol% of catalyst added at start of reaction, 15 mol% added after 48 hours; b) 20 mol% of catalyst 
added at start of reaction, 15 mol% added after 48 hours; c) 20 mol% of catalyst added every 24 hours 

 
Figure 8 Assigning the relative configuration of 178 and 179 by NOE analysis 
 
Next, various additives reported to promote related sp3 arylation reactions were trialled. Adding 
pivalic acid (PivOH, 105) did not improve the yield of 178, whether as the sole additive,102 or 
in combination with silver acetate,124 although yield of diarylated product 179 was improved 
(Entries 6 and 7). The use of dibenzylphosphate was also deleterious for the reaction yield 
(Entries 8 and 9).79,81 
Having observed our best yields using cesium phosphate or potassium carbonate as base with 
no additives (Entries 2 and 5), we sought to modify other reaction parameters to increase the 
product yield. Although raising the reaction temperature increased product yield when 
potassium carbonate was employed as base, the desired monoarylated product 178 was 
contaminated with an unidentified impurity (Entry 10). Using cesium phosphate as base, the 
reaction yield decreased upon raising the reaction temperature (Entry 11). Changing the 
catalyst to palladium trifluoroacetate, which has been shown to enable sp3 arylations that 
proceed poorly in the presence of palladium acetate,125 decreased the yield of 178 when using 
potassium carbonate (Entry 12), but gave an increase in yield with cesium phosphate (Entry 
13). Changing the solvent ratio gave similar yield for 1:1 t-AmOH/H2O (Entry 14), however 
in the absence of water no product was detected (Entry 15). Performing the reaction under 
solvent-free conditions51,71 gave low product yield, even with high catalyst loading (Entry 16). 
An inert atmosphere was shown to be ideal for the sp3 arylation, as carrying out the reaction 
under air or an oxygen atmosphere gave decreased product yield (Entries 17 and 18). The use 
of microwave conditions provided no benefit to the reaction (Entry 19).  
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2.2.6 Sp3 Arylation of Indane 163 with Aryl Iodide 142 
Having uncovered reaction conditions that gave a 29% yield on a model system with an ortho-
substituted aryl iodide, we pressed on with trialling the pyrogallol-derived aryl iodide in the 
sp3 arylation. This task was made easier as the trimethoxyaryl iodide 142 has been shown to be 
a competent coupling partner in literature sp3 arylation reactions,81,102 and as such we carried 
out its synthesis by diazotization-iodination of aniline 180 (Scheme 37).126  

 
Scheme 37 Synthesis of aryl iodide 142 
 
Gratifyingly, the sterically unencumbered aryl iodide 142 gave markedly improved yield of 
both mono- and di-arylated products 181 and 182 when exposed to the optimised conditions 
taken from Table 3 (Scheme 38). This improvement in yield is likely due to minimal steric 
crowding adjacent to the metal centre, which was undoubtedly contributing to low product 
yield for the resorcinol derived aryl iodide. The isolation of both products as the desired all-
cis-diastereomers was again confirmed by NOE analysis (Scheme 38, red arrows). 
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Scheme 38 Successful sp3 arylation with aryl iodide 142 
 
It should be noted that the yield obtained for the reaction of indane 163 and aryl iodide 142 is 
in line with literature results that report the sp3 arylation of a five-membered ring. The known 
sp3 arylation of cyclopentane 183 with meta-methoxy aryl iodide 184 gives the monoarylated 
product 185 in 52% yield,69 whereas we were able to obtain an overall yield of 61% for the 
reaction of 163 and 142, albeit with higher catalyst loading and longer reaction time (Scheme 
39). It would appear that the low sp3 arylation yields obtained with the resorcinol-derived aryl 
iodide 176 is due to the substituent ortho to the iodide. 
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Scheme 39 Comparing the sp3 arylation yields of indane 163 with aryl iodides 176 (top) and 142 (middle), and a 
literature example (bottom) 

 
2.2.7 Sequential Sp3 Arylations with Aryl Iodides 176 and 142 
With aryl iodides 176 and 142 both shown to be competent sp3 arylation substrates, we next 
investigated if they could be introduced sequentially onto the model indane substrate 163, as 
would be required for the total synthesis of yuremamine. Pleasingly, the arylated product 178 
was converted to the unsymmetrical bis-arylated product 186 in good yield upon reaction with 
aryl iodide 142 under the optimised conditions (Scheme 40). Importantly, NOE analysis again 
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showed that the reaction product had all the alkyl methine protons on the same face of the ring 
(Scheme 40, red arrows), proving that even for hindered substrate 178 the reaction had taken 
place with complete all cis-diastereoselectivity. This finding was particularly significant, as 
yuremamine contains the aryl groups in a 1,3-cis-relationship. 

 
Scheme 40 Successful synthesis of 1,3-cis-diarylated indane 186 
 
2.2.8 Alternative Directing Groups 
Although we had developed a synthetic procedure that diastereoselectively introduced the 
aromatic rings present in yuremamine on a model substrate, we were dissatisfied with the 
product yields obtained using the 8-aminoquinoline directing group. As such, alternative 
directing groups were investigated. 
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2.2.8.1 2-Methylthioaniline Directing Group 
The 2-methylthioaniline directing group was introduced by Daugulis and Shabashov in 2010, 
and was initially developed specifically for arylation of primary sp3 C-H bonds rather than 
secondary sp3 C-H bonds (Scheme 41).69 Although we desired to functionalise a secondary C-
H bond, we nonetheless decided to attempt the use of this directing group, as it has been shown 
to facilitate sp3 arylations on cyclic substrates in a number of reported total syntheses (See 
Introduction, 1.6.6).81,102 

 
Scheme 41 2-Methylthioaniline directing group 
 
2.2.8.1.1 Synthesis of Indane 187 Bearing the 2-Methylthioaniline Directing Group 
Synthesis of 187 from 161 was unproblematic, with acid chloride 188 reacting readily with 2-
methylthioaniline 189 in the presence of trimethylamine (Scheme 42).  

 
Scheme 42 Synthesis of 2-methylthioaniline directing group-appended substrate 187 
 
2.2.8.1.2 Sp3 Arylation of Indane 187 with Aryl Iodide 142 
Guided by a number of related literature reports, we attempted the sp3 arylation of 187 with the 
pyrogallol derived aryl iodide 142 under a variety of palladium-catalysed conditions (Table 4). 
The previously reported use of silver carbonate and pivalic acid in hexafluoroisopropanol gave 
poor yield of sp3 arylated product 190 for our substrate (Entry 1).102 The yield remained low 
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when an alternative set of literature conditions were followed (Entry 2),119 however employing 
silver-free conditions with dibenzylphosphate additive gave the desired product in 12% yield 
(Entry 3).81 Interestingly, the reaction yield could be slightly enhanced under microwave 
irradiation (Entry 4). 
 
Table 4 Sp3 arylation studies using model indane 187 

 
Entry Aryl iodide Base Solvent Temp (°C) Time (h) Other Yield 

1 2 eq Ag2CO3 HFIP 110 24 PivOH 5% 
2 4 eq AgOAc toluene 110 44 - 3% 
3 2 eq K2CO3 t-AmOH 110 48 DBP 12% 
4 2 eq K2CO3 t-AmOH 80 13 DBP, 

µwave 20% 
 
The low yields obtained for this directing group are worthy of discussion. Closely related 
tetralin 141 has been shown to undergo sp3 arylation in 58% yield under identical conditions 
to those reported in Table 4 (Entry 3), which only provided us with a 12% yield of the sp3 
arylated product (Scheme 43, top).81 However the 8-aminoquinoline substituted tetralin 191 
underwent sp3-arylations in poor yield, whereas our 8-aminoquinoline appended indane 163 
gave good yields of arylated products 178 and 179, albeit under slightly different conditions 
(Scheme 43, bottom). As already discussed briefly in the literature, it would appear that these 
directing group mediated sp3 arylations are sensitive to subtle conformational changes in the 
substrate,73,76 and as such it is important to screen conditions to find the optimal match between 
substrate and directing group. 
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Scheme 43 Comparing the sp3 arylation yields of indanes 187 and 163 with literature examples 

 



56 
 

 

2.2.8.2 Monodentate Directing Group 
We next considered the use of a monodentate directing group in our sp3 arylation approach.78,98 
The perfluoroaniline group was chosen as it is known to be a competent directing group for the 
sp3 arylation of cyclopentane derivative 192, providing sp3 arylated products 193 and 194 in 
good overall yield (Scheme 44).98 Given the reactivity of the perfluoroaniline directing group 
and the potential for improved reactivity by ligand optimisation, we turned our attention to its 
use in our model sp3 arylation studies. 

 
Scheme 44 Monodentate directing group 192 
 
2.2.8.2.1 Synthesis of Indane 195 Bearing the Perfluoroaniline Directing Group 
In order to append the perfluoroaniline directing group to the indane substrate (195), we first 
generated acid chloride 188 by reaction of indane 161 with thionyl chloride. The poor 
nucleophile perfluorotoluidine (196) was then condensed with acid chloride 188 in refluxing 
toluene to give amide 195 in fair yield (Scheme 45). 

 
Scheme 45 Synthesis of perfluoroaniline 195 
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2.2.8.2.2 Synthesis of Ligands 197-199 
Ligands which have been shown to efficiently promote sp3 arylation with the perfluoroaniline 
directing group are predominantly electron-rich pyridine or quinoline derivatives with an 
alkoxy substituent adjacent to the nitrogen atom (197-199, Figure 9).98,127  

 
Figure 9 Ligands used in conjunction with the perfluoroaniline directing group  
 
As we sought to compare a number of ligands which had been shown to promote sp3 arylation 
with the perfluoroaniline directing group,78,98 we set about synthesising them as described in 
the literature (Schemes 46 and 47). The synthesis of the 2-alkoxyquinoline ligands 197 and 198 
took place in one step by base mediated displacement of 2-chloroquinoline 200 with 
isopropanol and isobutanol, respectively.128 

 
Scheme 46 Synthesis of sp3 arylation ligands 197 and 198 
 
Synthesis of ligand 199 took place in two steps from 201 following a literature procedure.129 
Dialkylation of 201 with 1,4-dibromobutane 202 gave cyclopentane 203, which underwent an 
acid-catalysed rearrangement to give pyranoquinoline 199. 
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Scheme 47 Synthesis of sp3 arylation ligand 199 
 
2.2.8.2.3 Attempted Sp3 Arylation of Indane 195 with Aryl Iodide 176 
With perfluoroaniline 195 and ligands 197-199 at hand, the sp3 arylation reaction could be 
attempted. Unfortunately, the reported conditions which used palladium trifluoroacetate as 
catalyst and silver carbonate as base did not facilitate the sp3 arylation of indane 195 with aryl 
iodide 176 when quinoline ligands 197 or 198 were employed (Scheme 48, top).98 Attempting 
alternative reaction conditions utilising tricyclic ligand 199 and TFA as additive again did not 
provide any sp3 arylated product 204 (Scheme 48, bottom).78 In the absence of any positive 
results using this monodentate directing group, and with a desire to move forwards with this 
project we did not investigate the sp3 arylation of perfluoroaniline 195 further.  
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Scheme 48 Unsuccessful sp3 arylation of indane 195 
  

2.3 Sp3 Arylation Approach to Yuremamine – Retrosynthetic Analysis 
With our sp3 arylation model studies thus concluded, we turned our attention to their 
application in a total synthesis of yuremamine. Our sp3 arylation approach to the natural 
product hinges on the synthesis of pyrroloindole 154, the key sp3 arylation precursor which 
would be available by condensation of ester 205 with 8-aminoquinoline, with this directing 
group chosen as it had performed best in our model studies (Scheme 49). The 
dimethyltryptamine side chain in 205 should be accessible from the Wittig reaction between 
phosphonium salt 206 and pyrroloindolone 207. The tricyclic pyrroloindole core structure was 
to be assembled using an intramolecular N-arylation of 2-acylpyrrolidine 208, itself readily 
available from reduction of 2-acylpyrrole 209. A regioselective Friedel-Crafts acylation 
reaction between 2-halobenzoyl chloride 210 and methylpyrrole-3-carboxylate 211 would 
enable access to 209. 
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Scheme 49 Synthetic approach to yuremamine 
 

2.4 Literature Approaches to Pyrroloindoles by N-Arylation 
Our first task was to develop a scalable route to the pyrroloindole intermediate 154.26,130,131 For 
this, we chose to employ the aforementioned N-arylation strategy, as it is a reliable method to 
construct pyrroloindoles, as demonstrated by the following short review of the literature.  
In 1975 Kametani and co-workers described an intramolecular N-arylation of enamine 212 in 
the presence of copper (I) bromide, with the key C-N bond forming step providing 
pyrroloindole 213 in excellent yield (Scheme 50, top).132,133 A closely related example from 
the same laboratory involved reaction of pyrrylmagnesium iodide 214 with acid chloride 215, 
followed by N-arylation to yield the highly conjugated fluorazone system 216 (Scheme 50, 
bottom).134 
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Scheme 50 Pyrroloindole syntheses by N-arylation 
 
In synthetic studies towards the mitomycins, Luly and Rapoport reported the conversion of 
dibromoquinone 217 and pyrrolidine 218 to pyrroloindoles 219 and 220 in the presence of 
catalytic quantities of copper (II) bromide (Scheme 51).135 

 
Scheme 51 Synthesis of pyrroloindoles 219 and 220 by Rapoport 
 
Further work from the Kametani laboratory involved reaction of thiopyrrolidine 221 with 
dibromide 222 to yield N-arylation substrate 223 (Scheme 52).136 Employing the same copper-
mediated conditions as reported in Scheme 50 gave excellent yield of pyrroloindole 224. It is 
noteworthy that this reaction enabled access to product 224 possessing substituents on the 
saturated heterocyclic ring. 
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Scheme 52 Synthesis of highly functionalised pyrroloindole 224 
 
In 2012 Lee and Kim developed an approach to pyrroloindoles wherein 4-chlorobutyronitrile 
225 and bromobenzene 226 were reacted under Blaise reaction conditions to give enamine 227 
(Scheme 53).137,138 The intermediate 228 was treated with a palladium catalyst under basic 
conditions, which promoted both heterocyclisation and N-arylation, delivering pyrroloindole 
229 in one pot. 

 
Scheme 53 In situ generation and N-arylation of pyrrolidine 228 
 

2.5 N-Arylation Approach to the Pyrroloindole Core of Yuremamine 
When considering the synthesis of the pyrroloindole core of yuremamine, the N-arylation 
substrate could be formed by the regioselective acylation of pyrrole 211 with acid chloride 230 
(Scheme 54). Subsequent N-arylation would deliver pyrroloindole 231, which upon reduction 
would give 207. Alternatively, 207 could be obtained via 232, in which case cyclisation would 
be preceded by reduction of 233.  
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Scheme 54 Proposed synthesis of pyrroloindole 207 by N-arylation 
 
2.5.1 Synthesis of Fluorazone by Acylation/N-Arylation 
Desiring to test this approach on a model system, we decided to attempt the acylation/N-
arylation sequence with pyrrole 234, the successful outcome of which would deliver 
unsubstituted pyrroloindolone 235, also known as fluorazone (Scheme 55).131 

 
Scheme 55 Model acylation/N-arylation to yield fluorazone 
 
2.5.1.1 Acylation of Pyrrole with 2-Bromobenzoyl Chloride 
In order to attempt the acylation/N-arylation sequence, 2-bromobenzoic acid 236 was 
converted to acid chloride 230, which was then directly reacted with pyrrole under the zinc-
mediated conditions described by Yadav and co-workers139 to give the desired 2-acylpyrrole 
237 in 47% yield (Scheme 56).140 
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Scheme 56 Acylation of pyrrole with 230  
 
The seminal report did not discuss the mechanism for the zinc-mediated Friedel-Crafts 
acylation successfully employed herein.139 A separate report detailing the zinc-mediated 
Friedel-Crafts acylation of toluene with benzoyl chloride describes the isolation of metallic 
zinc from the reaction mixture which could be recycled, indicating that the zinc acts 
catalytically rather than as a stoichiometric reagent in this case (Scheme 57).141 The mechanism 
proposed for this acylation in the literature involved conversion of benzoyl chloride to oxonium 
species 238 with concomitant formation of anionic ZnCl-, followed by acylation and generation 
of HCl as byproduct. A similar mechanism may thus be operative for the zinc-mediated 
acylation of pyrrole. 
 

 
Scheme 57 Proposed mechanism for the zinc mediated Friedel-Crafts acylation 
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2.5.1.2 Reactivity of Pyrroles with Electrophiles 
The regioselective formation of C-2 substituted product 237 is in line with the established 
reactivity of pyrroles with electrophiles. The preference for electrophilic aromatic substitution 
at the C-2 position can be attributed to the greater number of resonance contributors when the 
electrophile is attacked at C-2 compared to C-3 (Scheme 58).142  

 
Scheme 58 Reaction of pyrrole with electrophiles 
 
2.5.1.3 Copper-Mediated N-Arylation 
Having secured access to 2-acylpyrrole 237, we next considered its conversion to fluorazone 
235 by N-arylation (Scheme 59). We were pleased to observe that 237 was rapidly converted 
to the desired pyrroloindole product 235 in good yield by treatment with copper (II) acetate 
under microwave irradiation.143 This novel approach to fluorazone was subsequently published 
in the Journal of Heterocyclic Chemistry.140 

 
Scheme 59 Successful intramolecular N-arylation reaction 
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2.5.1.4 Mechanism of the Copper-Mediated N-Arylation Reaction 
The copper mediated N-arylation reaction has been widely reported in the literature, however 
the mechanism of this transformation remains under debate.144-148  
2.5.1.4.1 Catalytically Active Copper Species 
Although Cu0, CuI and CuII are all able to facilitate N-arylation, the active copper catalyst has 
invariably been shown to be in the CuI oxidation state.144,145,147 Where Cu0 is used to enable 
the reaction, the active catalyst is likely the poorly soluble Cu2O layer generally found on the 
surface of metallic copper.145 Where CuII salts are used in the reaction (e.g. Scheme 59), the 
reduction of CuII to the active CuI catalyst is accompanied by oxidation of a ligand and/or the 
reactive amine species, however the precise nature of this redox process is poorly 
understood.144,148-150  
2.5.1.4.2 Formation of CuI from CuII in N-Arylation Reactions 
The successful N-arylation to form fluorazone used literature reaction conditions.143 As a CuII 
source was used, we considered how the active CuI species could be generated. An excess of 
DBU was used in our reaction, and thus β-hydride elimination151 of ligated CuII-DBU complex 
239 could give oxidised DBU derivative 240 and CuII hydride species 241 (Scheme 60). 
Deprotonation of 241 followed by comproportionation of Cu0 species 242 with cupric species 
243 would thus give the active CuI species 244.149  

 
Scheme 60 The in situ reduction of CuII to CuI species 
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2.5.1.4.3 Mechanism of CuI-Catalysed N-Arylation 
As alluded to previously, the mechanism for CuI catalysed N-arylation has not been 
conclusively determined to date.148 Using the intramolecular N-arylation of 237 reported herein 
as an example, a plausible mechanism would involve the generation of CuI species 244 (see 
Scheme 60), followed by formation of pyrrole-copper species 245 (Scheme 61, top). Oxidative 
addition into the carbon-bromine bond gives CuIII species 246.147,152,153 Reductive elimination 
would then yield cyclised product 235 and generate copper (I) bromide. Other mechanisms 
proposed for similar N-arylation reactions include a metathesis-like process (Scheme 61, 
middle),154 or a single electron transfer (SET) process (Scheme 61, bottom).155 
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Scheme 61 Mechanistic proposals for the CuI-promoted N-arylation of 237 
 
2.5.2 Synthesis of Functionalised Pyrrole 211 
Having proved the feasibility of the acylation/N-arylation approach on a model system, we set 
out to employ this reaction towards the functionalised pyrroloindole required for the synthesis 
of yuremamine. The synthesis began with methylpyrrole-3-carboxylate, which was obtained 
by the known directed Vilsmeier formylation of N-triisopropylsilyl pyrrole,156 followed by 
oxidation and esterification to give 211 (Scheme 62). 
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Scheme 62 Synthesis of methylpyrrole-3-carboxylate 211 
 
2.5.2.1 Synthesis of N-Arylation Substrate 233 
With 211 in hand, we turned our attention to its regioselective acylation reaction with benzoyl 
chloride 230. In the literature the zinc-mediated Friedel-Crafts reaction has only been 
demonstrated for unsubstituted pyrroles,139 and as such we turned to the Lewis acid-mediated 
protocol for the reaction of 211 and 230 (Scheme 63).157,158 Using zinc dichloride as Lewis acid 
gave a separable mixture of 5-acylpyrrole 233 and the undesired 2-acylpyrrole regioisomer 
247. The use of indium trichloride or iron trichloride-dimethylsulfoxide complex did not 
promote acylation, but aluminium trichloride gave a better yield of 233 with an improved 
regioselectivity of 4.7:1 in favour of the desired regioisomer. 

 
Scheme 63 Synthesis of disubstituted pyrrole 233 
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2.5.2.1.1 Mechanism of the Lewis Acid Catalysed Friedel-Crafts Reaction 
The reaction mechanism of the Lewis acid catalysed Friedel-Crafts acylation is significantly 
better understood than the zinc-mediated process discussed previously. The use of an excess of 
Lewis acid enables formation of oxonium species 248 from the acid chloride, which may be 
readily attacked by pyrrole 211 (Scheme 64).157 Attack at the less hindered position gives stable 
intermediate 249, which provides 3,5-disubstituted pyrrole 233 upon deprotonation (path a, 
Scheme 64). Attack at the alternative position is less favoured on steric grounds (path b, 
Scheme 64), and is further disfavoured as resonance contributor 250 has a positive charge 
adjacent to an electron withdrawing group (Scheme 64, below).159 2,3-Disubstituted pyrrole 
247 is thus the minor product of this reaction. 

 
Scheme 64 Mechanism and regioselective rationalisation for the Lewis acid promoted Friedel-Crafts acylation of 
pyrrole 211 
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2.5.2.2 Synthesis of Pyrroloindolone 231 
With good quantities of 3,5-disubstituted pyrrole 233 now in hand, we next attempted the N-
arylation conditions successfully employed in the model study. Unfortunately, the desired 
product was isolated in low yield, along with a substantial quantity of acetate 251, presumably 
formed through a competitive copper-mediated acetoxylation reaction (Scheme 65). The use 
of catalytic copper (II) bromide in dimethylformamide with cesium carbonate base vastly 
improved the yield and made this the approach of choice for the synthesis of 231.150 

 
Scheme 65 Optimised synthesis of 231 (top) and competing acetoxylation process (bottom) 
 
2.5.2.3 Attempted Reduction of Pyrroloindolone 231 
With an efficient route to pyrroloindole 231 established, attention turned to reduction of the 
pyrrole ring to give 207. Hydrogenation of 231 in the presence of palladium hydroxide catalyst 
led to complete reduction of the ketone to give 252 (Table 5, Entry 1). Use of platinum oxide 
catalyst resulted in a complex mixture of unidentifiable products (Entry 2). Use of an H-Cube® 
flow reactor was also ineffective, with no reaction observed using Raney® nickel, or palladium 
on carbon at elevated temperature and pressure (Entries 3 and 4). Surprisingly, hydrogenation 
in the presence of rhodium on alumina gave a mixture of the carbonyl reduction products 252 
and 253 and cyclohexane 254 (Entry 5). We next attempted the use of single electron 
reductants, but neither magnesium nor zinc metal were able to effect the desired transformation 
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(Entries 6 and 7).160,161 Having shown that 231 underwent preferential reduction of the carbonyl 
or benzene ring in preference to the pyrrole ring, an alternative strategy was required. 
Table 5 Attempted reduction of pyrroloindolone 231 

 
Entry Reagent Solvent Temperature Other Result 

1 H2 (1 atm), Pd(OH)2 AcOH r.t. - 252 (50%) 
2 H2 (3 atm), PtO2 EtOH r.t. - Complex mix 
3 H2 (5 atm), Raney® 

nickel 
EtOH-THF 

(1:1) r.t. H-Cube NR 
4 H2 (50 atm), Pd/C THF 50 °C H-Cube NR 
5 H2 (1 atm), Rh/Al2O3 EtOH-THF 

(1:1) r.t. - 
252 (11%), 
253 (61%), 
254 (19%) 

6 Mg0, HCl MeOH r.t. - 252 (10%) 
7 Zn0, HCl MeOH r.t. - NR 

 
We initially considered attempting the hydrogenation prior to the N-arylation, but as the C-Br 
bond would likely hydrogenolyse under such conditions (Scheme 66),162-164 it was decided to 
leave the reduction until a later stage of the synthesis.  

 
Scheme 66 Unfeasible reduction strategy 
 
2.5.2.4 Wittig-Reduction Approach to 205 
Pyrroloindole 231 was subjected to a Wittig reaction using phosphonium salt 206 and n-BuLi 
as base, giving the desired tryptamine product 255 in fair yield (Scheme 67). However, 
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attempting the hydrogenation at this stage also gave disappointing results. No reaction was 
observed for the hydrogenation reaction of 255 with Raney® nickel under high pressure, or 
using triethylsilane and TFA. Rhodium catalysed hydrogenation reduced the exocyclic double 
bond, giving 256 as the sole product. Given the difficulty in reducing the pyrrole ring in 255, 
we considered an alternative approach to construct sp3 arylation precursor 205. 

 
Scheme 67 Synthesis and attempted reduction of pyrroloindole 255 
 
2.5.3 Alternative Strategy towards the Pyrroloindole Core of Yuremamine 
Employing a functionalised pyrrolidine starting material would obviate the need for a reduction 
step and as such, we considered the use of commercially available trans-4-hydroxy-L-proline 
257 (referred to as 4-hydroxyproline henceforth) as the starting material in a slightly modified 
synthetic strategy (Scheme 68). Diprotection of amino acid derivative 257 followed by 
oxidation would give ketone 258, which upon Wittig reaction followed by reduction will give 
protected alcohol 259, which should be readily converted to Weinreb amide 260. Grignard 
addition of 261 to 260 will give ketone 262. Deprotection followed by intramolecular N-
arylation will provide pyrroloindole 263, which should be easily converted to the desired sp3 
arylation substrate 154. An added benefit to this approach is the use of the chiral pool reagent 
257, enabling an enantioselective approach to yuremamine. 
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Scheme 68 Modified synthetic strategy towards sp3 arylation substrate 154 
 
2.5.3.1 Synthesis of Pyrroloindoles from L-Proline – Model Study 
In order to test our proposed Grignard/N-arylation approach to pyrroloindoles, a model study 
was devised, which focussed on the use of Boc-L-proline (264) as a readily available starting 
material. We thus coupled 264 with N,O-dimethylhydroxylamine using standard conditions to 
give Weinreb amide 265 (Scheme 69).165 

NBoc
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NMe
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Scheme 69 Synthesis of Weinreb amide 265 
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2.5.3.2 Grignard Addition to Weinreb Amide 265 
With Weinreb amide 265 in hand, the desired Grignard reaction could be attempted. We first 
tried to selectively generate ortho-bromophenylmagnesium bromide from 266 and metallic 
magnesium166 using dibromoethane as initiator in diethyl ether or tetrahydrofuran (Table 6, 
Entries 1-3). Unfortunately, no ketone product 267 could be isolated under these conditions, 
with Weinreb amide 265 recovered unchanged from the crude reaction mixture. Forming the 
Grignard reagent by transmetallation with i-PrMgCl (Entry 4), or its lithium chloride complex 
also gave no reaction (generating the reagent in situ or using a commercially available solution; 
Entries 5 and 6).167 Attempting to react Weinreb amide 265 with a phenyl lithiate was also 
unsuccessful; unchanged 265 was isolated quantitatively from the reaction of n-butyllithium 
and 268 followed by treatment with 265 (Entry 7).  
 
Table 6 Attempted Grignard reaction with Weinreb amide 265 

 
Entry Aryl halide Conditions Solvent Temp Result 

1 266  Mg0, C2H4Br2 (cat.) Et2O 0 °C  rt NR 
2 266 Mg0, C2H4Br2 (cat.) Et2O -35 °C  rt NR  
3 266 Mg0, C2H4Br2 (cat.) THF -35 °C  rt NR 
4 266 i-PrMgCl THF -78 °C  rt NR 
5 266 i-PrMgCl, LiCl THF -15 °C  0 °C NR 
6 266 i-PrMgCl·LiCl complex THF 0 °C NR 
7 268 n-BuLi  THF -78 °C  rt NR 

 
As Weinreb amide 265 appeared to be unreactive towards the desired organometallic reagents 
we next considered using an acid chloride as the electrophile in this reaction. Thus, Boc-proline 
264 was treated with oxalyl chloride, pyridine, and DMF to generate the acid chloride 269, 
which had undergone Boc-cleavage as evidenced by crude 1H NMR analysis (Scheme 70). 
Upon treating acid chloride 269 with in situ generated arylmagnesium chloride species 270, 
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the product 271 was isolated in very low yield, which had surprisingly undergone oxidation to 
the imine.  

 
Scheme 70 Grignard reaction with acid chloride 269 
 
The formation of imine 271 is proposed to arise by the presence of adventitious oxygen, which 
is known to generate a carbon-centred radical and superoxide upon reaction with Grignard 
reagents (Scheme 71).168,169 The resulting aryl radical 272 abstracts a proton from ketone 273 
to give alkyl radical 274, which upon recombination with superoxide gives peroxide species 
275 that would be expected to be reduced in the presence of a further equivalent of the Grignard 
reagent.169 Acidic workup would thus provide imine 271. As the proposed mechanism requires 
four equivalents of the Grignard reagent, it is unsurprising that the yield of imine 271 was low. 

 
Scheme 71 Possible mechanism for the formation of imine 271 
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Although we were pleased to observe that organomagnesium reagent 270 had been successfully 
generated and that it was able to react with a proline-derived electrophile, this approach was 
not synthetically useful due to the poor yield. As such, we considered an alternative 
electrophilic substrate which could take part in the desired Grignard reaction. 
 
2.5.3.3 Grignard Addition to Prolinal 276 
The aldehyde functional group is known to be readily attacked by Grignard reagents, and as 
such we next focussed on the synthesis of prolinal 276. The aldehyde could be readily accessed 
by a two-step borane reduction and Swern oxidation of proline 264 to give crude 276 in 90% 
yield (Scheme 72).170 The crude aldehyde was then treated with Grignard reagent 270 prepared 
from 266 and iPrMgCl·LiCl. Gratifyingly the desired product 277a/b was isolated in 61% yield 
from 264 as an inconsequential mixture of diastereomers. This marked increase in reactivity 
over Weinreb amide 265 is likely due to the increased electrophilicity of aldehyde 276.  

 
Scheme 72 Successful Grignard reaction with aldehyde 276 
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2.5.3.4 Synthesis and Elaboration of Ketone 278 
In order to attain desired ketone 278, oxidation of alcohol 277a/b was required. It was 
discovered that IBX in ethyl acetate171 was able to smoothly effect this transformation (Scheme 
73). Removal of the Boc group under acidic conditions gave unstable amino-ketone 279, the 
substrate for the desired N-arylation reaction. However, a variety of different oxidation 
products (235, 271, and 280) were obtained when subjecting 279 to N-arylation conditions, 
with desired product 281 not obtained under any conditions trialled. 

 
Scheme 73 Oxidation of alcohol 277a/b and attempted N-arylation 
 
2.5.3.4.1 Formation of Side Products 235, 271, and 280 
The formation of the reaction products 235, 271, and 280 infers that several distinct reaction 
pathways are possible (Scheme 74). β-Hydride elimination of copper complex 282149 would 
generate a reactive copper hydride species along with stable α-ketoimine side product 271 
(path a).172 Under high temperatures, the copper hydride species may undergo oxidative 
addition into the aromatic carbon-bromine bond, followed by reductive elimination to yield 
debrominated product 280.147 
N-arylation under the transition-metal free conditions has been proposed to arise via a benzyne 
intermediate,173 so a similar mechanism is likely operating here (path b, Scheme 74). 
Deprotonation of 279 by potassium tert-butoxide would generate benzyne 283, which would 
be rapidly attacked by the pyrrolidine nitrogen. N-arylation would be followed by aromatisation 
under the high reaction temperatures required for the generation of benzyne 283, thereby giving 
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rise to fluorazone 235.140 Alternatively, the oxidation could take place prior to benzyne 
formation (not illustrated). 
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Scheme 74 Mechanistic considerations for the formation of oxidised side products  
 
2.5.3.5 N-Arylation of Amino Alcohol 277a/b 
As the above N-arylation attempts showed that the substrate 279 was prone to oxidative side 
reactions, we next considered whether the cyclisation might proceed better using the amino 
alcohol 277a/b instead of the amino ketone 278. In order to attempt this reaction, we first 
carried out the deprotection of 277a/b, which was best accomplished using HCl in ethyl acetate 
(generated in situ from acetyl chloride and ethanol).174 Concentration of the reaction mixture 
gave 284a/b, which could be used in the subsequent N-arylation without purification. 
Gratifyingly, pyrroloindoline 285a/b was formed by exposing 284a/b to the benzyne-
generating conditions described previously, however the yield of this process was modest 
(Table 7, Entry 1). Alternative aryne-generating conditions using metallic lithium gave no 
reaction (Entry 2).175,176 Although palladium catalysed conditions gave no desired product 
(Entry 3), copper iodide was shown to enable formation of pyrroloindole 285a/b in 40% yield 
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(Entry 4). The best yields were obtained using a mixture of copper iodide and copper-bronze, 
as had previously been reported for a similar intramolecular N-arylation of secondary amines 
(Entry 5).177  
 
Table 7 N-arylation of amino alcohol 284a/b 

 
Entry Reagents Solvent Temp Yield 

1 KOt-Bu DMSO 150 °C (µwave) 33% 
2 Li0 THF r.t. NR 
3 Pd2(dba)3, (±)-BINAP, 

NaOt-Bu dioxane 80 °C NR 
4 CuI, Cs2CO3 DMSO 70 °C 40% 
5 CuI, Cu-bronze, K3PO4, 

L-proline tBuOH-H2O (1:1) 100 °C 76% 
 
2.5.3.6 Attempted Pyrroloindole Functionalization Using the Wittig Reaction 
With good quantities of 285a/b now at hand, we next turned our attention to installing the 
desired dimethyltryptamine functionality using the Wittig process employed previously. 
However this approach was stymied, as the oxidation of 285a/b to the ketone 281 unexpectedly 
failed under a variety of conditions (Table 8). Attempting the oxidation using manganese 
dioxide or TEMPO as oxidant resulted in decomposition of the starting material (Entries 1 and 
2), whereas unidentifiable and/or unstable side products were formed under Swern oxidation 
conditions or in the presence of IBX (Entries 3-5). As such, the Wittig reaction to give 
tryptamine derivative 286 could not be attempted and we considered alternative means to install 
the desired side chain. 
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Table 8 Attempted oxidation of pyrroloindole 285a/b 

 
Entry Reagents Solvent Temp Result 

1 MnO2 DCM r.t. decomposition 
2 TEMPO, 

trichloroisocyanuric acid DCM 0 °C  r.t. decomposition 
3 (COCl)2, DMSO, Et3N DCM -78 °C Unidentifiable 

side product 
4 IBX DMSO r.t. Unstable side 

product 
5 IBX H2O, DMSO r.t. Unstable side 

product 
 
2.5.3.7 Functionalization of Pyrroloindole 3 by Reductive Alkylation 
Following a search of known synthetic routes to tryptamine derivatives, we identified a 
reductive alkylation approach that seemed attractive.178 Thus, alcohol 285a/b was eliminated 
using acetic anhydride and pyridine to give pyrroloindole 3,131 which could be converted to 
tryptamine derivative 287 when exposed to acetal 288 in the presence of TFA and triethylsilane 
(Scheme 75).178  
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Scheme 75 Synthesis of tryptamine derivative 287 by reductive alkylation 
 
Having thus proved the viability of a tryptamine pyrroloindole synthesis starting from L-
proline derivative 264, dibromobenzene 266 and acetal 288, this approach was applied to the 
synthesis of functionalised pyrroloindole 289, which was required to pursue the sp3 arylation 
approach to yuremamine (Scheme 76). By subjecting pyrrolidine 259 (available from 4-
hydroxyproline 257) to the same synthetic sequence, pyrroloindole 289 should be secured.

Scheme 76 Synthesis of functionalised pyrroloindole 289 
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2.5.4 Functionalization of 4-Hydroxyproline 257 
2.5.4.1 Protection/Oxidation Sequence 
Following literature procedures, 4-hydroxyproline 257 was subjected to esterification and Boc-
protection179 to give 290, which was treated directly with TEMPO and trichloroisocyanuric 
acid 291 to yield ketone 292 in excellent yield over three steps (Scheme 77).180 Attempting the 
oxidation of 290 using Swern oxidation conditions,181 or IBX in ethyl acetate,171 gave lower 
yield of ketone 292 in our hands. 

 
Scheme 77 Synthesis of 233 from 4-hydroxyproline 
 
2.5.4.2 One-Carbon Homologation of 292 
With ketone 292 at hand, our attention was turned to its conversion to primary alcohol 259, for 
which an extra carbon atom at C-4 would be needed. We deemed phosphonium salt 293 a 
suitable reagent for this purpose, as it would deliver enol 294 (Scheme 78). Unfortunately, no 
Wittig product was obtained in the presence of a variety of bases (KOt-Bu, LDA, KHMDS). 
Unperturbed, we next attempted a similar reaction using Horner-Wadsworth-Emmons reagents 
295 or 296. Unfortunately we were again unable to isolate the desired homologation product 
297 under a variety of conditions (LDA, NaH, DBU/LiCl, LiHMDS), with silyl migration 
product 298 the only compound isolated. The isolation of 298 as the acetate was surprising, 
and is likely due to workup of the intermediate alkoxide with ethyl acetate. More encouraging 
was the formation of 299 by reaction with nitromethane and DABCO, however the low yield 
of this reaction inhibited further functionalization of 299. Pleasingly, the Wittig methylenation 
of 292 gave 300 in good yield when freshly purified KOt-Bu was used as base.182,183  
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Scheme 78 Attempted one-carbon homologation of ketone 292 
 
2.5.4.3 Conversion of Alkene 292 to Pyrroloindole 301 
Having identified conditions which enabled access to Wittig product 300 in good yield, we 
next turned our attention to its hydroboration, which was ultimately achieved using 
disiamylborane to give the primary alcohol 302 in good yield (Scheme 79). It should be noted 
that 302 is a known compound,184 however its synthesis in the literature required twelve 
synthetic steps, whereas our approach enables access to 302 in five steps. Excellent anti-
Markovnikov regioselectivity was observed for the hydroboration, as the bulky disiamylborane 
alkyl groups encourage boron addition at the least hindered end of the double bond.185,186 
Alcohol 302 was isolated exclusively as the trans-product, as confirmed by comparison of its 
spectroscopic data with the literature report.184 This diastereoselectivity is proposed to be due 
to chelation of the borane species by the ester carbonyl oxygen,187 directing hydride addition 
to the lower face of the ring. Oxidation/hydrolysis using hydrogen peroxide under basic 
conditions gave primary alcohol 302.  
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Scheme 79 Diastereoselectivity for hydroboration-oxidation of 300 
 
With functionalised pyrrolidine 302 now in hand, we sought to apply the Grignard/N-arylation 
strategy developed during our model studies. In order to carry out this sequence, we first 
silylated 302 to give protected 303 in good yield (Scheme 80). Partial reduction of 303 with 
DIBAL-H gave prolinal 304, which was then directly treated with the Grignard reagent 270 to 
give 305 using the best conditions identified during the model studies. The diastereomeric 
mixture of alcohols was then subjected to acid mediated Boc-deprotection to give 306, which 
underwent N-arylation in its crude form to give pyrroloindoline 307 as a mixture of 
diastereomers. Elimination occurred with concomitant acetylation of the primary alcohol to 
give the pyrroloindole 301 in good yield from 303. It is noteworthy that only a single 
chromatography event was required during this five step sequence (303 → 301). Unfortunately, 
the optical rotation recorded for 301 was much lower magnitude than the literature value,188 
which indicated that the stereocentre at C-2 had undergone a significant amount of racemisation 
during this sequence. 
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Scheme 80 Synthesis of pyrroloindole 301 
 
2.5.4.4 Conversion of Pyrroloindole 301 to Sp3 Arylation Substrate 308 
Having secured a route to functionalised pyrroloindole 301, we next considered appending the 
sp3 arylation directing group, which required converting the acetylated alcohol 301 to the 
carboxylic acid 309 and subsequent amide coupling. Pleasingly, acetate hydrolysis readily 
provided alcohol 310, which could be smoothly oxidised using IBX in ethyl acetate to provide 
unstable aldehyde 311 in excellent yield. Unfortunately, oxidation of aldehyde 311 was 
problematic, with only decomposition observed when 311 was treated with Oxone® in 
dimethylformamide (Table 9, Entry 1). A complex mixture of degradation products was 
obtained when attempting the oxidation using silver oxide (Entry 2), whereas Pinnick oxidation 
conditions provided an unstable product which eluded characterisation (Entry 3). Considering 
that a one-pot oxidation of alcohol 310 could be a more straightforward approach to 309, we 
attempted a range of conditions which have been reported to give carboxylic acids directly 
from alcohols, however none of the conditions attempted provided the desired carboxylic acid 
309 (Entries 4-7). 
 



87 
 

 

Table 9 Attempted synthesis of carboxylic acid 309 
 

 
Entry Substrate Reagent Solvent Result 

1 311 Oxone® DMF decomposition 
2 311 AgNO3, NaOH H2O, EtOH decomposition 
3 311 NaClO2, NaH2PO4, 

2-methyl-2-butene t-BuOH, THF Unidentifiable 
side product 

4 310 IBX, 2-hydroxypyridine DMSO decomposition 
5 310 PDC DMF decomposition 
6 310 CuBr2, H2O2 MeCN decomposition 
7 310 RuCl3, NaIO4 MeCN-CCl4-H2O decomposition 

 
Due to the difficulties encountered with this oxidation, we instead considered the synthesis of 
ester 312, which could then be hydrolysed to give the desired carboxylic acid 309 (Scheme 81). 
Gratifyingly, the use of catalytic quantities of dimethyltriazolium iodide 313 and DBU in the 
presence of manganese dioxide gave ester product 312 in fair yield.189 This reaction has been 
proposed to proceed by generation of N-heterocyclic carbene 314, which attacks aldehyde 311 
to give intermediate alcohol 315. Resonance contributor 316 is a pseudo-benzylic alcohol, 
which is oxidised to 317 by manganese dioxide. Attack of acyl species 317 by methanol gives 
the desired ester product 312 along with regenerated triazolium salt 313. 
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Scheme 81 N-Heterocyclic carbene catalysed synthesis of ester 312 
 
With the pyrroloindole ester 312 in hand, its conversion to the sp3 arylation precursor was 
performed. A straightforward two-step hydrolysis/coupling procedure gave the desired amide 
product 308 in good yield (Scheme 82). 

 
Scheme 82 Synthesis of sp3 arylation precursor 308 
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2.6 Pyrroloindole Sp3 Arylation Studies 

2.6.1 Sp3 Arylation of 308 
With a route to directing group-appended substrate 308 now completed, we were excited to 
attempt the key sp3 arylations. When considering the structure 308 it is obvious that the 
methylene positions are non-equivalent, and in the absence of steric bias for either position it 
is probable that electronic factors will determine the regioselectivity of the sp3 arylation 
reaction (Figure 10). As both are activated, with C-1 being pseudo-benzylic in character,67 and 
C-3 adjacent to an electronegative nitrogen atom,68 it was initially difficult to predict which 
would be more reactive under sp3 arylation conditions. Lastly, the presence of an unsubstituted, 
nucleophilic C-9 position could possibly complicate the reaction, as this position is known to 
interact with palladium.190 

 
Figure 10 Considering the sp3 arylation of pyrroloindole 308 
 
2.6.1.1 Sp3 Arylation of Pyrroloindole 308 with Aryl Iodide 142 
Using the knowledge obtained from our model studies, we attempted the sp3 arylation of 308 
using pyrogallol-derived aryl iodide 142, which underwent more efficient sp3 arylation than 
the resorcinol derived aryl iodide 176 (Scheme 83). While small quantities of sp3 arylated 
product 318 could be isolated from this reaction, the major product was due to sp2 arylation at 
the C-9 position (319, Scheme 83). The regioselectivity of the product 318 was confirmed by 
COSY analysis with a coupling observed between H-1 and H-9, indicating that reaction had 
occurred at C-1 (blue arrows). Furthermore, the sp3 arylation was shown to have provided the 
desired cis-isomer by NOE analysis, with a correlation between H-1 and H-2 apparent (red 
arrow). Despite the low yield of sp3 arylation product 318, it was pleasing that the reaction had 
taken place selectively to give only the cis-C-1-arylated product, with no indiscriminate 
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arylation observed. Although the pyrogallol group had been installed at the wrong site when 
considering the total synthesis of yuremamine, we had gathered the vital knowledge that in the 
pyrroloindole 308, C-1 appears to be more reactive than C-3 under the sp3 arylation conditions. 
 

Scheme 83 Sp3 arylation of 308 with aryl iodide 142 

 
2.6.1.1.1 Formation of Side Product 319 
The formation of sp2 arylated side product 319 can be rationalised by initial palladation,190 
followed by oxidative addition of 320 with aryl iodide 142 (Scheme 84). The PdIV species 321 
would then undergo reductive elimination, thereby generating the sp2 arylated product 319. 
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Scheme 84 Proposed mechanism for formation of 319 

 
2.6.1.2 Sp3 Arylation of Pyrroloindole 308 with Aryl Iodide 176 
As the C-1 position of pyrroloindole 308 appeared to be more reactive than C-3 under the sp3 
arylation conditions, we turned our attention to employing the resorcinol-derived aryl iodide 
176, which would need to be incorporated at the C-1 position for a total synthesis of 
yuremamine 2 (Scheme 85). Gratifyingly, the resulting sp3 arylation was shown to have 
occurred exclusively at C-1 by COSY and NOE analysis. However, the yield of the desired 
product 322 was very low, with significant amounts of the undesired sp2 arylated product 323 
obtained.  
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Scheme 85 Sp3 arylation of pyrroloindole 308 with aryl iodide 176 
 
2.6.2 Alternative Sp3 Arylation Strategy 1 
Although we had uncovered that the pyrroloindole 308 undergoes selective sp3 arylation at 
C-1, the yield for this process was low and was restricted by competing sp2 arylation at the C-9 
site. Blocking the C-9 position would obviously eradicate this issue and as such pyrroloindole 
301 was subjected to the reductive alkylation conditions described previously in this thesis, 
giving the tryptamine derivative 324 (Scheme 86), upon which we proceeded to append the 
directing group. 

 
Scheme 86 Synthesis of tryptamine 324 
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2.6.2.1 Synthesis of Sp3 Arylation Substrate 325 
Appending the sp3 arylation directing group to substrate 324 took place following a similar 
procedure to that described previously, with acetate hydrolysis to alcohol 326 followed by 
oxidation using IBX to give aldehyde 327. Considering the oxidation of aldehyde 327 to the 
desired carboxylic acid 328, we attempted the use of transition metal mediated conditions, 
however only degradation of starting material was observed (Table 10, Entries 1-3). 
Attempting to oxidise aldehyde 327 using conventional Pinnick conditions resulted in 
decomposition of the starting material, however carefully pH controlled conditions gave traces 
of a product which was later identified as carboxylic acid 328 (Entries 4 and 5).191 Better yields 
of 328 could be obtained using Oxone® in dimethylformamide (Entry 6).192 Interestingly, no 
reaction was observed when 328 was treated with Oxone® in methanol (Entry 7). Attempting 
to oxidise the alcohol 326 directly to the carboxylic acid were unsuccessful, resulting in 
decomposition of starting material (Entries 8-10). Although the yield of 328 isolated from 
reaction with Oxone® in DMF was low, we were able to secure sufficient quantities of 325 for 
the desired sp3 arylation studies upon coupling 328 with 8-aminoquinoline (164) using 
EDC·HCl. 
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Table 10 Oxidation conditions attempted towards the synthesis of acid 328 

 
Entry Substrate Reagents Solvent Result 

1 327 AgNO3, NaOH H2O, EtOH decomposition 
2 327 AgNO3, H2O2 MeCN decomposition 
3 327 Cu(OAc)2, N-hydroxysuccinimide, 

t-BuOOH MeCN decomposition 
4 327 NaClO2, NaH2PO4, 2-methyl-2-butene 

t-BuOH, H2O, 
THF decomposition 

5 327 NaClO2, NaH2PO4 (pH = 2), 
2-methyl-2-butene 

t-BuOH, H2O, 
acetone, 328 (traces) 

6 327 Oxone® DMF 328 (28%) 
7 327 Oxone® MeOH NR 
8 326 PDC DMF decomposition 
9 326 CuBr2, t-BuOOH MeCN decomposition 
10 326 IBX, 2-hydroxypyridine DMSO decomposition 

 
2.6.2.2 Attempted Sp3 Arylation of Tryptamine 325 
With directing group-appended substrate 325 in hand, we turned our attention to its sp3 
arylation with both aryl iodides 142 and 176. Much to our disappointment, sp3 arylated product 
329 was not observed under a variety of reaction conditions (Scheme 87). It is possible that the 
tryptamine side chain inhibits formation of the desired palladacyclic intermediate on steric 
grounds, or that the tryptamine nitrogen is chelating the palladium catalyst and hence restricting 
the desired C-H functionalization process. 
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Scheme 87 Unsuccessful sp3 arylation of 325 
 
2.6.3 Alternative Sp3 Arylation Strategy 2 
Given that the sp3 arylation had failed with trifluoroacetate protected tryptamine 325 and 
proceeded poorly when the pyrroloindole C-9 position was unsubstituted, we considered 
whether chloro-substituted 330 could be a better substrate for this reaction. Thus, 308 was 
treated with N-chlorosuccinimide to give the desired product 330 in moderate yield (Scheme 
88). Although 330 contains an sp2 carbon-chlorine bond, numerous reports have shown that 
this functionality will generally not undergo cross-coupling under sp3 arylation reaction 
conditions.71,104,115,119 The chloride would serve as a synthetic handle upon which the 
tryptamine side chain could be appended at a later stage of the synthesis.  

 
Scheme 88 Synthesis of chlorinated sp3 arylation substrate 330 
 
2.6.3.1 Sp3 Arylation of Chlorinated Pyrroloindole 330 with Aryl Iodide 142 
Upon subjecting 330 to the optimised sp3 arylation conditions with aryl iodide 142, the products 
331 and 319 were isolated in a combined 26% yield (Scheme 89). We were pleased to note that 
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330 was formed solely as the cis-C-1 arylated product (as confirmed by NOE analysis) and that 
the yield was better than our previous pyrroloindole sp3 arylations. However, isolation of cross-
coupled product 319 was undesirable, and its formation is discussed below. 

 
Scheme 89 Sp3 arylation of 330 
 
2.6.3.2 Formation of Side Product 319 
The cross coupling of two aryl halides under palladium catalysis is facilitated by Pd0,193-195 
which is typically formed by reduction of a PdII species with concomitant oxidation of a 
ligand.196 Under our sp3 arylation conditions, this could occur by generation of quinoline oxide 
332 from PdII species 333 (Scheme 90). The generation of active Pd0 species from PdII and a 
quinoline ligand has been described previously in the literature,197 and would likely take place 
following a similar mechanism to that postulated herein. Oxidative addition of Pd0 species 332 
into the carbon-iodine bond of aryl iodide 142 gives PdII species 334, which could fragment 
under the aqueous conditions used, thereby providing quinoline N-oxide 335 and PdII species 
336. Although N-oxide 335 was not isolated from the reaction mixture, this could be due to its 
high water solubility,198 which would cause it to be lost during aqueous workup. PdII species 
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336 could then undergo oxidative addition with substrate 330 to give PdIV species 337, which 
would reductively eliminate to give the coupled product 319.195 This side reaction was 
undesirable, and as such we considered an alternative C-9 substituent which would be inert to 
the sp3 arylation conditions. 

 
Scheme 90 Postulated mechanism for the formation of cross-coupled product 331 

 
2.6.4 Alternative Sp3 Arylation Strategy 3 
We identified the 9-methyl substituted 338 as an attractive sp3 arylation substrate, as the methyl 
group would not interact with the palladium catalyst and is small enough to not restrict the sp3 
arylation. Furthermore, an efficient dipolar cycloaddition approach to the carboxylic acid 339 
has been described in the literature (Scheme 91).199,200 Following the desired sp3 arylation of 
338, manipulation of the methyl group to the tryptamine side chain could be achieved by a 
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benzylic oxidation of 340 to give aldehyde 341,201,202 which could be further elaborated to 342 
by well-established methods.  
 

 
Scheme 91 Proposed synthesis and functionalisation of 338 
 
2.6.4.1 Synthesis of C-9 Methyl Pyrroloindole 338 
The synthesis of carboxylic acid 339 began with alkylation of skatole 343 with alkyl iodide 
344 to give 345 in excellent yield (Scheme 92).199 The key dipolar cycloaddition between 
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indole 345 and maleic anhydride 346 in the presence of silver fluoride gave a mixture of 
monoacid 339 and the diacid 347, which could be converted entirely to the monoacid by 
performing a separate thermal decarboxylation step under vacuum. Coupling of 339 with 8-
aminoquinoline gave the desired sp3 arylation substrate 338. 

 
Scheme 92 Synthesis of C-9 methyl sp3 arylation substrate 338 

 
2.6.4.2 Sp3 Arylation of Methylated Pyrroloindole 338 with Aryl Iodide 176 
Our previous pyrroloindole sp3 arylation studies had shown the C-1 position to be most 
reactive, and as such we carried out the sp3 arylation reaction with resorcinol-derived aryl 
iodide 176 under the previously optimised reaction conditions (Scheme 93). Although C-1 
arylated product 348 was the major product from the reaction, the yield was low. Interestingly, 
regioisomer 349 was also isolated, the first time we had observed sp3 arylation at the C-3 
position. Both sp3 arylated products 348 and 349 were formed as the cis-isomers, as confirmed 
by NOE analysis. Upon further reading, it appears that the undesired regioisomer 349 is a rare 
example of an amide-directed sp3 arylation adjacent to a heteroatom. To the best of our 
knowledge, the only previous example of an amide-directed sp3 arylation reaction occurring 
adjacent to a heteroatom is a recent report by Parella and Babu that details the sp3 arylation of 



100 
 

 

benzodioxane derivative 350 (Scheme 93, bottom).114 Thus, the formation of side product 349 
is the first report of an amide-directed sp3 arylation occurring adjacent to nitrogen. 

 
Scheme 93 Sp3 arylation of 338 (top) and a reported sp3 arylation adjacent to a heteroatom (bottom) 
 
2.6.4.3 Sp3 Arylation of Methylated Pyrroloindole 338 with Aryl Iodide 142 
Although the sp3 arylation reaction between pyrroloindole 338 and resorcinol-derived aryl 
iodide 176 had enabled regioselective access to the correctly functionalised product 348, the 
yield of this reaction was disappointingly low. As C-3 regioisomer 349 was isolated as a side 
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product from this reaction, we considered whether pyrogallol-derived aryl iodide 142 might 
also undergo sp3 arylation at C-3, thereby enabling a more efficient approach to yuremamine 
(Scheme 94). However, no C-3 arylated product 351 was isolated upon exposing pyrroloindole 
338 and aryl iodide 142 to the optimised sp3 arylation conditions, with only the C-1 arylated 
product 352 observed. The cis-configuration of the major product of this sp3 arylation (352) 
was readily confirmed by NOE analysis. A second product was also isolated from the reaction, 
which was ultimately identified as the isomerised product 353. 

 
Scheme 94 Sp3 arylation of 338 with aryl iodide 142 
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We considered that the formation of unexpected aryl migration product 353 was due to the 
slow rate of the reductive elimination step for this pyrroloindole sp3 arylation reaction (Scheme 
95). As such, ligand exchange of PdIV species 354 with TFA may compete with this reductive 
elimination, giving trifluoroacetate 355. An sp2 C-H activation may then take place, giving 
PdII-benzyne complex 356. Palladium-benzyne complexes have been frequently invoked as 
reaction intermediates in the literature,203-207 and the generation of benzyne 357 from aryl-
palladium species 358 and a weak base has been reported (Scheme 95, below).203 From this 
proposed benzyne intermediate (356), the PdIV species 355 may be regenerated (red arrows), 
or isomerised complex 359 may be formed (blue arrows). Reductive elimination of 359 would 
give the aryl migration product 353.  
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Scheme 95 Rationalising the formation of side product 353 
 
2.6.4.4 Synthesis of Diarylated Pyrroloindole 360 Related to Yuremamine 
As the sp3 arylation of pyrroloindole 338 with pyrogallol 142 did not enable access to the 
desired C-3 arylated product 351, we pressed on with conducting a second sp3 arylation on the 
C-1 arylated pyrroloindole 348. Upon exposing this substrate to forcing sp3 arylation conditions 
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(stoichiometric palladium and extended reaction time) a product was isolated with 
spectroscopic data indicating the presence of both a resorcinol and a pyrogallol group, which 
confirmed that the second sp3 arylation had successfully occurred at C-3 (360, Scheme 96). 
However, after detailed NMR analysis it became clear that the aryl groups were in a 1,3-trans-
relationship. 

 
Scheme 96 Synthesis of diarylated pyrroloindole 360 
 
2.6.4.4.1 Stereochemical Assignment of Diarylated Pyrroloindole 360 
While NOE analysis revealed an interaction from H-2 to H-1 and H-2 to H-3 (Figure 11, red 
arrows), no correlation was observed between H-1 and H-3, which would be expected if these 
protons were in a cis configuration. Furthermore, NOE correlations from the resorcinol ring to 
both H-2 and H-3 were observed (blue arrows), as was a correlation from the pyrogallol ring 
to H-1 (green arrow). This strongly suggested that H-2 and H-3 are situated on the same face 
of the pyrrolidine ring as the C-1 aryl group (top face in Figure 11), whereas H-1 is situated on 
the same face of the ring as the C-3 aryl group (bottom face in Figure 11). 
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Figure 11 NOE correlations observed for 360 
 
As the 1,3-trans-diarylated product 360 was isolated, it was clear that epimerisation of the 
resorcinol group at C-1 had taken place at some stage during the sp3 arylation reaction, either 
before or after introduction of the second aryl group (Scheme 97). This isomerisation may have 
been caused by the basic conditions used to carry out the reaction. As such, deprotonation of 
348 would yield stabilised benzylic carbanion 361, which upon protonation would 
predominantly yield the more thermodynamically stable trans-isomer 362. Sp3 arylation of this 
substrate would then give the observed product 360. It is also possible that the order of events 
may be reversed, with the sp3 arylation event preceding epimerisation. Unfortunately, we were 
unable to isolate either 362 or 363 from the reaction mixture and thus validate either of these 
proposals. 
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Scheme 97 Base-mediated epimerisation for the formation of 360 

 

2.7 Concluding the Sp3 Arylation Approach to Yuremamine 
Although we had succeeded in synthesising the 1,3-diaryl substituted pyrroloindole core of 
yuremamine in a sequential, regioselective fashion, the undesired 1,3-trans-isomer 360 
obtained from this approach could not be further elaborated to the natural product. Furthermore, 
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the very low yields consistently obtained for these sp3 arylations rendered this approach 
indefensibly inefficient, and we made the decision to conclude our sp3 arylation approach to 
yuremamine.  
 

2.8 Summary of the Sp3 Arylation Approach to Yuremamine 
This chapter describes our endeavours towards the synthesis of yuremamine using iterative sp3 
arylation reactions to forge the diarylated pyrroloindole core of the natural product. Initial 
model studies using indane 163 demonstrated that the dimethoxymethyl protected aryl iodide 
176 gave better yields than the other resorcinol-derived aryl iodides 165-167 (Scheme 98, top), 
an outcome that is proposed to be due to a stabilising interaction between the methoxymethyl 
oxygen and the palladium centre in reaction intermediate 173. Substrate 163 underwent 
efficient sp3-arylation with the pyrogallol-derived aryl iodide 142. Importantly, all sp3 arylation 
reactions carried out on indane 163 proceeded with complete cis-selectivity. Attempting to 
improve the yields of the sp3-arylations using the 2-methylthioaniline directing group 187 or 
the monodentate perfluoroaniline directing group 195 was unsuccessful (Scheme 98, middle). 
Significantly, a second sp3 arylation on 178 gave the diarylated product 186 with the aryl 
groups in a cis-relationship, as would be required for the synthesis of yuremamine (Scheme 98, 
bottom). 
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Scheme 98 Sp3 arylation model studies 
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In order to apply the successful model studies to the total synthesis of yuremamine, we initially 
targeted pyrroloindole 205 bearing the 8-aminoquinoline directing group (Scheme 99). 
Although the pyrroloindole core 231 could be readily accessed using an acylation/N-arylation 
strategy, its reduction was unsuccessful. The reduction of tryptamine derivative 255 also failed, 
thus thwarting this approach to directing group-appended 205. 

 
Scheme 99 Unsuccessful approach to sp3 arylation precursor 205 
 
Due to the failed strategy outlined in Scheme 99, an alternative approach starting from 4-
hydroxyproline 257 was devised. Grignard addition of 270 to prolinal derivative 304 was 
followed by deprotection and N-arylation to give pyrroloindole 301 (Scheme 100). Oxidation 
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of 301 enabled access to ester 312, which underwent hydrolysis and amide coupling with 8-
aminoquinoline to give the sp3 arylation precursor 308. 

 
Scheme 100 Successful synthesis of directing group-appended pyrroloindole 308 
 
Although sp3 arylation of pyrroloindole 308 was successful for both of the aryl iodides 142 and 
176 identified in the model studies, the dominant product in both cases was the sp2 arylated 
product (Scheme 101, 319 and 323). Attempting to carry out the sp3 arylation reaction on the 
tryptamine derivative 325 was unsuccessful, with no arylated product observed. Employing 
chlorinated substrate 330 in the sp3 arylation reaction gave better yields of sp3 functionalised 
product 331, however the cross-coupled product 319 was also observed. C-1-regioselectivity 
and cis-diastereoselectivity were observed for all successful sp3 arylation reactions. 
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Scheme 101 Sp3 arylation of pyrroloindoles 308, 325, and 330 



112 
 

 

We next turned our attention to the methylated sp3 arylation substrate 338, which was readily 
accessible from the known carboxylic acid 339. Reaction of pyrroloindole 338 with resorcinol-
derived aryl iodide 176 was carried out, giving the desired C-1-arylated product 348 along with 
small quantities of regioisomer 349 (Scheme 102). Attempting to selectively functionalise the 
C-3 position of pyrroloindole 338 by an sp3 arylation reaction with pyrogallol aryl iodide 142 
was unsuccessful, with only the C-1-arylated product 352 and aryl migration product 353 
observed. Subjecting 348 to a second sp3 arylation with aryl iodide 142 gave sp3 arylated 
product 360, which possessed the aryl groups in a 1,3-trans relationship resulting from an 
undesired epimerisation that occurred under the reaction conditions. Despite not completing 
the total synthesis of yuremamine using this approach, we had synthesised the core of the 
natural product using iterative C-H arylations. 
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Scheme 102 Sequential sp3 arylations of pyrroloindole 338 
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Chapter Three: Biomimetic Total Synthesis and Structural Revision of Yuremamine 
  

CHAPTER THREE 
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3.1 Biomimetic Approach to Yuremamine 
As our attempts at synthesising yuremamine using an sp3 C-H arylation approach had proved 
unsuccessful, we considered pursuing a biomimetic synthesis of the natural product. The use 
of biosynthetic considerations to guide a chemical synthesis of a natural product is an approach 
which has been shown to be effective for almost a century.208 Since Robinson first outlined the 
foundations of biomimetic synthesis, many classes of natural products have been synthesised 
using an approach which was based on the biosynthesis (either known or proposed) of a natural 
product.209,210  
 

3.2 Representative Examples of Biomimetic Syntheses 

3.2.1 (±)-Tropinone 
Robinson’s pioneering synthesis of tropinone in 1917 was the first example of a biomimetic 
synthesis,211 and was remarkable for its brevity and high overall yield in comparison with the 
previously reported synthesis by Willstätter (Scheme 103).212 Whereas the previous synthesis 
required 21 steps and gave an overall yield of less than 1%, Robinson’s synthesis delivered 
tropinone in a synthetically useful 42% yield from readily available starting materials.213 
Condensation of methylamine and succindialdehyde gave pyrrolidine 364, which reacted with 
acetonedicarboxylic acid (365) to form the tropane skeleton. Addition of hydrochloric acid 
caused decarboxylation, delivering tropinone (366) in a one-pot process.  
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Scheme 103 Robinson’s biomimetic synthesis of tropinone 
 
3.2.2 (±)-Sparteine 
A bioinspired synthesis of (±)-sparteine was realised by van Tamelen and co-workers in 1960, 
with the simple starting materials piperidine, formaldehyde and acetone undergoing a one-pot 
double Mannich reaction to give 367 (Scheme 104).214 Mercuric acetate oxidation gave 
dialdehyde 368, which generated 8-ketosparteine 369 in situ, enabling access to sparteine 370 
following Wolff-Kishner reduction of the ketone. Although assumed biosynthetic precursor 
369 was later shown not to be involved in the biosynthesis of sparteine,215 this synthesis was 
nevertheless notable for its exceptional simplicity and for the formation of four stereocentres 
in a single step (367 → 369).210 
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Scheme 104 Van Tamelen's synthesis of (±)-sparteine 
 
3.2.3 Salutaridine 
In 1963, Barton and co-workers reported the intramolecular biomimetic oxidative phenolic 
coupling of reticuline (371) to salutaridine (372, Scheme 105).216,217 Although the yield of this 
reaction was extremely low, it was nonetheless significant, as it corroborated earlier proposals 
as to the biogenesis of the morphine alkaloids.209,218 
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Scheme 105 Barton's synthesis of salutaridine 
 
3.2.4 (±)-Carpanone 
The synthesis of (±)-carpanone by Chapman and co-workers was accomplished by oxidative 
dimerization of 373 with palladium chloride to yield intermediate 374, which is ideally aligned 
for the subsequent intramolecular hetero Diels-Alder reaction, delivering (±)-carpanone (375) 
in 46% yield in a single step (Scheme 106).219 An astonishing five contiguous stereocentres 
were generated in the one-pot reaction. 
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Scheme 106 Chapman's synthesis of (±)-carpanone 
 
3.2.5 (±)-Bisorbicillinol and (±)-Bisorbibutenolide 
Nicolaou and co-workers demonstrated the use of a biomimetic [4+2]-cycloaddition in a highly 
concise synthesis of (±)-bisorbicillinol 376 and (±)-bisorbibutenolide 377 (Scheme 107).220 
Basic hydrolysis of acetate 378 led to a tautomeric mixture of 379 and 380, which were able to 
act as diene (379) and dienophile (380) in a Diels-Alder reaction to give the natural product 
376. A further biomimetic transformation enabled access to related natural product 377 by base 
mediated rearrangement. 
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Scheme 107 Nicolaou's synthesis of (±)-bisorbibutenolide 
 

3.3 Proposed Biosynthesis of Yuremamine 
While an established biosynthesis of a natural product is desirable before embarking on a 
biomimetic synthesis,209,210 no biosynthesis had been proposed in the report describing the 
isolation of yuremamine. As such, we had to develop our own biosynthetic hypothesis. To do 
this, we first considered what other classes of natural product had been previously isolated from 
Mimosa tenuiflora.7  
 
3.3.1 Natural Products from Mimosa Tenuiflora 
3.3.1.1 Chalcones and Phenoxychromones 
The chalcone structure is typified by two benzene rings linked by an enone functionality.221 
The chalcone natural products kukulkalin A (Figure 12, 381) and B (382) were isolated in 1989 
by Williams.222 In 2006 Fukuyama and co-workers reported the isolation of a number of 
chalcones, all of which had been previously isolated from other plant sources.223 
Phenoxychromones (383-385), which possess chromane and phenoxyl moieties linked by an 
ether bond, have also been reported.224 
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3.3.1.2 Flavonoids  
Flavonoids are natural products which possess a chromane core with a phenyl group on the 
heterocyclic ring (Figure 12, flavonoid core highlighted in blue), and are perhaps the most 
abundant natural product class to have been isolated from Mimosa tenuiflora. Flavanones (386-
392), flavonones (393-399), and a flavan-3-ol (catechin, 400) have all been isolated from the 
plant.223,225,226  
3.3.1.3 Steroids and Alkaloids 
A small number of terpene-derived natural products have been reported, including the 
mimonosides (401-403).223,227,228 Finally, a number of alkaloids have been isolated from 
Mimosa tenuiflora, including dimethyltryptamine (DMT, structure highlighted in red, 1), 
serotonin (404) and, of course, yuremamine (2).6,8-10 
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Figure 12 Representative natural products from Mimosa tenuiflora 
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3.3.1.4 Natural Products Relevant to Yuremamine’s Proposed Biosynthesis 
The indole fragment of yuremamine (2) is clearly derived from DMT (1, Figure 12) and indeed 
DMT is abundant in Mimosa tenuiflora (0.1-0.9% dry weight).6,8-10,229 The presence of oxygen-
rich aromatic rings in yuremamine suggests that this portion of the natural product is derived 
from a flavonoid, an abundant class of natural compounds present in Mimosa tenuiflora (Figure 
12). Thus, our early thoughts were that yuremamine is a flavoalkaloid.230,231 
 
3.3.2 Lotthanongine 
Having proposed that yuremamine is a flavoalkaloid, we next considered how the natural 
product structure could be formed. A survey of the literature uncovered the tryptamine-
flavonoid hybrid lotthanongine 405 (an obvious hybrid of the natural products hygarine 406232 
and leucopelargonidin 407233), isolated from Trigonostemon reidioides (Scheme 108, 
top).234,235 By constructing a hypothetical biosynthetic intermediate to yuremamine based on 
the lotthanongine scaffold, we arrived at compound 408, a hybrid of the natural products DMT 
and leucorobinetinidin (409, Scheme 108, bottom).236 Although leucorobinetinidin has not 
been detected in Mimosa tenuiflora, the documented abundance of flavonoids from this plant 
suggests that its presence is certainly plausible. It is noteworthy that our proposed biosynthetic 
precursor 408 has the same molecular formula as yuremamine, making 408 and 2 regioisomers. 
We next considered how the hypothetical intermediate 408 may undergo a skeletal 
rearrangement to form yuremamine. 
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Scheme 108 Lotthanongine-inspired yuremamine biosynthetic precursor 
 
3.3.3 Proposed Skeletal Rearrangement 
Clearly, the heterocyclic flavan-3-ol ring in 408 is not present in yuremamine and as such an 
investigation into the documented rearrangement reactions of flavan-3-ols was performed. We 
uncovered literature evidence that flavan-3-ol derivatives can undergo rearrangement resulting 
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from C-O bond scission, which can take place under either acidic or basic conditions,237,238 or 
photochemically.239 The rearrangement of condensed tannins240 to their regioisomeric 
‘phlobatannins’ (Scheme 109, top)237 involves the generation of quinone methide (410), which 
is trapped by a nearby phenolic oxygen (illustrated in blue), to yield a regioisomer of the 
original flavanol dimer (411). A similar process has been observed in the rearrangement of 
phlorglucinol-flavanol hybrid 412 to regioisomeric 413 under irradiation at 350 nm (Scheme 
109, below).239,241 Under these photochemical conditions it is possible that a homolytic C-O 
bond scission is the dominant pathway.242 It is interesting to note that these rearrangements 
diastereoselectively form the cis-1,3-diarylated products, as is seen in the natural product 
yuremamine. 
 

OH

HO O
OH

OH

HOOH
HO

O

OHHO

HO

O
HO

O

OHHO

HO

HO OH
OH

OH

OH

OHO

HO OH
OH

OH

HOOH
HO

O

OHHO

HO

H+ or
OH-

OH

HO O

OH

HOOH
HO

OH

O
HO

OH

HO OH

OH

OH

OHO

HO OH

OH

HOOH
HO

OH
h

hydrogen
transfer

410 411

412 413

aryl
groups
cis

aryl
groups
cis

 
Scheme 109 Skeletal rearrangement of flavan-3-ols 
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3.3.3.1 Skeletal Rearrangement of 408 to Yuremamine 
Using the known flavan-3-ol rearrangements shown in Scheme 109 to guide a proposed 
biosynthesis of yuremamine, we envisaged that the flavanoidal-indole 408 undergoes an initial 
ring opening to quinone methide 414. The nucleophilic indole nitrogen then traps the 
electrophilic quinone methide and forms the desired pyrroloindole structure possessing the aryl 
groups in a cis-relationship (Scheme 110). As yuremamine was isolated from the stem bark of 
Mimosa tenuiflora we postulate that this final biosynthetic step is initiated by sunlight.6 

 
Scheme 110 Proposed biosynthesis of yuremamine 
 

3.4 Synthesis of the Proposed Biosynthetic Precursor 408 
In order to test our proposed biosynthesis of yuremamine, a synthesis of the flavanoidal indole 
408 was required. In keeping with a biomimetic approach, the condensation of DMT and 
leucorobinetinidin (a flavan-3,4-diol) was an obvious strategy to pursue (Scheme 111). This 
coupling would need to be β-diastereoselective so that the ensuing skeletal rearrangement 
provides yuremamine with the aryl groups in a 1,3-cis relationship. 
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Scheme 111 Proposed biomimetic synthesis of flavanoidal indole 408 
 
3.4.1 Reaction of Flavan-3,4-diols with Nucleophiles 
Flavan-3,4-diols react with nucleophiles under Lewis acid catalysis, as the benzylic alcohol is 
activated by the presence of the para-phenol on the chromane aromatic ring (Scheme 
112).240,243 Loss of water yields para-quinone methide 415, which is highly susceptible to 
attack by nucleophiles,240 including azides,244 thiols,240,245 silyl ketene acetals,244 allyl 
stannanes,244,245 and electron rich aromatic rings.234,240,244-247 As the reaction proceeds through 
an sp2 intermediate, two diastereomers, 416 (α-isomer, nucleophile cis to flavonoid aryl group) 
and 417 (β-isomer, nucleophile trans to flavonoid aryl group), can be formed.  

 
Scheme 112 Lewis acid promoted reaction of flavan-3,4-diols with nucleophiles 
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The C-2 position of indoles is known to be nucleophilic248 and as such, DMT would be 
expected to be a suitable substrate for the condensation reaction proposed in Scheme 113. 
Indeed, a highly similar reaction has been reported by Suzuki during the total synthesis of 
lotthanongine (Scheme 113).234 The disilylated flavan-3,4-diol derivative 418 reacted readily 
at the indole C-2 of 419, with a range of diastereoselectivities for flavanoidal indole product 
420 observed in the presence of different Lewis and Brønsted acids. A model study carried out 
during the same work gave a surprisingly different range of diastereoselectivities for 
flavanoidal indole 421 when indole 422 was reacted with flavan-3,4-diol 423, indicating that 
even subtle modifications in the coupling partners can have profound stereochemical effects. 
The dominance of the β-isomer in all cases is encouraging, as our desired rearrangement 
precursor 408 possesses this relative stereochemistry. 
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Scheme 113 Reaction of indoles with flavan-3,4-diol derivatives 
 
3.4.2 Diastereoselectivity in the Reaction of Flavan-3,4-diols with Nucleophiles 
As a β-selective synthesis of 408 was required, some discussion regarding how this 
diastereoselectivity arises when nucleophiles react with flavan-3,4-diol-derived quinone 
methides is necessary. 
3.4.2.1 Steric Effects due to the Electrophile 
The origin of diastereoselectivity in the reaction of flavan-3,4-diol derived quinone methides 
with various nucleophiles has been the subject of much discussion in the literature.244,245,249-251 
The steric demand of substituents on the electrophile is an important factor, with both the 2-
aryl group and the 3-hydroxyl group capable of dictating the diastereoselectivity of the reaction 
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(Scheme 114).245,250,252 For example, the reaction of epicatechin derivative 424 (2- and 3-
substituents cis) with catechin derivative 425 gave exclusively the β-isomer 426, as the lower 
face of quinone methide 427 is blocked by both the hydroxyl and aryl groups (Scheme 114, 
top).252 However, when the groups at the 2- and 3-positions are in a trans-relationship (428), a 
mixture of products (429) is generally obtained, as no definitive steric bias is present in the 
quinone methide intermediate 430 (Scheme 114, bottom).245 
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Scheme 114 Diastereoselectivity in the reaction of flavan-3,4-diol-derived quinone methides with nucleophiles 
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3.4.2.2 Influence of the Nucleophile 
Although the steric bias of the electrophile is an important factor in determining the 
stereochemical outcome of flavan-3,4-diol condensation reactions, the nature of the 
nucleophile has also been shown to be of great importance.244,245 The reaction of catechin 
derivative 423 with 431 gave the α-isomer 432 as the major product, whereas a complete 
reversal of diastereoselectivity was observed for the reaction of 423 and 433, with β-isomer 
434 shown to be the major product (Scheme 115). To rationalise this surprising result, Suzuki 
and co-workers proposed that two distinct reaction pathways are in operation.244 Attack by 
nucleophile 433 at the α-face of quinone methide 435 would give an initial product (436) which 
is in an unstable conformation, requiring conformational change to place the bulky nucleophile 
into the favoured pseudo-equatorial position 437 (Scheme 115, middle). In contrast, attack at 
the β-face gives stable conformer 434 directly, which would be expected to be a lower energy 
process, hence implying that the β-product is the kinetically favoured product. However, when 
nucleophile 431 attacks at the β-face of quinone methide 435, intermediate 438 is formed 
(Scheme 115, bottom). The formation of 438 has been proposed to be reversible, and as such 
attack at the α-face becomes the dominant pathway for 431, as it yields the thermodynamically 
more stable product 432.244  
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Scheme 115 Kinetic and thermodynamic aspects of the reaction of flavan-3,4-diols with nucleophiles 
3.4.3 Retrosynthetic Analysis of 408 
Having thus ascertained the plausibility of our desired biomimetic rearrangement, and having 
thoroughly investigated the diastereoselective formation of the biosynthetic precursor 408, the 
synthesis of the flavan-3,4-diol 439 was considered (Scheme 116). An appropriately protected 
variant of flavan-3,4-diol 439 can be readily attained by dihydroxylation of the known flavene 
440,234,249,253,254 accessible by reduction-cyclisation of chalcone 441, which is itself available 
by the condensation reaction between readily available acetophenone 442255 and benzaldehyde 
443.256 
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Scheme 116 Retrosynthetic analysis of yuremamine 
 
3.4.4 Synthesis of Benzaldehyde 443 and Acetophenone 442 
Synthesis of benzaldehyde 443 began with Fischer esterification of gallic acid (444) followed 
by benzylation, delivering the tetraprotected gallic acid derivative 445 in 87% yield after 
recrystallization (Scheme 117).256 Reduction of the ester using lithium aluminium hydride and 
oxidation of the resultant alcohol gave benzaldehyde 443 in 75% yield.256 Selective 
monobenzylation of dihydroxyacetophenone (446) gave the desired acetophenone fragment 
442 in 83% yield.255 
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Scheme 117 Synthesis of 442 and 443 
 
3.4.5 Synthesis of Flavan-3,4-diol 439 
As the synthesis of flavene 440 had been described previously,254 this procedure was 
followed.249 Unfortunately, attempted condensation of 442 and 443 using sodium hydride as 
base in dimethylformamide solvent gave the hydroxyketone intermediate 447 as the major 
product, with only traces of the desired chalcone 441 isolated (Scheme 118). Changing the base 
to potassium hydroxide in methanol257 alleviated this issue, giving chalcone 441 in good yield. 

 
Scheme 118 Synthesis of chalcone 441 
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With chalcone 441 in hand, the reduction-cyclisation-dihydroxylation sequence was next 
investigated. Following the literature method, reduction of chalcone 441 with sodium 
borohydride in THF/EtOH gave allylic alcohol 448, and not the expected flavene 440 (Scheme 
119).254 As a result, the allylic alcohol was treated with boron trifluoride in ethyl acetate, giving 
flavene 440.249 Upjohn dihydroxylation258 gave diastereomerically pure (±)-439 in 54% yield 
from 441 (3 steps).  

 
Scheme 119 Synthesis of flavan-3,4-diol (±)-439 
 
3.4.5.1 Upjohn Dihydroxylation 
Upjohn dihydroxylation enables catalytic use of osmium tetroxide, a highly toxic and 
expensive reagent, with the osmium being reoxidised using a cheaper and safer amine N-
oxide.258 The mechanism of the Upjohn dihydroxylation is outlined in Scheme 120. Bulky 
osmium tetroxide approaches the alkene from the least hindered face, which is the source of 
the high diastereoselectivity of the reaction.259 A [3+2] cycloaddition reaction gives osmacycle 
449, with osmium reduced from OsVIII to OsVI.260 The osmium species is then reoxidised by N-
methylmorpholine N-oxide (the terminal oxidant), giving OsVIII species 450, with N-
methylmorpholine formed as a byproduct of the reaction.261 Water breaks down the osmacycle, 
giving the desired diol product 439, along with regeneration of the catalytically active OsO4 
species.261 
 



138 
 

 

 
Scheme 120 Mechanism of the Upjohn dihydroxylation 
 
3.4.6 Coupling of DMT and Flavan-3,4-diol 439 
Having secured a concise, high-yielding route to flavan-3,4-diol 439, we next turned our 
attention to its coupling with DMT (Scheme 121). Knowing that flavan-3,4-diols can 
themselves act as nucleophiles,246 we decided to use an excess of DMT, thus minimising the 
possible formation of flavanol oligomers. Furthermore, the basic dimethylamine side chain in 
DMT is able to chelate Lewis acids,262 and as such we also decided to use an excess of the 
Lewis acid. Gratifyingly, the flavanoidal indole 451 was formed in 56% yield when using 
BF3·OEt2 to couple 1 and 439, albeit as a mixture of diastereomers (α:β = 20:80; diastereomeric 
ratio calculated by 1H NMR analysis). The diastereoselectivity decreased when using TiCl4263 
as Lewis acid (α:β = 35:65, 46% overall). Pleasingly, the use of trimethylsilyl-trifluoromethane 
sulfonate234,264 gave almost exclusively the desired β-isomer with good overall yield (α:β = 
3:97, 59%).  
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Scheme 121 Lewis acid screen for diastereoselective flavanoidal-indole synthesis 

  
3.4.6.1 Origin of the β-Selectivity 
As discussed previously, indole-flavanoid condensation reactions have been shown to strongly 
favour formation of the β-isomer.234 In line with these results, all Lewis acids employed herein 
have demonstrated β-selectivity, but at varying levels (Scheme 121). In particular, the reaction 
of 1 and 439 in the presence of titanium tetrachloride or trimethylsilyl-trifluoromethane 
sulfonate gave substantially different diastereomeric ratios (α:β = 35:65 and 3:97, respectively), 
and as such we considered the reason for these contrasting results. 
The dominant pathway for both Lewis acids is the formation of quinone methide 415, which is 
attacked in an SN1 fashion to give the kinetically favoured product β-451 (Scheme 122; see 
also Scheme 115). However, the tris-chelated flavan-3,4-diol 452 forms upon exposure of 
flavan-3,4-diol 439 to titanium tetrachloride, which opens the α-face up to an SN2-type attack 
and hence results in the formation of significant quantities of α-451 for this Lewis acid.249,265 
Trimethylsilyl-trifluoromethane sulfonate is unable to simultaneously chelate multiple Lewis 
basic sites,266 and as such formation of the kinetic product β-451 is overwhelmingly 
favoured.234,244 
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3.4.7 Synthesis of Flavanoidal Indole 408 
With a route to the benzyl-protected flavanoidal indole 451 secured, global deprotection was 
carried out under well-established hydrogenolysis conditions, giving the desired biomimetic 
substrate 408 in virtually quantitative yield (Scheme 123).267  

 
Scheme 123 Synthesis of flavanoidal indole 408 
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3.5 Characterisation of Flavanoidal Indole 

3.5.1 Comparison of Flavanoidal Indole 408 to Yuremamine 
While spectroscopic analysis of flavanoidal indole 408 was being carried out, we were struck 
by how similar its NMR data was to that reported for the natural product yuremamine (Table 
11).6 The NMR data were incredibly similar, except for the peaks related to the 
dimethyltryptamine side chain. Most notably, the chemical shift of the NMe2 group appeared 
as a singlet in 408, but as two peaks in both the 1H and 13C NMR spectra of the natural product 
(Table 11, Figures 13 and 14).6 
Table 11 Comparison of NMR data for 2 and 408 

Atom 
Yuremamine 2 (CD3OD) Flavanoidal indole 408 (CD3OD) 

1H (500 MHz) 13C (125 
MHz) 1H (500 MHz) 13C (125 

MHz) 
A 3ʺ /5ʺ - 147.3 - 147.2 

A 4 - 132.2 - 132.2 
A 2ʺ /6ʺ 6.39 (2 H, d, J = 0.65) 105.9 6.38 (s) 105.5 

A 1ʺ - 133.9 - 133.9 
B 4a - 137.7 - 137.6 
B 5 7.32 (ddd, 8.2, 1.0) 112.3 7.28 (1 H, d, 7.9) 112.1 
B 6 7.09 (ddd, 8.2, 7.1, 1.1) 122.6 7.04 (1 H, ‘td’, 7.6, 

0.8) 122.3 
B 7 7.04 (ddd, 8.0, 7.1, 1.0) 120.2 6.99 (1 H, ‘td’, 7.3, 

0.8) 119.8 
B 8 7.53 (ddd, 8.0, 1.1) 118.4 7.50 (1 H, d, 7.7) 118.5 
B 8a - 128.5 - 128.6 
C 9 - 108.0 - 110.2 
C 9a - 136.5 - 135.9 
D 1 4.26 (dd, 3.9, 1.0) 36.4 4.20 (t, 3.7) 35.5 
D 2 4.22 (dd, 4.9, 3.9) 71.8 4.23 (d, 3.1) 71.9 
D 3 5.17 (dt, 4.9, 0.7) 81.3 5.20 (d, 3.9) 81.6 
E 1ʹ - 113.6 - 113.9 
E 2ʹ - 158.9 - 158.7 
E 3ʹ 6.48 (d, 2.5) 103.8 6.49 (d, 2.4) 103.6 
E 4ʹ - 156.0 - 155.9 
E 5ʹ 6.30 (dd, 8.4, 2.5) 109.7 6.27 (dd, 8.4, 2.4) 109.4 
E 6ʹ 6.51 (dd, 8.4, 1.0) 131.3 6.45 (d, 8.4) 131.2 

CCH2 3.29-3.20 (1 H) 20.9 2.67-2.60 (1 H) 21.9 
CH2N 3.11-3.00 (3 H) 59.5 2.94-2.73 (3 H) 60.7 
NMe 2.82 43.8 2.42 44.4 NMeʹ 2.76 43.4 
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Figure 13 1H NMR spectra of yuremamine (above, spectrum provided by Prof. Juoko Vepsäläinen) and 
flavanoidal indole 408 (below) 
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Figure 14 13C NMR spectra of yuremamine (above, spectrum provided by Prof. Juoko Vepsäläinen) and 
flavanoidal indole 408 (below) 

 
3.5.2 Synthesis of 408·TFA 
Considering it highly unlikely that structurally distinct pyrroloindole 2 and flavanoidal indole 
408 would possess such similar NMR data, we re-examined the purification procedures used 
during the isolation of yuremamine, which revealed that the natural product had been subjected 
to reverse-phase chromatography using an eluent containing trifluoroacetic acid prior to 
spectroscopic analysis. As yuremamine was presumably characterised as its TFA salt,268 we 
proceeded to subject the flavanoidal indole 408 to reverse-phase chromatography (eluting with 
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0.1% aqueous trifluoroacetic acid in a gradient of 0-20% acetonitrile). Upon NMR analysis of 
the resulting TFA salt, the NMe2 group had split into two peaks in both the 1H and 13C NMR 
spectra and the spectroscopic data for the TFA salt of the flavanoidal indole 408 was now 
indistinguishable from that of yuremamine (Figure 15). 
 

 

 

 

 

 

Figure 15 Comparison of NMR spectra: a) 1H NMR spectrum of yuremamine; b) 1H NMR spectrum of flavanoidal 
indole 408·TFA; c) 13C NMR spectrum of yuremamine; d) 13C NMR spectrum of flavanoidal indole 408·TFA 
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To confirm that flavanoidal indole 408 and yuremamine were identical, we ran a 1H NMR of a 
sample co-spiked with authentic yuremamine and our synthetic material, which resulted in a 
single set of peaks (Figure 16).11 

 
Figure 16 1H NMR of co-spiked sample (2:3 mixture of authentic sample and synthetic 408·TFA) 

 
3.5.3 Possible Rearrangement of Flavanoidal Indole 408  
Having ascertained that we had indeed synthesised yuremamine (and that the originally 
published NMR data was for the TFA salt, rather than for the free base), we were confronted 
with the possibility that our flavanoidal indole 408 had spontaneously undergone the proposed 
biomimetic rearrangement to the pyrroloindole structure 2 (Scheme 124). This may have 
occurred under the hydrogenolysis conditions used to give 408, or during the subsequent work-
up or purification. As such, a detailed NMR analysis of synthetic 408 was performed. 
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3.5.4 Analysis of NMR Data for 408·TFA 
The key structural difference between pyrroloindole 408 and flavanoidal indole 2 which could 
be readily probed by NMR is the presence of an indole N-H in 408 and its absence in 2. As the 
isolation authors carried out all NMR experiments in deuterated methanol, only the C-H 
protons were observed. Hence, we ran a number of NMR experiments in deuterated DMSO, 
so as to determine the presence or absence of an indole NH. Gratifyingly, a 1H-15N HSQC 
experiment revealed that one of the heteroatom peaks in the 1H NMR spectrum correlated to a 
nitrogen atom, supporting the flavanoidal indole structure (Figure 17). 

 
Figure 17 1H-15N HSQC correlation for 408 

 
3.5.5 X-ray Analysis of 408 
Although the 1H-15N HSQC experiment strongly suggested that yuremamine possesses the 
flavanoidal indole structure, we sought to unequivocally prove this using X-ray 
crystallography. Unfortunately, in spite of extensive efforts, a suitable crystal of 408·TFA 
could not be obtained for X-ray crystallography experiments. However, recrystallisation of the 
free base gave crystals that were suitable for X-ray analysis, from which the structure 408 was 
obtained, clearly confirming the flavanoidal indole structure (Figure 18). We are unable to 
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deduce why the compound exists as its HCl salt, as the purification and crystallisation of 408 
did not involve exposure to hydrochloric acid, or any other source of chloride ions. 
Nonetheless, we were now certain that the isomerisation to the pyrroloindole structure had not 
occurred and thus we could confidently reassign the structure of the natural product 
yuremamine to the flavanoidal indole 408. 

 
Figure 18 X-ray crystallographic analysis of 408·HCl (CCDC Reference Number 1412600). Hydrogens and co-
crystallised THF molecules removed for clarity purposes. 
 
3.5.6 Comparison of NMR Data 
With the structural reassignment of yuremamine complete, we next set out to deduce how the 
isolation authors had arrived at the pyrroloindole structure 2, which is quite structurally distinct 
from the true structure of yuremamine. This investigation was greatly helped by Prof. Juoko 
Vepsäläinen providing an authentic sample of the natural product, along with all the initial 1D 
and 2D NMR spectra which were not available in the isolation report (See Figures 13-16).11 
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3.5.7 Analysis of the HMBC Data for Yuremamine and Flavanoidal Indole 408  
As can be seen in Figure 19, the HMBC spectra of the natural product and synthetic 408 are 
virtually identical. As the DMT component of both structures is the same, we focussed our 
attention on the regions of the HMBC spectra relating to the areas of the two structures that are 
clearly distinct (Figures 20 and 21).  

 

 
Figure 19 HMBC spectrum of yuremamine (provided by Prof. Juoko Vepsäläinen, 2005, above) and synthetic 
408 (below) 
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The majority of the correlations initially reported for the natural product are reasonable 2JH→C 
and 3JH→C couplings that support the pyrroloindole structure. However, the correlation from 
D3 to A4ʺ corresponds to an unlikely 5JH→C coupling that does not appear to fit the 
pyrroloindole 2 (Figure 20, highlighted in red). Furthermore, the weak correlation from D3 to 
E4ʹ was overlooked in the isolation report; had it been considered during the structural 
assignment it would likely have helped to rule out the pyrroloindole structure as it represents a 
highly unlikely 7JH→C coupling (Figure 20, highlighted in green). 
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Figure 20 HMBC spectrum of yuremamine (provided by Prof. Juoko Vepsäläinen, 2005) with selected 
correlations imposed on pyrroloindole structure 2 
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D3-A4ʺ 
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By placing these two erroneous correlations onto the flavanoidal indole structure 408, the 
extremely long range couplings have been revised to much more reasonable 2JH→C and 3JH→C 
correlations (Figure 21). From this, we can conclude that the HMBC data is in agreement with 
the revised structure, and not the originally proposed pyrroloindole. 

 
 
 

 
 
 
 
 
Figure 21 HMBC spectrum of 408·TFA with selected correlations imposed on flavanoidal indole structure 408 
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3.5.8 Reasons for the Chemically Non-Equivalent Dimethylamine Group 
A key conclusion drawn in the yuremamine isolation report was the presence of an 
intramolecular hydrogen bond between the NMe2 group and an adjacent phenol (2, Figure 22). 
This hydrogen bond was proposed to be the explanation as to why the NMe2 group appeared 
as two peaks in both the 1H and 13C NMR spectra.6 We have shown that this is not the case, 
and this peculiar splitting of the two methyl peaks is due to the NMR analysis being conducted 
on the TFA salt, as the dimethylamine appears as a single peak in the 1H and 13C NMR of the 
free base (See Figures 13 and 14). The quaternization of a dimethylamine group with TFA can 
result in non-equivalent chemical shifts of the methyl groups, as observed in the NMR of the 
dimethyltryptophan natural product amphibin A (453).269 This molecule gives a doublet of 
doublets for the dimethylamine moiety,269 similar to our observation of a pair of doublets in 
the 1H NMR and two peaks in the 13C NMR when 408·TFA was analysed in DMSO-d6 (Figure 
22).  
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Figure 22 Non-equivalent NMR chemical shifts of quarternised dimethylamines 
 

The non-equivalence of the methyl groups suggests that upon quarternisation with TFA the 
NMe2 group becomes locked in a conformation where each methyl group is chemically non-
equivalent. Using the X-ray structure of 408·HCl as a guide (see Figure 18), we propose 
constitutionally isomeric salts 454 and 455 to explain the non-equivalent chemical shifts 
observed for the methyl groups (Figure 23). Structure 454 shows the quarternary ammonium 
proton engaging in a strong hydrogen bond with a phenolic oxygen from the pyrogallol ring, 
with the TFA counterion not actively involved in hydrogen bonding (Figure 23, left). Another 
plausible structure involves the TFA counterion bridging the phenol and ammonium protons 
by an extended hydrogen bonding network (455, Figure 23, right). Both suggested structures 
454 and 455 would explain the non-equivalent chemical shifts for the methyl groups, as they 
would be locked in different chemical environments. 
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Figure 23 Proposed hydrogen-bonded structures causing the non-equivalent NMR chemical shifts of methyl 
groups 

 

3.6 Recently Reported Total Synthesis of Putative Yuremamine 
As this thesis was being prepared for submission, a report was published by Iwasawa and co-
workers detailing their total synthesis of the putative pyrroloindole structure of yuremamine.270 
The platinum-catalysed cyclisation of alkynylaniline 456 gave azomethine ylide 457, which 
underwent a dipolar cycloaddition reaction with alkene 458 (Scheme 125). The resulting 
platinum carbene 459 then underwent 1,2-alkyl migration to yield functionalised pyrroloindole 
460 in 84% yield.271,272 
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Scheme 125 Dipolar cycloaddition approach to the yuremamine core 

 
Introducing the resorcinol aryl group took place via synthesis of ketone 461, which was reacted 
with aryllithium reagent 462 (Scheme 126). Reduction and side-chain manipulation enabled 
access to the penta-allyl derivative of nominal yuremamine 463, which upon global 
deprotection gave the originally proposed structure of the natural product 2 (Scheme 126). The 
1H and 13C NMR spectra of 2 did not match the reported NMR data for yuremamine, and indeed 
this highly congested pyrroloindole structure was extremely unstable, degrading under the 
conditions used for the isolation of the natural product.6,270 Furthermore, the synthesis of all 
possible diastereomers of pyrroloindole 2 showed that none of the structures 464-466 (all of 
which were also highly unstable) had spectroscopic data that matched yuremamine. These 
findings corroborate our structural revision of yuremamine to a flavanoidal indole, and further 
highlight the power of applying biomimetic considerations to total synthesis studies.11 
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Scheme 126 Synthesis of nominal yuremamine 2 and diastereomers 464-466 

 

3.7 Summary of the Biomimetic Synthesis of Yuremamine 
This chapter describes the successful total synthesis and structural reassignment of the natural 
product yuremamine. We first proposed a biosynthesis of the natural product, which was built 
around the formation and skeletal rearrangement of flavanoidal indole 408 (Scheme 127). 
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Scheme 127 Proposed biosynthesis of yuremamine 

 
To test our biosynthetic hypothesis, we developed a diastereoselective synthesis of the 
hypothetical biosynthetic precursor (±)-408 from 444 and 446 (Scheme 128). The use of 
TMSOTf as Lewis acid was shown to be crucial for the selective condensation of (±)-439 and 
DMT, giving (±)-408 in excellent diastereomeric excess following global deprotection. Upon 
conversion of (±)-408 to its TFA salt, it became clear that the NMR data was identical to that 
of the natural product yuremamine. Detailed 2D NMR studies on the flavanoidal indole 408 
revealed a critical 1H-15N HSQC correlation and an HMBC correlation which all but confirmed 
the structural reassignment of yuremamine. Unequivocal proof was obtained by X-ray analysis 
of the flavanoidal indole 408, hence completing the structural reassignment of yuremamine 
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from the initially proposed pyrroloindole 2 to the flavanoidal indole 408 which we had initially 
proposed as a hypothetical biosynthetic precursor. Our structural revision of yuremamine was 
recently published in Chemical Communications.11 
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4.1 General 
Commercially available reagents were used throughout without purification unless otherwise 
stated. Anhydrous solvents were used as supplied. Tetrahydrofuran was distilled from sodium 
benzophenone ketyl under nitrogen atmosphere. Dichloromethane was distilled from calcium 
hydride under a nitrogen atmosphere. Ether refers to diethyl ether. All reactions were routinely 
carried out in oven-dried glassware under a nitrogen or argon atmosphere unless otherwise 
stated. Analytical thin layer chromatography was performed using silica plates and compounds 
were visualized at 254 and/or 360 nm ultraviolet irradiation followed by staining with either 
alkaline permanganate or ethanolic vanillin solution. Infrared spectra were obtained using a 
Perkin Elmer spectrum One Fourier Transform Infrared spectrometer as thin films between 
sodium chloride plates. Absorption maxima are expressed in wavenumbers (cm-1). Melting 
points were recorded on an Electrothermal melting point apparatus and are uncorrected. NMR 
spectra were recorded as indicated on a spectrometer operating at 300 MHz for 1H nuclei and 
75 MHz for 13C nuclei, 400 MHz for 1H nuclei and 100 MHz for 13C nuclei, or 500 MHz for 
1H and 125 MHz for 13C nuclei, respectively. Chemical shifts are reported in parts per million 
(ppm) relative to the tetramethylsilane peak recorded as  0.00 ppm in CDCl3/ TMS solvent, 
or the residual chloroform ( 7.26 ppm), DMSO ( 2.50 ppm) or methanol ( 3.31 ppm) peaks. 
The 13C NMR values were referenced to the residual chloroform ( 77.1 ppm), DMSO ( 39.5 
ppm) or methanol ( 49.0 ppm) peaks. 13C NMR values are reported as chemical shift , 
multiplicity and assignment. 1H NMR shift values are reported as chemical shift , relative 
integral, multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet), coupling constant 
(J in Hz) and assignment. Assignments are made with the aid of DEPT 135, COSY, NOESY, 
HMBC and HSQC experiments. Where coupling constants do not match to the nearest 0.1 Hz, 
the average of two values is reported. High resolution mass spectra were obtained by 
electrospray ionization in positive ion mode at a nominal accelerating voltage of 70 eV on a 
microTOF mass spectrometer. 
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4.2 Experimental Relating to Chapter Two 
2,3-Dihydro-1H-indene-2-carboxylic acid (161) 
 

 
An ethanolic solution of sodium ethoxide (5 mL, 1.64 M) was treated with dry diethyl ether 
(7.5 mL), followed by diethyl malonate (0.6 mL, 11.2 mmol). To this solution was added 
rapidly a solution of dibromo-o-xylene (940 mg, 3.6 mmol) in dry diethyl ether (7.5 mL). The 
solution was then stirred at reflux until completion, as determined by TLC analysis, whereupon 
the precipitate was left to settle and the solution was filtered. The filtrate was concentrated in 
vacuo to yield the crude diester, which was used directly in the next step without purification. 
The crude diester was taken up in water (10 mL), treated with potassium hydroxide (900 mg) 
and heated at reflux. Upon completion, the solution was cooled and acidified with 10% HCl 
solution, washed with hexanes (2 x 100 mL) and extracted with ethyl acetate (3 x 100 mL). 
The organic extracts were dried (sodium sulfate), filtered and concentrated in vacuo to yield 
the crude diacid as a colourless solid, which was used directly in the next step without 
purification. 
Dicarboxylic acid (300 mg, 1.46 mmol) was melted at 200 °C and heating maintained for 20 
minutes. Purification by flash chromatography on silica gel (1:1 ethyl acetate-hexanes) gave 
the title compound (230 mg, 1.41 mmol, 97%) as a colourless solid; m.p. 122-127 °C (Lit.273 
128 °C); δH (400 MHz, CDCl3) 10.70 (1 H, bs, COOH), 7.22-7.11 (4 H, m, 4 x ArH), 3.40-
3.31 (1 H, m, CH), 3.23-3.20 (4 H, m, 2 x CH2). Spectroscopic data consistent with the 
literature.273 
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N-(Quinolin-8-yl)-2,3-dihydro-1H-indene-2-carboxamide (163) 

 
To a solution of carboxylic acid 161 (162 mg, 1 mmol) in DCM (10 mL) was added 8-
aminoquinoline (288 mg, 2 mmol) followed by EDC·HCl (383 mg, 2 mmol) at 0 °C. The 
reaction mixture was stirred 24 hours, diluted with DCM (10 mL) and washed with 1 N HCl 
until the washings were colourless. The organic layer was washed with brine (10 mL), dried 
(sodium sulfate), filtered and concentrated in vacuo. Purification by flash chromatography on 
silica gel (1:2 ethyl acetate-hexanes) gave the title compound (183 mg, 0.64 mmol, 64%) as a 
pale yellow solid; m.p. 172-180 °C; νmax/cm-1 3324, 1677, 1519, 1483, 1319, 1158, 826, 748, 
691, 609, 417; HRMS Found: [M + Na]+ 311.1166. [C19H16N2O + Na]+ requires 311.1155; δH 
(400 MHz, CDCl3) 9.98 (1 H, s, NH), 8.80 (1 H, dd, J = 7.4, 1.7, ArH), 8.79 (1 H, dd, J = 4.2, 
1.6, ArH), 8.14 (1 H, dd, J = 8.2, 1.7, ArH), 7.55-7.47 (2 H, m, 2 x ArH), 7.44 (1 H, dd, J = 
8.2, 4.2, ArH), 7.28-7.16 (4 H, m, 4 x ArH), 3.57 (1 H, pent, J = 8.5, CH), 3.49-3.32 (4 H, m, 
2 x CH2); δC (100 MHz, CDCl3) 173.5 (C=O), 148.3 (CH), 141.9 (2 x C), 138.5 (C), 136.5 
(CH), 134.7 (C), 128.0 (C), 127.5 (CH), 126.8 (2 x CH), 124.5 (2 x CH), 121.7 (CH), 121.6 
(CH), 116.6 (CH), 47.4 (CH), 37.0 (2 x CH2). 
 
4-Iodobenzene-1,3-diol (165) 

 
To a solution of resorcinol (550 mg, 5 mmol) in dry ether (5 mL) was added slowly ICl (820 
mg, 5.05 mmol, 5.05 mL of a 1 M solution in DCM) in ether (5 mL) at 0 °C. The reaction 
mixture was stirred 2 hours, then quenched with a saturated aqueous sodium sulfite solution 
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(10 mL). The layers were separated and the aqueous layer extracted with ether (10 mL). The 
organics were dried (MgSO4), filtered and concentrated in vacuo. Purification by flash 
chromatography on silica gel (1:9 ethyl acetate-dichloromethane) gave the title compound as a 
colourless solid (685 mg, 2.9 mmol, 58%); m.p. 58-64 °C (Lit.110 67-70 °C), δH (400 MHz, 
CDCl3) 7.43 (1 H, d, J = 8.6, ArH), 6.55 (1 H, d, 2.8, ArH), 6.27 (1 H, dd, J = 8.6, 2.8, ArH), 
5.99 (2 H, very broad singlet, 2 x OH). Spectroscopic data consistent with the literature.110 
 
1,3-Diisopropoxybenzene (169) 

 
A sealed tube was charged with resorcinol (1.10 g, 10 mmol) and potassium carbonate (5.52 g, 
40 mmol), sealed with a septum and evacuated-backfilled with nitrogen. Dimethylformamide 
(20 mL) and 2-bromopropane (3.8 mL, 5.0 g, 40.5 mmol) were added, the septum replaced 
with a screw-cap and the reaction mixture stirred at 70 °C for 24 hours. The reaction mixture 
was cooled to room temperature, diluted with water (100 mL) and extracted with ether (3 x 20 
mL). The organics were dried (MgSO4), filtered and concentrated in vacuo. Purification by 
flash chromatography on silica gel (1:9 ethyl acetate-hexanes) gave the title compound as a 
colourless oil (1.54 g, 7.9 mmol, 79%); δH (400 MHz, CDCl3) 7.15 (1 H, t, J = 8.0, ArH), 6.50-
6.46 (3 H, m, 3 x ArH), 4.53 (2 H, sept, J = 6.0, 2 x CH), 1.34 (12 H, d, J = 6.0, 4 x Me). 
Spectroscopic data consistent with the literature.274 
 
1-Iodo-2,4-diisopropoxybenzene (166) 

 
To a stirred solution of ammonium peroxydisulfate (1.04 g, 5.0 mmol) in MeOH-H2O (6:1, 14 
mL) was added slowly potassium iodide (332 mg, 2.0 mmol), followed by 169 (388 mg, 2.0 



164 
 

 

mmol). The reaction mixture was stirred at 50 °C for 16 h, whereupon the methanol was 
removed in vacuo The residue was extracted with ethyl acetate (3 x 5 mL) and the combined 
organic phases, washed with saturated aqueous sodium thiosulfate (3 mL) and water (3 mL), 
dried (MgSO4), filtered and concentrated in vacuo to yield the title compound (519 mg, 1.6 
mmol, 81%) as a colourless oil; νmax/cm-1 2976, 2930, 1570, 1456, 1372, 1271, 1189, 1105, 
1028, 1005, 945, 819, 446; HRMS Found: [M + Na]+ 343.0179. [C12H17IO2 + Na]+ requires 
343.0165; δH (500 MHz, CDCl3) 7.59 (1 H, d, J = 8.6, ArH), 6.41 (1 H, d, J = 2.6, ArH), 6.30 
(1 H, dd, J = 8.6, 2.6, ArH), 4.49 (2 H, sept, J = 6.1, 2 x CH), 1.38 (6 H, d, J = 6.1, 2 x Me), 
1.32 (6 H, d, J = 6.1, 2 x Me); δC (100 MHz, CDCl3) 159.5 (C), 157.8 (C), 139.3 (CH), 109.5 
(CH), 104.0 (CH), 72.8 (C), 72.2 (CH), 70.4 (CH), 22.3 (2 x Me), 22.1 (2 x Me). 
 
1,3-Dimethoxybenzene (170) 

 
To a solution of resorcinol (5.5 g, 50 mmol) in acetone (200 mL) was added potassium 
carbonate (34.5 g, 250 mmol), followed by methyl iodide (15.6 mL, 250 mmol) and the reaction 
mixture stirred five days at room temperature. The reaction mixture was concentrated in vacuo, 
diluted with ether (100 mL) and washed with water (200 mL) and brine (100 mL). The organic 
layer was dried (MgSO4), filtered, and concentrated in vacuo. The crude oil was purified by 
flash chromatography on silica gel (1:9 ethyl acetate-hexanes) to yield the title compound (6.77 
g, 49 mmol, 98%) as a pale orange oil; δH (400 MHz, CDCl3) 7.19 (1 H, t, J = 8.2, ArH), 6.53 
(2 H, dd, J = 8.2, 2.4, 2 x ArH), 6.49 (1 H, t, J = 2.4, ArH), 3.80 (6 H, s, 2 x Me). δC (100 MHz, 
CDCl3) 161.0 (2 x C), 130.0 (CH), 106.3 (2 x CH), 100.6 (CH), 55.4 (2 x Me). Spectroscopic 
data consistent with the literature.275 
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1-Iodo-2,4-dimethoxybenzene (167) 

 
A solution of 170 (138 mg, 1.0 mmol) and sodium iodide (149 mg, 1.0 mmol) in water (3 mL) 
was treated with Oxone® (307 mg, 1.0 mmol) and stirred at room temperature for 2 hours. The 
reaction mixture was diluted with saturated aqueous sodium thiosulfate solution (30 mL) and 
extracted with ether (2 x 10 mL). The combined organic phases were dried (MgSO4), filtered, 
and concentrated in vacuo. Purification by flash chromatography on silica gel (1:9 ethyl 
acetate-hexanes) gave the title compound (202 mg, 0.77 mmol, 77%) as a colourless solid; m.p. 
37-40 °C (Lit.276 = 36.5-37.5 °C); δH (400 MHz, CDCl3) 7.61 (1 H, d, J = 8.6, ArH), 6.42 (1 H, 
d, J = 2.7, ArH), 6.31 (1 H, dd, J = 8.6, 2.7, ArH), 3.84 (3 H, s, Me), 3.78 (3 H, s, Me 
Spectroscopic data consistent with the literature.276 
 
(±)-1-(2,4-Dimethoxyphenyl)-N-(quinolin-8-yl)-2,3-dihydro-1H-indene-2-carboxamide 
(171) 

 
Experimental for the highest yielding reaction conditions from the optimisation studies 
outlined in Table 2: 
A sealed tube was charged with 163 (16 mg, 0.056 mmol), Pd(OAc)2 (2 mg, 9.2 µmol), 167 
(44 mg, 0.17 mmol), K2CO3 (20 mg, 0.14 mmol) and tert-amyl alcohol/water (4:1, 0.5 mL). 
The reaction mixture was stirred at 110 °C for 24 hours. The reaction mixture was cooled to 
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room temperature, diluted with ethyl acetate (5 mL), washed with water (5 mL) and the 
washings extracted once with ethyl acetate (5 mL). The combined organic phases were dried 
(MgSO4), filtered and concentrated in vacuo. The crude reaction mixture was purified by flash 
chromatography on silica gel (1:19 ethyl acetate-hexanes) to yield the title compound as a 
brown oil (1.4 mg, 3.3 µmol, 6%); νmax/cm-1 3349, 2954, 1686, 1523, 1504, 1484, 1207, 1157, 
825, 791, 756; HRMS Found: [M + H]+ 425.1865. [C27H24N2O3 + H]+ requires 425.1860; δH 
(400 MHz, CDCl3) 9.63 (1 H, bs, NH), 8.77 (1 H, dd, J = 4.2, 1.7, ArH), 8.44 (1 H, dd, J = 6.2, 
2.9, ArH), 8.11 (1 H, dd, J = 8.3, 1.7, ArH), 7.43 (1 H, dd, J = 8.3, 4.2, ArH), 7.41-7.38 (3 H, 
m, 3 x ArH), 7.28-7.25 (1 H, obscured by solvent peak, ArH), 7.20 (1 H, t, J = 7.5, ArH), 7.11 
(1 H, d, J = 7.5, ArH), 6.68 (1 H, d, J = 8.5, ArH), 6.17 (1 H, dd, J = 8.5, 2.4, ArH), 6.09 (1 H, 
d, J = 2.4, ArH), 5.36 (1 H, d, J = 9.0, CH) 3.95-3.89 (1 H, m, CH), 3.70 (1 H, dd, J = 16.2, 
6.6, CH of CH2), 3.53 (3 H, s, Me), 3.51 (3 H, s, Me), 3.21 (1 H, dd, J = 16.2, 8.1, CH of CH2); 
δC (100 MHz, CDCl3) 171.6 (C=O), 159.6 (C), 158.0 (C), 147.9 (CH), 144.4 (C), 143.5 (C), 
138.4 (C), 136.3 (CH), 134.8 (C), 129.9 (CH), 127.9 (C), 127.6 (CH), 127.2 (CH), 126.9 (CH), 
125.5 (CH), 124.7 (CH), 121.5 (CH), 120.9 (CH), 116.1 (CH), 103.9 (CH), 98.0 (CH), 55.21 
(Me), 55.19 (Me), 52.1 (CH), 46.9 (CH), 34.6 (CH2). 1 x C not observed. 
 
1,3-Bis(methoxymethoxy)benzene (177) 

 
Dimethoxymethane (8 mL, 90 mmol) was treated with ZnBr2 (5 mg, 0.02 mmol), followed by 
dropwise addition of acetyl chloride (6.5 mL, 90 mmol). After stirring for 2 hours, the solution 
was transferred by cannula to a solution of resorcinol (2.5 g, 22.7 mmol) and Hünig’s base 
(11.7 mL, 68 mmol) in dichloromethane (50 mL) at 0 °C. The reaction mixture was stirred at 
the same temperature for 3 hours, diluted with saturated aqueous ammonium hydroxide 
solution (20 mL) and stirred 15 minutes at room temperature. The layers were separated and 
the aqueous layer was extracted with dichloromethane (20 mL). The combined organic phases 
were washed with brine (20 mL), dried (MgSO4), filtered, and concentrated in vacuo. 
Purification by flash chromatography on silica gel (1:9 ethyl acetate-hexanes) gave the title 
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compound (2.18 g, 11.0 mmol, 48 %) as a pale yellow oil; δH (400 MHz, CDCl3) 7.19 (1 H, t, 
J = 8.3, ArH), 6.77 (1 H, t, J = 2.3, ArH), 6.72 (2 H, dd, J = 8.3, 2.3, ArH), 5.16 (4 H, s, 2 x 
CH2); (100 MHz, CDCl3): δC = 158.4 (2 x C), 129.9 (CH), 109.6 (2 x CH), 105.0 (CH), 94.5 
(2 x CH2), 56.0 (2 x Me). Spectroscopic data consistent with the literature.122 
 
1-Iodo-2,4-bis(methoxymethoxy)benzene (176) 

 
A solution of 177 (1.91 g, 9.6 mmol) in chloroform (24 mL) was treated with silver acetate (2.3 
g, 13.8 mmol) and stirred 5 minutes. A solution of iodine (3.1 g, 12.2 mmol) in chloroform (66 
mL) was added and the reaction mixture stirred 5 hours at room temperature. The reaction 
mixture was filtered, and the filtrate washed with sodium thiosulfate solution, sodium hydrogen 
carbonate solution, water and brine (100 mL each). The organic layer was dried (MgSO4), 
filtered and concentrated in vacuo. Purification by flash chromatography on silica gel (1:9 ethyl 
acetate-hexanes) gave the title compound (2.6 g, 8.0 mmol, 83%) as a yellow oil; δH (300 MHz, 
CDCl3) 7.61 (1 H, d, J = 8.7, ArH), 6.79 (1 H, d, J = 2.6, ArH), 6.52 (1 H, dd, J = 8.7, 2.6, 
ArH), 5.20 (2 H, s, CH2), 5.13 (2 H, CH2), 3.50 (3 H, s, Me), 3.45 (3 H, s, Me); (75 MHz, 
CDCl3): δC = 158.9 (C), 156.9 (C), 139.3 (CH), 111.5 (CH), 104.6 (CH), 95.1 (CH2), 94.7 
(CH2), 77.5 (C), 56.6 (Me), 56.2 (Me). Spectroscopic data consistent with the literature.122 
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(±)-1-(2,4-bis(methoxymethoxy)phenyl)-N-(quinolin-8-yl)-2,3-dihydro-1H-indene-2-
carboxamide (178) 

 
Experimental for the highest yielding reaction conditions from the optimisation studies 
outlined in Table 3: 
 A sealed tube was charged with 163 (16 mg, 0.056 mmol), Pd(TFA)2 (3.7 mg, 11 µmol), 176 
(49 mg, 0.17 mmol), Cs3PO4 (46.6 mg, 0.094 mmol) and tert-amyl alcohol/water (4:1, 0.5 mL). 
The reaction mixture was stirred at 110 °C for 48 hours, whereupon further Pd(TFA)2 (3.0 mg, 
8 µmol) was added and the reaction mixture stirred at 110 °C a further 24 hours. The reaction 
mixture was cooled to room temperature, diluted with ethyl acetate (5 mL), washed with water 
(5 mL) and the washings extracted once with ethyl acetate (5 mL). The combined organic 
phases were dried (MgSO4), filtered and concentrated in vacuo. The crude reaction mixture 
was purified by flash chromatography on silica gel (1:4  1:1 ethyl acetate-hexanes) to yield 
the title compound (7.7 mg, 0.016 mmol, 29%) as a yellow oil; νmax/cm-1 3352, 2927, 1686, 
1522, 1484, 1150, 1070, 1001; HRMS Found: [M + H]+ 485.2053. [C29H28N2O5 + H]+ requires 
485.2071; δH (400 MHz, CDCl3) 9.53 (1 H, s, NH), 8.70 (1 H, dd, J = 4.2, 1.7, ArH), 8.43 (1 
H, dd, J = 5.0, 4.2, ArH), 8.08 (1 H, dd, J = 8.4, 1.7, ArH), 7.41-7.36 (4 H, m, 4 x ArH), 7.29 
(1 H, t, J = 7.3, ArH), 7.20 (1 H, t, J = 7.3, ArH), 7.11 (1 H, d, J = 7.5, ArH), 6.77 (1 H, d, J = 
8.6, ArH), 6.52 (1 H, d, J = 2.3, ArH), 6.36 (1 H, dd, J = 8.6, 2.3, ArH), 5.37 (1 H, d, J = 8.6, 
CH), 5.04-5.00 (2 H, m, OCH2O), 4.85-4.80 (2 H, m, OCH2O), 3.90 (1 H, td, J = 8.6, 6.2, CH), 
3.69 (1 H, dd, J = 16.1, 6.0, CH of CH2), 3.39 (3 H, s, Me), 3.25 (1 H, dd, J = 16.1, 8.6, CH of 
CH2), 3.22 (3 H, s, Me); δC (100 MHz, CDCl3) 171.6 (C=O), 157.1 (C), 155.9 (C), 147.8 (CH), 
144.1 (C), 143.4 (C), 138.3 (C), 136.2 (CH), 134.6 (C), 130.0 (CH), 127.8 (C), 127.5 (CH), 
127.2 (CH), 126.8 (CH), 125.3 (CH), 124.7 (CH), 122.8 (C), 121.5 (CH), 121.0 (CH), 116.2 
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(CH), 108.7 (CH), 102.8 (CH), 94.8 (CH2), 94.5 (CH2), 56.1 (Me), 55.9 (Me), 52.2 (CH), 47.3 
(CH), 34.9 (CH2).  
 
1,3-Bis(2,4-bis(methoxymethoxy)phenyl)-N-(quinolin-8-yl)-2,3-dihydro-1H-indene-2-
carboxamide (179) 

 
Experimental for the highest yielding reaction conditions from the optimisation studies 
outlined in Table 3 
A sealed tube was charged with 163 (16 mg, 0.056 mmol), Pd(OAc)2 (2.5 mg, 11 µmol), 176 
(54 mg, 0.17 mmol), K2CO3 (20 mg, 0.14 mmol), pivalic acid (5.7 mg, 0.056 mmol) and tert-
amyl alcohol/water (4:1, 0.5 mL). The reaction mixture was stirred at 110 °C for 48 hours, 
whereupon further Pd(OAc)2 was added (2.0 mg) and the reaction mixture stirred at 110 °C a 
further 24 hours. The reaction mixture was cooled to room temperature, diluted with ethyl 
acetate (5 mL), washed with water (5 mL) and the washings extracted once with ethyl acetate 
(5 mL). The combined organics were dried (MgSO4), filtered and concentrated in vacuo. The 
crude reaction mixture was purified by flash chromatography on silica gel (1:19 ethyl acetate-
hexanes) to yield the title compound (4.2 mg, 6.2 µmol, 11%) as a yellow oil; νmax/cm-1 2918, 
2849, 1688, 1609, 1521, 1149, 1070, 997, 921; HRMS Found: [M + Na]+ 703.2644. 
[C39H40N2O9 + Na]+ requires 703.2626; δH (400 MHz, CDCl3) 9.20 (1 H, bs, NH), 8.54 (1 H, 
dd, J = 4.2, 1.8, ArH), 8.12 (1 H, dd, J = 7.5, 1.5, ArH), 8.01 (1 H, dd, J = 8.4, 1.8, ArH), 7.39 
(2 H, d, J = 8.6, 2 x ArH), 7.34-7.31 (5 H, m, 5 x ArH), 7.28-7.20 (2 H, m, 2 x ArH), 6.64 (2 
H, d, J = 2.5, 2 x ArH), 6.40 (2 H, dd, J = 8.6, 2.5, 2 x ArH), 5.31-5.28 (6 H, m, 2 x CH2 + 2 x 
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CH), 4.91 (4 H, m, 2 x CH2), 4.19 (1 H, t, J = 7.5, CH), 3.58 (6 H, s, 2 x Me), 3.29 (6 H, s, 2 x 
Me); δC (100 MHz, CDCl3) 169.5 (C=O), 157.1 (2 x C), 156.5 (2 x C), 147.5 (CH), 144.3 (2 x 
C), 138.2 (C), 136.0 (CH), 134.2 (C), 130.9 (2 x CH), 127.6 (C), 127.3 (CH), 126.8 (2 x CH), 
125.4 (2 x CH), 121.3 (2 x CH), 120.5 (2 x C), 116.1 (CH), 108.4 (2 x CH), 102.7 (2 x CH), 
94.9 (2 x CH2), 94.6 (2 x CH2), 59.4 (CH), 56.4 (2 x Me), 56.0 (2 x Me), 46.7 (2 x CH). 
Monoarylated product (±)-178 (2.9 mg, 6 µmol, 11%) was also isolated, spectroscopic data as 
described previously in this thesis. 
 
5-Iodo-1,2,3-trimethoxybenzene (142) 

 
A solution of 180 (2.0 g, 11 mmol) in water (24 mL) was treated with sulfuric acid (1.6 mL) at 
room temperature, then cooled to -10 °C. Maintaining this temperature, a solution of sodium 
nitrite (7.6 g, 112 mmol) in water (12 mL) was added dropwise. The reaction mixture was then 
poured onto potassium iodide (2.8 g, 16.9 mmol) in water (6 mL) at 50 °C, and stirred 
vigorously at this temperature for 30 minutes. The reaction mixture was cooled to room 
temperature and excess iodide consumed by treatment with saturated aqueous sodium sulfite. 
The solution was extracted with ether (3 x 20 mL), dried (MgSO4), filtered and concentrated 
in vacuo. The crude product was purified by flash chromatography on silica gel (2:9:9 ethyl 
acetate-dichloromethane-hexanes) to yield the title compound as a colourless solid (1.2 g, 4.1 
mmol, 37%); m.p.83-86 °C (Lit. 83-85 °C), δH (400 MHz, CDCl3) 6.89 (2 H, s, 2 x ArH), 3.84 
(6 H, s, 2 x Me), 3.82 (3 H, s, Me). Spectroscopic data consistent with the literature.277 
 
  



171 
 

 

N-(Quinolin-8-yl)-1-(3,4,5-trimethoxyphenyl)-2,3-dihydro-1H-indene-2-carboxamide 
(181) and N-(Quinolin-8-yl)-1,3-bis(3,4,5-trimethoxyphenyl)-2,3-dihydro-1H-indene-2-
carboxamide (182) 

 
A sealed tube was charged with 163 (16 mg, 0.056 mmol), Pd(TFA)2 (3.7 mg, 11 µmol), 142 
(49 mg, 0.17 mmol), Cs3PO4 (46.6 mg, 0.094 mmol) and tert-amyl alcohol/water (4:1, 0.5 mL). 
The reaction mixture was stirred at 110 °C for 48 hours, whereupon further Pd(TFA)2 (3.0 mg, 
8 µmol) was added and the reaction mixture stirred at 110 °C a further 24 hours. The reaction 
mixture was cooled to room temperature, diluted with ethyl acetate (5 mL), washed with water 
(5 mL) and the washings extracted once with ethyl acetate (5 mL). The combined organic 
phases were dried (MgSO4), filtered and concentrated in vacuo. The crude reaction mixture 
was purified by flash chromatography on silica gel (1:4  1:1 ethyl acetate-hexanes) to yield 
the title compounds: 
181: (9.1 mg, 20 µmol, 36%), colourless solid: m.p. 164-172 °C; νmax/cm-1 3317, 2922, 2852, 
1683, 1593, 1526, 1459, 1233, 1121, 646; HRMS Found: [M + Na]+ 477.1779. [C28H26N2O4 + 
Na]+ requires 477.1785; δH (400 MHz, CDCl3) 9.47 (1 H, bs, NH), 8.69 (1 H, dd, J = 4.3, 1.7, 
ArH), 8.50 (1 H, dd, J = 5.7, 3.4, ArH), 8.08 (1 H, dd, J = 8.3, 1.6, ArH), 7.44-7.37 (4 H, m, 4 
x ArH), 7.30 (1 H, t, J = 7.4, ArH), 7.23 (1 H, t, J = 7.4, ArH), 7.13 (1 H, d, J = 7.4, ArH), 6.29 
(2 H, s, 2 x ArH), 4.90 (1 H, d, J = 8.8, CH), 3.90-3.82 (1 H, m, CH), 3.69 (1 H, dd, J = 15.9, 
6.1, CH of CH2), 3.46 (6 H, s, 2 x Me), 3.26 (1 H, dd, J = 15.9, 8.0, CH of CH2), 3.22 (3 H, s, 
Me); δC (100 MHz, CDCl3) 171.0 (C=O), 153.0 (2 x C), 147.9 (CH), 143.7 (C), 143.2 (C), 
138.3 (C), 136.8 (C), 136.3 (CH), 135.9 (C), 134.5 (C), 127.9 (C), 127.7 (CH), 127.5 (CH), 
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127.1 (CH), 125.5 (CH), 124.8 (CH), 121.6 (CH), 121.2 (CH), 116.0 (CH), 106.0 (2 x CH), 
60.3 (Me), 55.8 (2 x Me), 55.5 (CH), 54.0 (CH), 34.3 (CH2). 
182: (8.5 mg, 14 µmol, 25%), colourless solid: m.p. 194-200 °C; νmax/cm-1 3348, 2927, 1689, 
1590, 1524, 1455, 1421, 1324, 1239, 1122, 728; HRMS Found: [M + Na]+ 643.2412. 
[C37H36N2O7 + Na]+ requires 643.2415; δH (400 MHz, CDCl3) 9.35 (1 H, bs, NH), 8.49 (1 H, 
dd, J = 4.1, 1.7, ArH), 8.35 (1 H, dd, J = 6.4, 2.7, ArH), 8.02 (1 H, dd, J = 8.4, 1.7, ArH), 7.41-
7.28 (7 H, m, 7 x ArH), 6.72 (4 H, s, 4 x ArH), 4.85 (2 H, d, J = 6.8, 2 x CH), 3.96 (1 H, t, J = 
6.8, CH), 3.56 (12 H, s, 4 x Me), 3.55 (6 H, s, 2 x Me); δC (100 MHz, CDCl3) 168.7 (C=O), 
153.0 (4 x C), 147.7 (CH), 144.2 (2 x C), 138.1 (C), 137.1 (2 x C), 136.2 (CH), 134.2 (C), 
133.9 (2 x C), 127.7 (C), 127.4 (3 x CH), 125.2 (2 x CH), 121.5 (CH), 121.1 (CH), 116.1 (CH), 
107.1 (4 x CH), 65.2 (CH), 60.7 (2 x Me), 56.0 (4 x Me), 54.8 (2 x CH). 
 
(±)-1-(2,4-Bis(methoxymethoxy)phenyl)-N-(quinolin-8-yl)-3-(3,4,5-trimethoxyphenyl)-
2,3-dihydro-1H-indene-2-carboxamide (186)  

 
A sealed tube was charged with 178 (27 mg, 0.056 mmol), Pd(TFA)2 (3.7 mg, 11 µmol), 142 
(49 mg, 0.17 mmol), Cs3PO4 (46.6 mg, 0.16 mmol) and tert-amyl alcohol/water (4:1, 0.5 mL). 
The reaction mixture was stirred at 110 °C for 48 hours, whereupon further Pd(TFA)2 was 
added (3.0 mg) and the reaction mixture stirred at 110 °C a further 24 hours. The reaction 
mixture was cooled to room temperature, diluted with ethyl acetate (5 mL), washed with water 
(5 mL) and the washings extracted once with ethyl acetate (5 mL). The combined organic 
phases were dried (MgSO4), filtered and concentrated in vacuo. The crude reaction mixture 
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was purified by flash chromatography on silica gel (1:1 ethyl acetate-hexanes) to yield the title 
compound (16.9 mg, 0.026 mmol, 47%) as an orange oil; νmax/cm-1 2933, 1684, 1586, 1522, 
1150, 1123, 1070, 1001, 728; HRMS Found: [M + Na]+ 673.2498. [C38H38N2O8 + Na]+ requires 
673.2520; δH (500 MHz, CDCl3) 9.24 (1 H, s, NH), 8.50 (1 H, dd, J = 4.3, 1.8, ArH), 8.26 (1 
H, dd, J = 7.2, 1.8, ArH), 8.00 (1 H, d, J = 8.3, 1.8, ArH), 7.48 (1 H, d, J = 8.6, ArH), 7.40-
7.34 (3 H, m, 3 x ArH), 7.33-7.26 (4 H, m, 4 x ArH), 6.72 (1 H, d, J = 2.4, ArH), 6.66 (2 H, s, 
2 x ArH), 6.47 (1 H, dd, J = 8.6, 2.4, ArH), 5.31 (2 H, s, CH2), 5.25 (1 H, d, J = 7.2, CH), 4.98 
(2 H, m, CH2), 4.90 (1 H, d, J = 7.2, CH), 4.09 (1 H, t, J = 7.2, CH), 3.56 (3 H, s, Me), 3.53 (6 
H, s, 2 x Me), 3.39 (3 H, s, Me), 3.34 (3 H, s, Me); δC (125 MHz, CDCl3) 169.2 (C=O), 157.3 
(C), 156.6 (C), 152.9 (2 x C), 147.6 (CH), 144.3 (C), 144.2 (C), 138.2 (C), 136.8 (C), 136.1 
(CH), 134.6 (C), 134.3 (C), 130.9 (CH), 127.7 (C), 127.3 (CH), 127.2 (CH), 127.0 (CH), 125.4 
(2 x CH), 121.4 (CH), 120.8 (CH), 120.6 (C), 116.0 (CH), 108.3 (CH), 106.9 (2 x CH), 102.8 
(CH), 94.8 (CH2), 94.6 (CH2), 62.2 (CH), 60.5 (Me), 56.5 (Me), 56.1 (Me), 55.9 (2 x Me), 54.9 
(CH), 46.5 (CH). 
 
N-(2-(Methylthio)phenyl)-2,3-dihydro-1H-indene-2-carboxamide (187) 

 
Carboxylic acid 161 (162 mg, 1.0 mmol) was heated at reflux with thionyl chloride (0.5 mL) 
for 3 hours, whereupon the reaction mixture was concentrated in vacuo and azeotroped with 
toluene to yield the crude acid chloride, which was used in the next step without further 
purification. 
The crude acid chloride was taken up in dichloromethane (2 mL) and added to a solution of 2-
(methylthio)aniline (140 µL, 153 mg, 1.1 mmol) and triethylamine (170 µL, 121 mg, 1.2 mmol) 
in dichloromethane (2 mL). The reaction mixture was stirred 3 hours at room temperature, 
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washed with water (5 mL), dried (magnesium sulfate), filtered and concentrated in vacuo. The 
crude mixture was purified by flash chromatography on silica gel (1:9 ethyl acetate-hexanes) 
to yield the title compound (171 mg, 0.60 mmol, 60%) as a colourless solid; m.p. 109-113 °C; 
νmax/cm-1 3270, 2913, 1654, 1519, 1471, 752, 740, 672; HRMS Found: [M + H]+ 284.1096. 
[C17H17NOS + H]+ requires 284.1104; δH (400 MHz, CDCl3) 8.46 (1 H, bs, NH), 8.37 (1 H, d, 
J = 8.0, ArH), 7.47 (1 H, dd, J = 7.7, 1.1, ArH), 7.32-7.18 (5 H, m, 5 x ArH), 7.06 (1 H, td, J 
= 7.7, 0.7, ArH), 3.48-3.28 (5 H, m, CH + 2 x CH2), 2.31 (3 H, s, Me); δC (100 MHz, CDCl3) 
173.2 (C=O), 141.7 (2 x C), 138.6 (C), 133.3 (CH), 129.2 (CH), 127.0 (2 x CH), 125.2 (C), 
124.7 (2 x CH), 124.4 (CH), 120.7 (CH), 47.2 (CH), 36.9 (2 x CH2), 19.1 (Me). 
 
 (±)-N-(2-(Methylthio)phenyl)-1-(3,4,5-trimethoxyphenyl)-2,3-dihydro-1H-indene-2-
carboxamide (190) 

 
Experimental for the highest yielding reaction conditions from the optimisation studies 
outlined in Table 4: 
A sealed tube was charged with 187 (17.3 mg, 0.061 mmol), 142 (34 mg, 0.121 mmol), 
Pd(OAc)2 (2.0 mg, 9.2 µmol, 15%), K2CO3 (16 mg, 0.116 mmol) and dibenzylphosphate (7.0 
mg, 0.024 mmol) and evacuated/backfilled with argon. Tert-amyl alcohol (0.6 mL) was added 
and the reaction vessel sealed and heated at 80 °C for 13 hours under microwave irradiation. 
The reaction mixture was cooled to room temperature, diluted with ethyl acetate (10 mL) and 
washed with water (10 mL). The organic layer was dried (MgSO4), filtered and concentrated 
in vacuo. The crude product was purified by flash chromatography on silica gel (1:19  1:4 
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ethyl acetate-hexanes) to yield the title compound (5.6 mg, 0.012 mmol, 20%) as an orange oil: 
νmax/cm-1 2925, 1689, 1579, 1506, 1431, 1233, 1122, 755, 726; HRMS Found: [M + Na]+ 
472.1540. [C26H27NO4S + Na]+ requires 472.1553; δH (500 MHz, CDCl3) 8.14 (1 H, d, J = 8.3, 
ArH), 8.08 (1 H, bs, NH), 7.40 (1 H, d, J = 7.4, ArH), 7.35 (1 H, dd, J = 7.9, 1.5, ArH), 7.29 
(1 H, t, J = 7.4, ArH), 7.22 (1 H, t, J = 7.4, ArH), 7.15 (1 H, td, J = 7.9, 1.5, ArH), 7.12 (1 H, 
d, J = 7.4, ArH), 6.94 (1 H, td, J = 7.4, 1.5, ArH), 6.31 (2 H, s, 2 x ArH), 4.82 (1 H, d, J = 8.7, 
CH), 3.72-3.68 (1 H, m, CH), 3.61 (3 H, s, Me), 3.60 (6 H, s, 2 x Me), 3.57 (1 H, dd, J = 16.0, 
5.6, CH of CH2), 3.24 (1 H, dd, J = 16.0, 7.8, CH of CH2), 2.19 (3 H, s, Me); δC (125 MHz, 
CDCl3) 170.8 (C=O), 153.2 (2 x C), 143.8 (C), 142.8 (C), 138.7 (C), 137.1 (C), 135.7 (C), 
133.3 (CH), 129.1 (CH), 127.7 (CH), 127.3 (CH), 125.4 (CH), 124.8 (CH), 124.0 (CH), 119.6 
(CH), 106.0 (2 x CH), 60.8 (Me), 56.0 (2 x Me), 55.4 (CH), 54.2 (CH), 34.4 (CH2), 19.2 (Me). 
1 x C not observed. 
 
N-(2,3,5,6-Tetrafluoro-4-(trifluoromethyl)phenyl)-2,3-dihydro-1H-indene-2-
carboxamide (195) 

 
Carboxylic acid 161 (81 mg, 0.5 mmol) was heated at reflux with thionyl chloride (1 mL) for 
3 hours, whereupon the reaction mixture was concentrated in vacuo and azeotroped with 
toluene to yield the crude acid chloride, which was used in the next step without further 
purification.  
The crude acid chloride was taken up in toluene (0.5 mL) and added to a rapidly stirred solution 
of aniline 196 (128 mg, 76 µL, 0.55 mmol) in toluene (0.5 mL). The reaction mixture was 
heated at reflux for 24 hours, cooled to room temperature and concentrated in vacuo. The crude 
product was purified by recrystallization (ethyl acetate/hexanes) to yield the title compound 
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(96 mg, 0.25 mmol, 50%) as a colourless solid; m.p. 212-215 °C; νmax/cm-1 3213, 3053, 1691, 
1509, 1473, 1339, 1236, 1182, 1144, 992, 900, 740, 717, 686; HRMS Found: [M + Na]+ 
400.0535. [C17H10F7NO + Na]+ requires 400.0543; δH (500 MHz, CDCl3) 7.27-7.19 (4 H, m, 4 
x ArH), 6.98 (1 H, bs, NH), 3.48 (1 H, pent, J = 8.1, CH), 3.40-3.31 (4 H, m, 2 x CH2); δC (125 
MHz, CDCl3) 172.7 (C=O), 141.0 (2 x C), 127.3 (2 x CH), 124.7 (2 x CH), 45.6 (CH), 36.9 (2 
x CH2). 7 x C not observed. 
 
2-Isopropoxyquinoline (197) 

 
A solution of 2-chloroquinoline (326 mg, 2 mmol) in dimethylformamide (5 mL) was treated 
with isopropanol (230 µL, 180 mg, 3 mmol) and sodium hydride (60% dispersion in mineral 
oil, 120 mg, 3 mmol). The reaction mixture was stirred for 2 hours at room temperature, diluted 
with ethyl acetate (10 mL) and washed with water (2 x 5 mL). The organic layer was dried 
(MgSO4), filtered, and concentrated in vacuo. Purification by flash chromatography on silica 
gel (1:19 ethyl acetate-hexanes) gave the title compound (336 mg, 1.8 mmol, 90%) as a yellow 
oil: δH (400 MHz, CDCl3) 7.96 (1 H, d, J = 8.9, ArH), 7.82 (1 H, d, J = 8.3, ArH), 7.69 (1 H, 
d, J = 8.0, ArH), 7.61 (1 H, t, J = 7.7, ArH), 7.35 (1 H, t, J = 7.5, ArH), 6.85 (1 H, d, J = 8.9, 
ArH), 5.60 (1 H, sept, J = 6.2, CH), 1.42 (6 H, d, J = 6.2, 2 x Me). δC (100 MHz, CDCl3) 161.8 
(C), 146.9 (C), 138.6 (CH), 129.4 (CH), 127.5 (CH), 127.4 (CH), 125.1 (C), 123.8 (CH), 113.9 
(CH), 68.1 (CH), 22.2 (2 x Me) Spectroscopic data consistent with the literature.98 
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2-Isobutoxyquinoline (198) 

 
A solution of isobutyraldehyde (270 µL, 3 mmol) in THF (5 mL) was treated with NaBH4 (113 
mg, 3 mmol) at room temperature. The reaction mixture was stirred for 1 hour at room 
temperature, quenched with water (10 mL) and extracted with diethyl ether (3 x 10 mL). The 
combined organic layers were dried (MgSO4), filtered, and concentrated to 0.75 mL, which 
was added to a solution of 2-chloroquinoline (326 mg, 2 mmol) and sodium hydride (60% 
dispersion in mineral oil, 120 mg, 3 mmol) in dimethylformamide (5 mL). The reaction mixture 
was stirred for 2 hours at room temperature, diluted with ethyl acetate (10 mL) and washed 
with water (2 x 5 mL). The organic layer was dried (MgSO4), filtered, and concentrated in 
vacuo. Purification by flash chromatography on silica gel (1:99  1:9 ethyl acetate-hexanes) 
gave the title compound (44 mg, 0.22 mmol, 11%) as a yellow oil: δH (300 MHz, CDCl3) 7.94 
(1 H, d, J = 8.8, ArH), 7.83 (1 H, d, J = 8.5, ArH), 7.68 (1 H, d, J = 8.3, ArH), 7.59 (1 H, t, J = 
7.7, ArH), 7.34 (1 H, t, J = 7.5, ArH), 6.89 (1 H, d, J = 8.8), 4.25 (2 H, d, J = 6.7, CH2), 2.15 
(1 H, non, J = 6.7, CH), 1.05 (6 H, d, J = 6.7, 2 x Me). (75 MHz, CDCl3): δC = 162.6 + 162.5 
(C), 146.8 (C), 138.7 (CH), 129.5 (CH), 127.5 (CH), 127.3 (CH), 125.2 (C), 123.9 (CH), 113.5 
(CH), 72.3 (CH2), 28.2 (CH), 19.5 (2 x Me). Spectroscopic data consistent with the literature.98 
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2,5-Dimethyl-3,4-dihydro-2H-pyrano[2,3-b]quinolone (199) 

 
A solution of amide 201 (177 mg, 1 mmol) in dimethylformamide (2.5 mL) was treated with 
potassium carbonate (295 mg, 2.3 mmol) and stirred 1 hour at room temperature. The reaction 
mixture was then treated with 202 (130 µL, 1.1 mmol) and stirred 12 hours at room 
temperature. The reaction mixture was poured onto ice-water (20 mL) and the resultant 
colourless solid was collected by filtration and dried in vacuo to yield crude 203 (170 mg, 0.74 
mmol) which was used in the next step without further purification. 
A solution of 203 (115 mg, 0.5 mmol) in concentrated H2SO4 (0.25 mL) was stirred vigorously 
at 50 °C for 1.5 hours. The reaction mixture was neutralised with NH4OH solution dropwise at 
0 °C, followed by removal of water in vacuo. The residue was treated with dichloromethane 
(10 mL) and the resultant precipitate collected by filtration. Purification by flash 
chromatography on silica gel (1:9 ethyl acetate-hexanes) gave the title compound (15 mg, 65 
µmol, 13%) as a colourless solid: m.p. 143-145 °C. Lit.129 = 146-147 °C. δH (300 MHz, CDCl3) 
7.89 (1 H, d, J = 8.4, ArH), 7.83 (1 H, d, J = 8.5, ArH), 7.57 (1 H, t, J = 7.7, ArH), 7.37 (1 H, 
t, J = 7.7, ArH), 4.44-4.34 (1 H, m, CH), 3.06-2.96 (1 H, m, CH of CH2), 2.93-2.81 (1 H, m, 
CH of CH2), 2.56 (3 H, s, Me), 2.19-2.11 (1 H, m, CH of CH2), 1.88-1.76 (1 H, m, CH of CH2), 
1.52 (3 H, d, J = 6.4, Me). Spectroscopic data consistent with the literature.129 
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(2-Bromophenyl)(1H-pyrrol-2-yl)methanone (237) 

 
236 (200 mg, 1.0 mmol) in dichloromethane (4 mL) was treated with dimethylformamide (1 
drop), cooled to 0 °C and treated dropwise with oxalyl chloride (0.13 mL, 1.5 mmol). The 
reaction mixture was stirred at room temperature for four hours and concentrated in vacuo to 
yield crude acid chloride 230, which was used directly in the subsequent reaction without 
purification. 
Freshly prepared 230 (1.0 mmol) was taken up in toluene (4 mL). Zinc powder (87 mg, 
1.3mmol) and a solution of pyrrole (45 μL, 0.67 mmol) in toluene (1 mL) were added. The 
reaction mixture as stirred at room temperature for 16 h, poured on to saturated sodium 
hydrogen carbonate solution (10 mL), and extracted with ethyl acetate (2 × 15 mL). The 
combined organic phases were dried (MgSO4), filtered, and concentrated in vacuo. Purification 
by flash chromatography on silica gel (1:1:98 dichloromethane–ethyl acetate–hexanes) gave 
the title compound (78mg, 0.31 mmol, 47%) as a red oil; νmax/cm-1 3268, 1733, 1610, 1542, 
1395, 1242, 1038, 891, 742, 688; HRMS found: [M + Na]+, 271.9687; [C11H879BrNO + Na]+ 
requires 271.9681; (400 MHz, CDCl3) δH 10.99 (1H, br s, NH), 7.64 (1H, d, J = 7.9, ArH), 
7.46 (1H, dd, J = 7.5, 1.9, ArH), 7.36 (1H, td, J = 7.5, 1.0, ArH), 7.30 (1H, td, J = 7.9, 1.9, 
ArH), 7.22 (1H, s, ArH), 6.58 (1H, s, ArH), 6.27-6.25 (1H, m, ArH); δC (100 MHz, CDCl3) 
184.6 (C=O), 140.2 (C), 133.4 (CH), 131.3 (C), 131.1 (CH), 129.3 (CH), 127.7 (CH), 126.9 
(CH), 121.8 (CH), 120.0 (C), 111.3 (CH). 
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9H-Pyrrolo[1,2-a]indol-9-one (235) 

 
A solution of 237 (22 mg, 90 µmol) in DMSO (0.55 mL) in a microwave vial was treated with 
copper (II) acetate (18 mg, 100 µmol) and DBU (28 µL, 190 µmol). The reaction vessel was 
sealed and irradiated at 80 °C for 3 minutes. The reaction mixture was partitioned between 
water and ether (10 mL each), the aqueous layer further extracted with ether (2 x 10 mL) and 
the organic layer was dried (MgSO4), filtered and concentrated in vacuo to yield the title 
compound (12 mg, 71 µmol, 79%) as a yellow solid: m.p. 116 °C, (Lit.278 121-122 °C); δH (400 
MHz, CDCl3) 8.31 (1 H, d, J = 8.0, ArH), 7.60 (1 H, dd, J = 7.4, 1.3, ArH), 7.50 (1 H, td, J = 
7.8, 1.3, ArH), 7.18 (1 H, t, J = 7.5 ArH), 6.94 (1 H, d, J = 4.0, ArH), 6.73 (1 H, d, J = 4.0, 
ArH), 3.93 (3 H, s, Me). Spectroscopic data consistent with the literature.278 
 
1-(Triisopropylsilyl)-1H-pyrrole  

 
To pyrrole (2.5 g, 2.6 mL, 37.5 mmol) in THF (62.5 mL) was added n-BuLi (2.5 M, 16.5 mL, 
41 mmol) slowly at -78 °C. The reaction mixture was stirred at this temperature for 10 minutes, 
followed by dropwise addition of triisopropylsilyl chloride (8.0 mL, 37.5 mmol). The reaction 
mixture was warmed to room temperature over 30 minutes, whereupon the solvent was 
removed in vacuo, water (50 mL) was added to the residue and the aqueous solution was 
extracted with ether (50 mL). The organic layer was dried (MgSO4), filtered, concentrated in 
vacuo and the crude residue purified by flash chromatography on silica gel (5% 
dichloromethane in hexanes) to yield the title compound (8.276 g, 37.1 mmol, 99%) as a 
colourless oil: δH (400 MHz, CDCl3) 6.80 (2 H, s, 2 x ArH), 6.31 (2 H, s, 2 x ArH), 1.45 (3 H, 
sept, J = 7.5, 3 x CH), 1.10 (18 H, d, J = 7.5, 6 x Me). Spectroscopic data consistent with the 
literature.156 
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1H-Pyrrole-3-carbaldehyde 

 
DMF (2.0 mL) in dry dichloromethane (12.5 mL) was added dropwise to a solution of oxalyl 
chloride (2.5 mL) in dry dichloromethane (150 mL) at 0 °C. Triisopropylsilylpyrrole (4.51 g, 
20.2 mmol) in dry dichloromethane (17.5 mL) was added rapidly and the reaction mixture was 
heated at reflux for 30 minutes. The solvent was removed in vacuo and the residue taken up in 
5% NaOH solution and stirred 16 hours. The solution was extracted exhaustively with 
dichloromethane and the combined organic extracts dried (MgSO4), filtered and concentrated 
in vacuo. Purification by flash chromatography on silica gel (1:1 ethyl acetate-hexanes) gave 
the title compound (1.28 g, 13.5 mmol, 67%) as an off-white solid: m.p. 61-63 °C (Lit.279 62-
63 °C), δH (400 MHz, CDCl3) 9.83 (1 H, bs, NH), 9.79 (1 H, s, CHO), 7.48-7.46 (1 H, m, ArH), 
6.85-6.83 (1 H, m, ArH), 6.67-6.65 (1 H, m, ArH). Spectroscopic data consistent with the 
literature.156 
 
1H-Pyrrole-3-carboxylic acid 

 
A solution of sodium hydroxide (850 mg, 21 mmol) in water (12.5 mL) was treated with a 
solution of silver nitrate (1.7 g, 10 mmol) in water (12.5 mL). To this suspension was added 
pyrrole-3-carbaldehyde (520 mg, 5.4 mmol) in aqueous methanol (1:1) and the reaction 
mixture stirred vigorously for 1 hour. The reaction mixture was filtered and the precipitate 
washed with hot water (10 mL). The filtrate and washings were washed with ether (10 mL), 
acidified at 0 °C with concentrated HCl and extracted with ether (4 x 10 mL). The combined 
organic extracts were dried (MgSO4), filtered and concentrated in vacuo to yield the title 
compound (555 mg, 5.0 mmol, 91%) as a colourless solid: m.p. 130-137 °C (Lit.280 145-146 
°C), δH (400 MHz, DMSO-d6) 11.62 (1 H, s, COOH), 11.29 (1 H, bs, NH), 7.35-7.33 (1 H, m, 
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ArH), 6.79-6.75 (1 H, m, ArH), 6.39 (1 H, m, ArH). Spectroscopic data consistent with the 
literature.281  
 
Methyl 1H-pyrrole-3-carboxylate (211) 

 
A solution of pyrrole-3-carboxylic acid (280 mg, 2.5 mmol) in methanol (3.6 mL) was treated 
with concentrated HCl (0.4 mL) and stirred at 80 °C for 24 hours. The reaction mixture was 
cooled and the solvent removed in vacuo to give the title compound (316 mg, 2.5 mmol) as a 
dark solid: m.p. 86-90 °C (Lit.282 86-87 °C), δH (400 MHz, CDCl3) 8.59 (1 H, bs, NH), 7.44-
7.43 (1 H, m, ArH), 6.77-6.75 (1 H, m, ArH), 6.67-6.65 (1 H, m, ArH), 3.82 (3 H, s, Me). 
Spectroscopic data consistent with the literature.283 
 
Methyl 5-(2-bromobenzoyl)-1H-pyrrole-3-carboxylate (233) and Methyl 2-(2-
bromobenzoyl)-1H-pyrrole-3-carboxylate (247) 

 
Freshly prepared 230 (2.0 mmol) was taken up in dichloroethane (8 mL) and treated with 
aluminium trichloride (266 mg, 2.0 mmol). To this reaction mixture was added a solution of 
211 (125 mg, 1.0 mmol) in dichloroethane (2 mL) dropwise. The reaction mixture was stirred 
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at 50 °C for 16 hours. The reaction mixture was poured on to ice-water (40 mL) and extracted 
with ethyl acetate (3 x 40 mL). The combined organic phases were washed with saturated 
aqueous sodium hydrogen carbonate and brine (40 mL each), dried (MgSO4), filtered and 
concentrated in vacuo. Purification by flash chromatography on silica gel (4:6:90 ethyl acetate-
hexanes-dichloromethane) gave the title compounds: 
233 (160 mg, 0.52 mmol, 52%) as a tan solid: m.p. 184-188 °C, νmax/cm-1 3227, 2921, 1688, 
1637, 1560, 1398, 1300, 1203, 1179, 768, 747; HRMS found: [M + Na]+, 329.9749; 
[C13H1079BrNO3 + Na]+ requires 329.9736; δH (400 MHz, CDCl3) 10.30 (1 H, bs, NH), 7.73 (1 
H, dd, J = 3.2, 1.4, ArH), 7.67 (1 H, dd, J = 7.8, 1.2 ArH), 7.46 (1 H, dd, J = 7.4, 2.0, ArH), 
7.41 (1 H, td, J = 7.4, 1.2, ArH), 7.36 (1 H, td, J = 7.5, 2.0, ArH), 6.99 (1 H, dd, J = 2.2, 1.4, 
ArH), 3.81 (3 H, s, Me); δC (100 MHz, CDCl3) 185.2 (C=O), 164.2 (C=O), 139.2 (C), 133.8 
(CH), 131.7 (CH), 130.0 (CH), 129.4 (CH), 127.2 (CH), 121.2 (CH), 120.0 (C), 118.8 (C), 51.6 
(Me). 1 x C not observed. 
247 (33 mg, 0.11 mmol, 11%) as a colourless solid: m.p. 114-117 °C νmax/cm-1 3309, 2923, 
1686, 1627, 1431, 1394, 1295, 1197, 1094, 752, 735, 691; HRMS found: [M + Na]+, 329.9747; 
[C13H1079BrNO3 + Na]+ requires 329.9736; δH (400 MHz, Acetone-d6) 11.52 (1 H, bs, NH), 
7.68 (1 H, d, J = 7.6, ArH), 7.47-7.37 (3 H, m, 3 x ArH), 7.23 (1 H, t, J = 2.8, ArH), 6.64 (1 H, 
t, J = 2.8, ArH), 3.23 (3 H, s, Me); δC (100 MHz, Acetone-d6) 185.9 (C=O), 164.7 (C=O), 142.6 
(C), 133.9 (CH), 132.1 (CH), 131.5 (C), 130.0 (CH), 128.0 (CH), 124.8 (CH), 122.5 (C), 120.3 
(C), 114.0 (CH), 51.5 (Me). 
 
Methyl 9-oxo-9H-pyrrolo[1,2-a]indole-2-carboxylate (231) 

 
A solution of 233 (45 mg, 0.15 mmol) in DMF (1.5 mL) in a microwave vial was treated with 
copper (II) bromide (2 mg, 9 µmol) and Cs2CO3 (110 mg, 0.34 mmol). The reaction vessel was 
sealed and irradiated at 110 °C for 18 hours. The reaction mixture was partitioned between 
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water and ethyl acetate (10 mL each) and the aqueous layer further extracted with ethyl acetate 
(10 mL). The organic layer was washed with brine, dried (MgSO4), filtered and concentrated 
in vacuo to yield the title compound (30 mg, 0.13 mmol, 88%) as a yellow solid: m.p. 226-228 
°C; νmax/cm-1 3120, 1692, 1618, 1537, 1364, 1287, 1232, 894, 758, 743, 702; HRMS Found: 
[M + H]+ = 228.0655; [C13H9NO3 + H]+ requires 228.0655; δH (400 MHz, CDCl3) 7.70 (1 H, 
d, J = 0.8, ArH), 7.66 (1 H, d, J = 7.3, ArH), 7.53 (1 H, td, J = 7.7, 1.2, ArH), 7.27-7.23 (2 H, 
m, 2 x ArH), 7.18 (1 H, s, ArH), 3.86 (3 H, s, Me); δC (100 MHz, CDCl3) 179.6 (C=O), 163.9 
(C=O), 143.2 (C), 134.9 (CH), 132.0 (C), 130.2 (C), 126.9 (CH), 125.1 (CH), 123.1 (C), 122.6 
(CH), 114.2 (CH), 111.3 (CH), 51.8 (Me). 
 
Methyl 5-(2-acetoxybenzoyl)-1H-pyrrole-3-carboxylate (251) 

 
A solution of 233 (100 mg, 0.32 mmol) in DMSO (2.0 mL) in a microwave vial was treated 
with copper (II) acetate (64 mg, 0.35 mmol) and DBU (0.1 mL, 0.64 mmol). The reaction vessel 
was sealed and irradiated at 75 °C for 7 minutes. The reaction mixture was partitioned between 
water and ether (30 mL each), the aqueous layer further extracted with ether (2 x 30 mL) and 
the organic layer was dried (MgSO4), filtered and concentrated in vacuo. Purification by flash 
chromatography on silica gel (0.5% ethyl acetate in dichloromethane) gave the title compound 
(19 mg, 67 µmol, 21%) as an orange gum: νmax/cm-1 3276, 1711, 1627, 1557, 1284, 1176, 1002, 
897, 753, 592; Found: [M + Na]+, 310.0683; [C15H13NO5 + Na]+ requires 310.0686; δH (400 
MHz, CDCl3) 10.30 (1 H, bs, NH), 7.70-7.68 (2 H, m, 2 x ArH), 7.57 (1 H, td, J = 7.8, 1.5, 
ArH), 7.36 (1 H, td, J = 7.5, 0.9, ArH), 7.21 (1 H, dd, J = 8.4, 0.9, ArH), 7.14 (1 H, dd, J = 2.4, 
1.4, ArH), 3.82 (3 H, s, Me), 2.19 (3 H, s, Me); δC (100 MHz, CDCl3) 183.3 (C=O), 169.5 
(C=O), 164.4 (C=O), 148.8 (C), 132.5 (CH), 132.0 (C), 130.6 (C), 130.3 (CH), 129.5 (CH), 
125.9 (CH), 123.8 (CH), 120.3 (CH), 118.6 (C), 51.6 (Me), 20.9 (Me). 
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N-arylated product 231 (22 mg, 0.1 mmol, 30%) was also isolated, spectroscopic data as 
described previously in this thesis. 
 
Methyl 9H-pyrrolo[1,2-a]indole-2-carboxylate (252) 

 
A solution of pyrroloindole 231 (4.1 mg, 18 µmol) in acetic acid (2 mL) was treated with 
Pd(OH)2 (16 mg, 20% on carbon). The reaction mixture was stirred under an atmosphere of 
hydrogen for 3 hours, quenched with saturated aqueous sodium hydrogen carbonate solution 
(10 mL) and extracted with ethyl acetate (2 x 10 mL). The combined organic phases were dried 
(MgSO4), filtered and concentrated in vacuo. Purification by flash chromatography on silica 
gel (12:1:13 hexanes-ethyl acetate-dichloromethane) gave the title compound (1.9 mg, 9 µmol, 
50%) as a yellow oil: νmax/cm-1 2916, 2849, 1699, 1509, 1229, 1160, 737; HRMS Found: [M + 
Na]+, 236.0679; [C13H11NO2 + Na]+ requires 236.0682; δH (400 MHz, CDCl3) 7.73 (1 H, s, 
ArH), 7.44 (1 H, d, J = 7.4, ArH), 7.36-7.34 (2 H, m, 2 x ArH), 7.20-7.18 (1 H, m, ArH), 6.55 
(1 H, 2, ArH), 3.87 (2 H, s, CH2), 3.85 (3 H, s, Me). δC (100 MHz, CDCl3) 165.7 (C=O), 139.7 
(C), 136.9 (C), 134.1 (C), 127.9 (CH), 126.3 (CH), 124.8 (CH), 114.9 (CH), 110.8 (CH), 103.4 
(CH), 51.3 (Me), 29.5 (CH2). 1 x C not observed. 
 
(±)-Methyl 9-hydroxy-9H-pyrrolo[1,2-a]indole-2-carboxylate (253), and (±)-Methyl 
5,6,7,8,8a,9-hexahydro-4aH-pyrrolo[1,2-a]indole-2-carboxylate (254) 

 
A solution of 231 (10 mg, 44 µmol) in EtOH/THF (1:1, 4 mL) was treated with rhodium (5% 
on alumina, 2 mg) and stirred under an atmosphere of hydrogen for 20 hours. Further catalyst 
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(2 mg) was added and the reaction mixture was stirred a further 24 hours, filtered and 
concentrated in vacuo. The crude residue was purified by flash chromatography on silica gel 
(4%  10% ethyl acetate in dichloromethane) to yield the title compounds: 
253 (6.2 mg, 27 µmol, 61%) off-white solid: m.p. 100-108 °C; νmax/cm-1 3122, 2920, 2851, 
1693, 1503, 1288, 1212, 1167, 758; HRMS Found: [M + Na]+, 252.0633; [C13H11NO3 + Na]+ 
requires 252.0631; δH (400 MHz, CDCl3) 7.61 (1 H, d, J = 1.2, ArH), 7.59 (1 H, d, J = 7.4, 
ArH), 7.39 (1 H, t, J = 7.8, ArH), 7.26 (1 H, d, J = 7.7, ArH), 7.22 (1 H, t, J = 7.7, ArH), 6.76 
(1 H, t, J = 1.2, ArH), 5.70 (1 H, d, J = 6.3, CH), 3.80 (3 H, s, Me); δC (100 MHz, CDCl3) 165.2 
(C=O), 139.2 (C), 138.7 (C), 138.3 (C), 130.0 (CH), 126.6 (CH), 125.7 (CH), 120.9 (C), 116.4 
(CH), 110.8 (CH), 106.8 (CH), 67.9 (CH), 51.4 (Me). 
254 (1.8 mg, 8 µmol, 19%) colourless solid: m.p. 112-119 °C νmax/cm-1 3134, 2921, 2851, 
1697, 1532, 1391, 1210, 989, 772; HRMS Found: [M + H]+ = 256.0942; [C13H15NO3 + H]+ 
requires 256.0944; δH (500 MHz, CDCl3) 7.58 (1 H, s, ArH), 7.11 (1 H, s, ArH), 4.63 (1 H, q, 
J = 6.8, CH), 3.84 (3 H, s, Me), 3.13 (1 H, td, J = 6.8, 5.1, CH), 2.22-1.40 (8 H, m, 4 x CH2); 
δC (100 MHz, CDCl3) 192.5 (C=O), 164.7 (C=O), 132.1 (C), 124.9 (CH), 122.9 (C), 108.9 
(CH), 55.0 (CH), 51.6 (Me), 50.3 (CH), 30.4 (CH2), 22.7 (CH2), 21.1 (CH2), 19.9 (CH2). 
Carbonyl reduction product 252 (1.0 mg, 5 µmol, 11%) was also isolated, spectroscopic data 
as described previously in this thesis. 
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Methyl 9-(2-(dimethylamino)ethylidene)-9H-pyrrolo[1,2-a]indole-2-carboxylate (255) 

 
To phosphonium salt 206 (125 mg, 0.3 mmol) in dry THF (5 mL) under a nitrogen atmosphere 
was added n-BuLi (2.5 M, 120 µL, 0.3 mmol) at 0 °C. The reaction mixture was stirred for 30 
minutes at the same temperature, and was then treated with 231 (26 mg, 0.12 mmol) in THF (1 
mL). The reaction mixture was stirred 10 minutes at room temperature, poured onto potassium 
carbonate solution (0.5 M, 20 mL) and extracted with ethyl acetate (3 x 15 mL). The combined 
organic layers were dried (MgSO4), filtered and concentrated in vacuo. The crude residue was 
purified by flash chromatography on silica gel (5% methanol in dichloromethane) to yield the 
title compound (18 mg, 63 µmol, 53%) as a yellow oil (mix of diastereomers): νmax/cm-1 2918, 
2850, 1701, 1616, 1501, 1279, 1203, 1148, 744; HRMS Found: [M + H]+ = 283.1449; 
[C17H18N2O2 + H]+ requires 283.1441; δH (400 MHz, CDCl3) 7.73 (1 H, s, ArH (minor 
diastereomer)), 7.70 (1 H, d, J = 7.6, ArH (major diastereomer)), 7.65 (1 H, s, ArH (major 
diastereomer)), 7.61 (1 H, d, J = 7.8, ArH (minor diastereomer)), 7.38-7.29 (4 H, m, 2 x ArH 
(major diastereomer) + 2 x (ArH (minor diastereomer)), 7.20 (2 H, app td, J = 7.5, 1.3, ArH 
(major diastereomer) + ArH (minor diastereomer)), 6.82 (1 H, s, ArH(minor diastereomer)), 
6.74 (1 H, s, ArH (major diastereomer)), 6.43 (2 H, t, J = 6.7, CH (major diastereomer) + CH 
(minor diastereomer)), 3.87 (3 H, s, Me (minor diastereomer)), 3.85 (3 H, s, Me (major 
diastereomer)), 3.60 (2 H, d, J = 6.8, CH2), 3.50 (2 H, d, J = 7.0, CH2 (major diastereomer)), 
2.41 (6 H, s, 2 x Me (minor diastereomer)), 2.39 (6 H, s, 2 x Me (major diastereomer)); δC (100 
MHz, CDCl3) 165.3 (2 x C=O), 152.8 (C), 139.8 (C), 138.2 (C), 136.8 (C), 134.2 (C), 132.5 
(C), 131.5 (C), 129.0 (CH), 128.8 (CH), 127.9 (C), 126.2 (CH), 125.8 (CH), 125.0 (CH), 124.9 
(CH), 122.6 (CH), 121.5 (CH), 121.1 (C), 121.0 (C), 116.4 (CH), 115.6 (CH), 110.9 (CH), 
110.7 (CH), 107.2 (CH), 102.0 (CH), 58.7 (CH2), 57.8 (CH2), 51.5 (Me), 51.4 (Me), 45.8 (2 x 
Me), 45.7 (2 x Me). 
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(±)-Methyl 9-(2-(dimethylamino)ethyl)-9H-pyrrolo[1,2-a]indole-2-carboxylate (256) 

 
A solution of pyrroloindole 255 (3.6 mg, 14 µmol) in MeOH-H2O-AcOH (30:1:30, 0.3 mL) 
was treated with Rh/Al2O3 (5%, 3.3 mg) and the reaction mixture stirred under hydrogen 
pressure (1 atm) for 2.5 hours. The reaction mixture was poured onto saturated aqueous sodium 
hydrogen carbonate (20 mL) and extracted with ethyl acetate (2 x 10 mL). The combined 
organic phases were dried (MgSO4), filtered and concentrated in vacuo. The crude residue was 
purified by column chromatography (6%  8% methanol in dichloromethane) to yield the title 
compound (1.0 mg, 3.5 µmol, 25%) as a brown oil: νmax/cm-1 2924, 2853, 1703, 1506, 1461, 
1166, 742; HRMS Found: [M + H]+ = 285.1605; [C17H20N2O2 + H]+ requires 285.1598; δH 
(400 MHz, CDCl3) 7.71 (1 H, s, ArH), 7.50 (1 H, d, J = 7.5, ArH), 7.38-7.32 (2 H, m, 2 x ArH), 
7.24 (1 H, t, J = 7.5, ArH), 6.56 (1 H, s, ArH), 4.17 (1 H, bs, CH), 3.85 (3 H, s, Me), 2.85-2.52 
(3 H, m, CH2 + CH of CH2), 2.60 (6 H, s, 2 x Me), 2.24-2.18 (1 H, m, H of CH2); δC (100 MHz, 
CDCl3) 165.2 (C=O), 139.4 (C), 138.2 (C), 128.6 (CH), 125.5 (CH), 125.3 (CH), 121.2 (C), 
115.2 (CH), 110.7 (CH), 103.9 (CH), 55.3 (CH2), 51.3 (Me), 43.7 (2 x Me), 38.4 (CH). 1 x C, 
1 x CH2 not observed 
 
(S)-tert-Butyl 2-(methoxy(methyl)carbamoyl)pyrrolidine-1-carboxylate (265) 

 
To a solution of 264 (430 mg, 2.0 mmol) in dichloromethane (5 mL) was added N,O-
dimethylhydroxylamine (293 mg, 3.0 mmol). The reaction mixture was cooled to 0 °C and 
treated with DIPEA (520 µL, 3.0 mmol), HATU (1.14 g, 3.0 mmol) and DMAP (5 mg, 0.04 
mmol). The reaction mixture was stirred for 48 hours at room temperature, the solvent removed 
in vacuo and the crude residue diluted with ethyl acetate (15 mL). The solution was washed 
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with 5% HCl (5 mL), 10% Na2CO3 (5 mL) and brine (10 mL), dried (MgSO4), filtered and 
concentrated in vacuo. Purification by flash chromatography on silica gel (1:1 ethyl acetate-
hexanes) gave the title compound (424 mg, 1.64 mmol, 82%) as a colourless oil: δH (400 MHz, 
CDCl3) 4.59 (0.45 H, dd, J = 8.4, 2.7, CH) + 4.49 (0.55 H, dd, J = 8.6, 3.8, CH), 3.67 (1.4 H, 
s, Me) + 3.61 (1.6 H, s, Me), 3.48-3.26 (2 H, m, CH2), 3.08 (3 H, s, Me), 2.15-2.00 (1 H, m, 
CH of CH2), 1.92-1.68 (3 H, m, CH2 + CH of CH2), 1.34 (4.2 H, s, Boc), 1.30 (4.8 H, s, Boc). 
[α]D20 = -11.7 (c 0.15, CH2Cl2). Lit.165 [α]D20 = -12.5 (c 0.15, CH2Cl2). Spectroscopic data 
consistent with the literature.165 
 
(2-Bromophenyl)(3,4-dihydro-2H-pyrrol-5-yl)methanone (271) 

 
To a solution of DMF (103 µL, 1.38 mmol) in DCM (10 mL) at 0 °C was added oxalyl chloride 
(121 µL, 1.38 mmol), forming a white precipitate. Pyridine (111 µL, 1.38 mmol) was added 
dropwise, and upon dissolution of the precipitate 264 (297 mg, 1.38 mmol) was added. The 
reaction mixture was stirred 30 minutes at 0 °C, diluted with diethyl ether (10 mL) and filtered. 
The filtrate was concentrated in vacuo to give crude 269, which was used in the next step 
without further purification. 
A solution of i-PrMgCl·LiCl (770 µL, 1.0 mmol, 1.3 M in THF) in THF (230 µL) was treated 
with 266 (120 µL, 1.0 mmol) at -20 °C. The reaction mixture was stirred at -15 °C for 2 hours, 
whereupon a solution of 269 in THF (0.5 mL) was added dropwise. The reaction mixture was 
stirred 15 hours at -10 °C, whereupon ammonium chloride solution (5 mL) was added. The 
reaction mixture was extracted with dichloromethane (4 x 5 mL), dried (MgSO4), filtered, and 
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concentrated in vacuo. Purification by flash chromatography on silica gel (1:3  1:1 ethyl 
acetate-hexanes) gave the title compound (11 mg, 44 µmol, 3%) as a colourless oil: νmax/cm-1 
2923, 1635, 1431, 1398, 1113, 750; HRMS Found: [M + Na]+ = 275.9826; [C11H1081BrNO + 
Na]+ requires 275.9818; δH (400 MHz, CDCl3) 7.59 (1 H, d, J = 7.9, ArH), 7.46 (1 H, d, J = 
7.4, ArH), 7.39 (1 H, t, J = 7.4, ArH), 7.32 (1 H, t, J = 7.9, ArH), 4.14 (2 H, td, J = 7.5, 1.8, 
CH2), 2.96 (2 H, td, J = 8.5, 1.8, CH2), 2.03 (2 H, p, J = 7.9, CH2); δC (100 MHz, CDCl3) 193.9 
(C=O), 174.3 (C=N), 139.8 (C), 133.3 (CH), 132.1 (CH), 129.9 (CH), 127.3 (CH), 120.2 (C), 
63.4 (CH2), 34.4 (CH2), 22.3 (CH2). 
 
tert-Butyl (S)-2-((2-bromophenyl)(hydroxy)methyl)pyrrolidine-1-carboxylate (277a/b) 

 
A solution of 264 (1.06 g, 5 mmol) in THF (8 mL) was treated with borane-dimethylsulfide 
(1.0 mL, 10 mmol) at 0 °C. The reaction mixture was stirred 16 hours at room temperature, 
quenched with ice-water (20 mL), and extracted with ethyl acetate (2 x 20 mL). The combined 
organic phases were washed with brine and sodium hydrogen carbonate solution (20 mL each), 
dried (MgSO4), filtered and concentrated in vacuo to yield Boc-prolinol (1.0 g, 5 mmol) as a 
colourless oil which was used directly in the next step without further purification. 
A solution of oxalyl chloride (0.86 mL, 10 mmol) in dichloromethane (20 mL) was treated with 
dimethylsulfoxide (1.9 mL, 26 mmol) in dichloromethane (5 mL) dropwise at -78 °C. The 
reaction mixture was stirred 30 minutes at this temperature, followed by dropwise addition of 
Boc-prolinol (1.0 g, 5 mmol) in dichloromethane (12 mL). The reaction mixture was stirred at 
this temperature for 2 hours, treated with Et3N (6.63 mL, 43 mmol) and allowed to warm to 
room temperature. The reaction mixture was quenched with water (40 mL), the layers were 
separated and the aqueous layer was further extracted with dichloromethane (2 x 20 mL). The 
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combined organic phases were washed with ammonium chloride solution, Na2CO3 and brine 
(40 mL each), dried (MgSO4), filtered, and concentrated in vacuo to yield 276 (0.9 g, 4.5 mmol) 
as a colourless oil which was used directly in the next step without further purification. 
A solution of i-PrMgCl·LiCl (3.85 mL, 5.0 mmol, 1.3 M in THF) was treated with 266 (0.6 
mL, 5.0 mmol) at -20 °C. The reaction mixture was stirred at -15 °C for 2 hours, whereupon a 
solution of 276 (0.9 g, 4.5 mmol) in THF (0.5 mL) was added dropwise. The reaction mixture 
was stirred 16 hours at -10 °C, whereupon ammonium chloride solution (10 mL) was added. 
The reaction mixture was extracted with ethyl acetate (3 x 10 mL), dried (MgSO4), filtered, 
and concentrated in vacuo. Purification by flash chromatography on silica gel (1:5 ethyl 
acetate-hexanes) gave the title compound as a 1:1 mixture of diastereomers that were 
characterised individually for completion purposes: 
277a (yellow oil, 533 mg, 1.5 mmol 30%) νmax/cm-1 3391, 2975, 1661, 1401, 1252, 1166, 1120, 
755; HRMS Found: [M + Na]+ = 380.0662; [C16H2281BrNO3 + Na]+ requires 380.0655; δH (400 
MHz, CDCl3) 7.59 (1 H, d, J = 7.4, ArH), 7.51 (1 H, dd, J = 7.9, 0.9, ArH), 7.34 (1 H, td, J = 
7.4, 0.9, ArH), 7.12 (1 H, t, J = 7.9, ArH), 6.07 (1 H, bs, OH), 5.08 (1 H, d, J = 8.9, CCH), 4.12 
(1 H, m, NCH), 3.49-3.41 (2 H, m, CH2), 2.08-1.75 (2 H, m, CH2), 1.51 (9 H, s, Boc) 1 x CH2 
obscured by H2O; δC (100 MHz, CDCl3) 148.4 (C=O) 142.3 (C), 132.7 (CH), 129.4 (CH), 
129.2 (CH), 128.1 (CH), 123.7 (C), 81.1 (C), 77.0 (CH), 65.0 (CH), 47.9 (CH2), 28.6 (3 x Me), 
28.2 (CH2), 24.5 (CH2). [α]D20 = +16.6 (c 1.2, CH2Cl2). 
277b (yellow oil, 553 mg, 1.6 mmol 31%) νmax/cm-1 3433, 2974, 1736, 1663, 1392, 1161, 1114, 
754; HRMS Found: [M + Na]+ = 380.0647; [C16H2281BrNO3 + Na]+ requires 380.0655; δH (400 
MHz, CDCl3) 7.59-7.43 (2 H, m, 2 x ArH), 7.31 (1 H, t, J = 7.5, ArH), 7.12 (1 H, t, J = 7.2, 
ArH), 5.58 (1 H, bs, OH), 5.41 (1 H, bs, CH) 4.41 (1 H, bs, CH), 3.40-2.85 (2 H, m, CH2), 
2.05-1.79 (2 H, m, CH2), 1.61 (2 H, bs, CH2), 1.51 (9 H, s, Boc); δC (100 MHz, CDCl3) 139.5 
(C), 132.7 (CH), 129.7 (C), 129.0 (2 x CH), 127.4 (CH), 80.7 (C), 74.5 (CH), 63.1 (CH), 48.1 
(CH2), 28.7 (3 x Me), 27.5 (CH2), 23.7 (CH2). 1 x C=O not observed. [α]D20 = -80.4 (c 0.85, 
CH2Cl2). 
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tert-Butyl (S)-2-(2-bromobenzoyl)pyrrolidine-1-carboxylate (278) 

 
A solution of 277a/b (100 mg, 0.28 mmol) in ethyl acetate (20 mL) was treated with IBX (620 
mg, 2.2 mmol) and stirred 20 hours at 75 °C. The reaction mixture was filtered through Celite® 
and concentrated in vacuo. Purification by flash chromatography on silica gel (1:5 ethyl 
acetate-hexanes) gave the title compound (53 mg, 0.15 mmol 53 %) as a yellow oil: νmax/cm-1; 
HRMS Found: [M + Na]+ = 376.0522; [C16H2079BrNO3 + Na]+ requires 376.0519; δH (400 
MHz, CDCl3) 7.73 (0.45 H, dd, J = 7.7, 1.5, ArH) + 7.65 (0.55 H, d, J = 8.0, ArH), 7.60 (0.45 
H, d, J = 8.0, ArH) + 7.49 (0.55 H, dd, J = 7.7, 1.5, ArH), 7.40-7.28 (2 H, m, ArH), 5.03-5.00 
(1 H, m, CH), 3.71-3.39 (2 H, m, CH2), 2.17-1.85 (4 H, m, 2 x CH2), 1.47 (4.1 H, s, Boc) + 
1.40 (4.9 s, Boc); δC (100 MHz, CDCl3) 201.9 + 200.7 (C=O), 154.7 + 154.0 (C=O), 140.2 + 
139.6 (C), 134.3 + 133.7 (CH), 132.1 + 131.8 (CH), 129.6 + 128.9 (CH), 127.34 + 127.31 
(CH), 120.0 + 119.5 (C), 80.3 + 79.9 (C), 64.4 (CH), 47.1 + 46.8 (CH2), 29.2 + 28.3 (CH2) 
28.6 + 28.5 (Boc), 24.1 + 23.1 (CH2). [α]D20 = +1.8 (c 1.17, CHCl3). 
 
(2-Bromophenyl)(3,4-dihydro-2H-pyrrol-5-yl)methanone (271) 

 
 
A solution of 278 (10 mg, 28 µmol) in methanol (1.2 mL) was treated with HCl (11 N, 0.1 mL) 
and the reaction mixture was stirred 10 hours at room temperature. The reaction mixture was 
concentrated in vacuo to give crude 279. Purification by flash chromatography on silica gel 
(10% methanol in dichloromethane) gave 279 which was used directly in the next step. 
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A solution of 279 in DMSO (0.5 mL) was treated with copper iodide (0.6 mg, 3 µmol) and 
cesium carbonate (18 mg, 55 µmol). The reaction mixture was stirred at room temperature for 
1 hour, whereupon water (5 mL) and ether (5 mL) were added. The layers were partitioned and 
the organic layer was dried (MgSO4), filtered, and concentrated in vacuo to yield the title 
compound (2.1 mg, 8 µmol, 30% from 278). Spectroscopic data as described previously in this 
thesis. 
 
(3,4-dihydro-2H-pyrrol-5-yl)(phenyl)methanone (280) 

 
A solution of 278 (30 mg, 85 µmol) in methanol (0.91 mL) was treated with HCl (11 N, 90 µL) 
and the reaction mixture was stirred 24 hours at room temperature. The reaction mixture was 
concentrated in vacuo to give crude 279 as a colourless solid which was used in the next step 
without purification. 
A solution of 279 in DMSO (1 mL) was treated with potassium carbonate (35 mg, 0.25 mmol) 
and copper (I) iodide (15 mg, 80 µmol) and stirred at 110 °C for 30 minutes. The reaction 
mixture was diluted with diethyl ether (10 mL) and washed with saturated aqueous ammonium 
chloride solution (1 mL). The organic layer was dried (MgSO4), filtered, and concentrated in 
vacuo to yield the crude residue which was purified by flash chromatography on silica gel (1:4 
ethyl acetate-hexanes) to give the title compound (2 mg, 12 µmol, 14% over two steps) as a 
colourless oil: δH (400 MHz, CDCl3) 8.18 (2 H, d, J = 8.1, ArH), 7.58 (1 H, t, J = 7.4, ArH), 
7.46 (2 H, t, J = 7.6, ArH), 4.23 (2 H, tt, J = 7.5, 2.4, CH2), 2.96 (2 H, tt, J = 8.3, 2.4, CH2), 
2.00 (2 H, q, J = 7.8, CH2); δC (100 MHz, CDCl3) 191.1 (C=O), 174.2 (C=N), 135.8 (C), 133.5 
(CH), 130.6 (2 x CH), 128.5 (2 x CH), 63.5 (CH2), 35.9 (CH2), 21.6 (CH2). Spectroscopic data 
consistent with the literature.172 
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(2-Bromophenyl)(3,4-dihydro-2H-pyrrol-5-yl)methanone (235) 

 
A solution of 278 (5 mg, 14 µmol) in methanol (0.35 mL) was treated with HCl (11 N, 0.15 
mL) and the reaction mixture was stirred 16 hours at room temperature. The reaction mixture 
was concentrated in vacuo to give crude 279 which was used directly in the next step. 
A solution of 279 in DMSO (1 mL) in a microwave vial was treated with potassium tert-
butoxide (1 mg, 9 µmol). The reaction vessel was sealed and irradiated at 200 °C for 10 
seconds. Upon cooling to room temperature, water (5 mL) and ether (5 mL) were added. The 
layers were partitioned and the organic layer was dried (MgSO4), filtered, and concentrated in 
vacuo to yield the title compound (0.9 mg, 6 µmol, 40% from 278). Spectroscopic data as 
described previously in this thesis. 
 
2,3-Dihydro-1H-pyrrolo[1,2-a]indole (3) 

 
Experimental for the highest yielding reaction conditions from the optimisation studies 
outlined in Table 7: 
To a mixture of ethyl acetate (4.9 mL) and ethanol (1.4 mL, 24 mmol) was added acetyl 
chloride (1.7 mL, 24 mmol) at 0 °C. To this mixture was added 277a/b (147 mg, 0.41 mmol, 
1:1.2 mix of diastereomers), the reaction mixture was stirred 1 hour at room temperature and 
then concentrated in vacuo. The crude amino alcohol was taken up in t-BuOH/H2O (5 mL, 1:1) 
and treated with copper (I) iodide (39 mg, 0.2 mmol), copper-bronze (13 mg, 0.2 mmol), K3PO4 
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(173 mg, 0.8 mmol), and L-proline (47 mg, 0.4 mmol). The reaction mixture was degassed 
with nitrogen, then heated to 100 °C for 2.5 hours. The reaction mixture was filtered through 
Celite®, diluted with water (5 mL) and extracted with DCM (4 x 10 mL) and ethyl acetate (1 x 
10 mL). The combined organic phases were washed with 1% ammonium hydroxide solution 
(20 mL) and brine (20 mL), dried (MgSO4), filtered, and concentrated in vacuo to yield 285a/b 
as a red oil (54 mg, 0.31 mmol, 76%), which was used in the next step without further 
purification. 
A solution of 285a/b (10 mg, 60 µmol) in pyridine (0.4 mL) was treated with acetic anhydride 
(180 µL, 1.9 mmol). The reaction mixture was stirred 24 hours at room temperature and diluted 
with saturated copper sulfate solution (5 mL) and ethyl acetate (5 mL). The layers were 
separated and the organic layer was further washed with copper sulfate (5 mL). The organic 
layer was dried (MgSO4), filtered and concentrated in vacuo. Purification by flash 
chromatography on silica gel (1:19 ethyl acetate-hexanes) gave the title compound (4 mg, 25 
µmol, 42%) as an orange oil: δH (400 MHz, CDCl3) 7.53 (1 H, d, J = 8.6, ArH), 7.23 (1 H, d, 
J = 7.9, ArH), 7.10 (1 H, td, J = 7.6, 1.6, ArH), 7.04 (1 H, td, J = 7.4, 1.3, ArH), 6.15 (1 H, s, 
ArH), 4.06 (2 H, t, J = 7.0, CH2), 3.02 (2 H, t, J = 7.4, CH2), 2.61 (2 H, pent, J = 7.2, CH2). 
Spectroscopic data consistent with the literature.284 
 
N-(2-(2,3-Dihydro-1H-pyrrolo[1,2-a]indol-9-yl)ethyl)-2,2,2-trifluoroacetamide (287) 

 
A solution of 3 (4 mg, 25 µmol) and 288 (5.6 mg, 27 µmol) in dichloromethane (0.1 mL) was 
added to a solution of TFA (10 µL, 130 µmol) and triethylsilane (17 µL, 75 µmol) in DCM 
(0.1 mL). The reaction was stirred for 4 hours at room temperature, cooled to 0 °C and 
neutralised with sodium hydrogen carbonate solution. The mixture was diluted with 
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dichloromethane (2 mL), the layers were separated and the aqueous layer was further extracted 
with dichloromethane (2 mL). The combined organic layers were washed with brine (4 mL), 
dried (MgSO4), filtered and concentrated in vacuo. Purification by flash chromatography on 
silica gel (1:9 ethyl acetate-hexanes) gave the title compound (1.8 mg, 6 µmol, 24%) as an off-
white solid: m.p. 116-120 °C; νmax/cm-1 3266, 2919, 1732, 1701, 1568, 1454, 1377, 1204, 1186, 
1151, 1011, 803, 727; HRMS Found: [M + Na]+ = 319.1043; [C15H15F3N2O + Na]+ requires 
319.1029; δH (400 MHz, CDCl3) 7.48 (1 H, d, J = 7.9, ArH), 7.25 (1 H, d, J = 8.2, ArH), 7.16 
(1 H, td, J = 7.5, 1.0, ArH), 7.09 (1 H, td, J = 7.5, 1.0, ArH), 6.33 (1 H, bs, NH), 4.07 (2 H, t, 
J = 6.9, CH2), 3.65 (2 H, q, J = 6.3, CH2), 3.00 (2 H, t, J = 6.6, CH2), 2.95 (2 H, t, J = 7.3, CH2), 
2.62 (2 H, p, J = 7.3, CH2); δC (100 MHz, CDCl3) 142.6 (C), 132.9 (C), 132.0 (C), 120.9 (CH), 
119.3 (CH), 118.2 (CH), 109.8 (CH), 101.0 (C), 43.9 (CH2), 40.4 (CH2), 28.0 (CH2), 24.4 
(CH2), 23.3 (CH2). 1 x C=O, 1 x CF3 not observed.  
 
1-(tert-Butyl) 2-methyl (2S,4R)-4-hydroxypyrrolidine-1,2-dicarboxylate (290) 

 
To a solution of 257 (6.55 g, 50 mmol) in dry MeOH (100 mL) was added thionyl chloride (9.0 
mL, 120 mmol) at -78 °C. The reaction mixture was stirred for 10 minutes at this temperature, 
followed by 30 minutes at 0 °C, 30 minutes at room temperature and 3 hours at reflux. The 
reaction mixture was concentrated in vacuo and azeotroped with toluene. The residue was 
dissolved in THF/H2O (1:1, 200 mL) and treated with sodium hydrogen carbonate (8.4 g, 0.1 
mol) and Boc2O (12 g, 55 mmol) at 0 °C. The reaction mixture was stirred for 2 hours at this 
temperature, then 2 hours at room temperature. The volatiles were removed in vacuo and the 
aqueous solution extracted with ethyl acetate (2 x 100 mL). The combined organic layers were 
washed with 0.1 N HCl, sodium hydrogen carbonate solution and brine (150 mL each), dried 
(MgSO4), filtered and concentrated in vacuo to give the title compound as a colourless oil which 
was used without further purification. A portion purified for analytical purposes (1:1 ethyl 
acetate-hexanes) gave the following data: δH (400 MHz, CDCl3) 4.53-4.36 (2 H, m, 2 x CH), 
3.73 (3 H, s, Me), 3.65 (0.37 H, d, J = 4.5, CH of CH2) + 3.63 (0.63 H, d, J = 4.0, CH of CH2), 
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3.55 (0.66 H, d, J = 11.7, CH of CH2) + 3.45 (0.34 H, d, J = 11.1, CH of CH2), 2.34-2.21 (1 H, 
m, CH of CH2), 2.13-2.04 (1 H, m, CH of CH2) 1.93 (0.62 H, bs, OH) + 1.88 (0.38 H, bs, OH) 
1.46 (3.2 H, s, Boc) + 1.41 (5.8 H, s, Boc); [α]D20 = -34.9 (c 1.56, EtOH). Lit.285 [α]D20 = -50 
(c 1.56, EtOH). Spectroscopic data consistent with the literature.286 

 
1-(tert-Butyl) 2-methyl (S)-4-oxopyrrolidine-1,2-dicarboxylate (292) 

 
To a solution of 290 (used directly from the previous step) in dry dichloromethane (200 mL) 
was added trichloroisocyanuric acid (12.2 g, 52.5 mmol) at 0 °C. The mixture was stirred for 
1 minute, followed by treatment with TEMPO (50 mg, 0.3 mmol). The reaction mixture was 
allowed to warm to room temperature, and was diluted with ethyl acetate (400 mL). The 
organic solution was washed with sodium hydrogen carbonate solution (2 x 500 mL), 1 N HCl 
(2 x 500 mL), 10% sodium thiosulfate (3 x 500 mL), and brine (500 mL). The organic layer 
was dried (MgSO4), filtered, and concentrated in vacuo. The residue was purified by flash 
chromatography on silica gel (1:2 ethyl acetate-hexanes) to yield the title compound (10.6 g, 
43.6 mmol, 87% over three steps) as a colourless oil: δH (400 MHz, CDCl3) 4.84-4.68 (1 H, m, 
CH), 3.89 (2 H, d, J = 10.2), 3.76 (3 H, s, Me), 3.01-2.85 (1 H, m, CH of CH2), 2.58 (1 H, dd, 
J = 18.8, 2.4, CH of CH2), 1.46 (9 H, s, Boc); [α]D20 = +9.2 (c 0.5, CHCl3). Lit.287 [α]D20 = +9.8 
(c 2.6, CHCl3) Spectroscopic data consistent with the literature.288 
 
(tert-Butyldiphenylsilyl)(diethoxyphosphoryl)methyl acetate (298) 

 
To a solution of lithium diisopropylamide (0.4 M in THF, 0.43 mL) was added a solution of 
295 (69 mg, 170 µmol) in THF (0.5 mL) at -78 °C. This solution was stirred for two hours, 
whereupon 292 (27 mg, 110 µmol) in THF (1 mL) was added. The solution was stirred for two 
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hours at -78 °C, warmed to room temperature and stirred a further 72 hours. The reaction 
mixture was diluted with ethyl acetate (10 mL), washed with water (5 x 10 mL) and the organic 
layer dried (MgSO4), filtered, and concentrated in vacuo. The residue was purified by flash 
chromatography on silica gel (1:2 ethyl acetate-hexanes) to yield the title compound (3 mg, 7 
µmol, 4%) as a colourless oil: νmax/cm-1 2932, 2859, 1732, 1428, 1256, 1113, 1021, 971, 800, 
741, 704; HRMS Found: [M + Na]+ = 471.1716; [C23H33O5PSi + Na]+ requires 471.1727; δH 
(400 MHz, CDCl3) 7.71 (2 H, d, J = 7.2, ArH) + 7.64 (2 H, d, J = 7.6, ArH), 7.46-7.34 (6 H, 
m, ArH), 4.64 (0.5 H, s, CH) + 4.59 (0.5, s, CH), 4.25-4.07 (4 H, m, 2 x CH2), 1.92 (3 H, s, 
Me), 1.33 (3 H, t, J = 7.1, Me) + 1.30 (3 H, t, J = 7.1, Me), 1.15 (9 H, s, 3 x Me); δC (100 MHz, 
CDCl3) 206.1 (C=O), 136.12 + 136.07 (4 x CH), 132.3 + 132.1 (2 x C), 130.3 + 130.1 (2 x 
CH), 127.8 + 127.7 (4 x CH), 78.48 + 78.45 (CH), 63.5 + 63.4 + 63.3 + 63.2 (2 x CH2), 27.2 
(Me), 26.9 (3 x Me), 16.5 + 16.4 + 16.32 + 16.27 (2 x Me). 1 x C not observed. 
 
(2S)-1-tert-Butyl 2-methyl 4-(nitromethyl)pyrrolidine-1,2-dicarboxylate (299) 

 
A solution 292 (24 mg, 0.1 mmol), nitromethane (0.5 mL), DABCO (11 mg, 0.1 mmol) and 
MgSO4 (6 mg, 0.05 mmol) were stirred at 80 °C for 16 hours. The reaction mixture was diluted 
with diethyl ether (5 mL), filtered through silica and washed with water (5 mL). The organic 
layer was dried (MgSO4), filtered, and concentrated in vacuo. Purification by flash 
chromatography on silica gel (1:2 ethyl acetate-hexanes) gave the title compound (6 mg, 0.02 
µmol, 20%) as a colourless oil: νmax/cm-1 3394, 2977, 1677, 1555, 1403, 1368, 1209, 1169, 
1142, 896, 771; HRMS Found: [M + Na]+ = 327.1157; [C12H20N2O7 + Na]+ requires 327.1163; 
δH (400 MHz, CDCl3) 4.69-4.52 (2 H, m, CH2), 4.48-4.38 (1 H, m, CH), 3.88-3.79 (4 H, m, 
Me + CH of CH2), 3.60-3.54 (1 H, m, CH of CH2), 2.51-2.22 (2 H, m, CH2), 1.47 (4.2 H, s, 
Boc) + 1.42 (4.8 H, s, Boc); δC (100 MHz, CDCl3) 175.0 (C=O), 81.2 (C), 80.7 (CH2), 58.0 
(CH), 57.7 + 57.3 (CH2), 53.3 + 53.0 (Me), 40.6 + 39.7 (CH2), 28.5 + 28.4 (3 x Me); 1 x C=O, 
1 x C not observed. 
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1-(tert-Butyl) 2-methyl (S)-4-methylenepyrrolidine-1,2-dicarboxylate (300) 

 
A solution of potassium t-butoxide (7.06 g, 62.6 mmol) in diethyl ether (490 mL) was treated 
with dry MePPh3Br (23.9 g, 66.9 mmol) at 0 °C. The solution was stirred at this temperature 
for 30 minutes, followed by slow addition of 292 (10.4 g, 42.8 mmol) in diethyl ether (160 
mL). The reaction mixture was stirred at room temperature for 30 minutes, then at 35 °C for 
90 minutes. The reaction mixture was diluted with ethyl acetate (300 mL) and washed with 
brine (2 x 150 mL). The combined organic phases were dried (MgSO4), filtered, and 
concentrated in vacuo. Purification by flash chromatography on silica gel (15% ethyl acetate 
in hexanes) to yield the title compound (7.43 g, 30.8 mmol, 72%) as a colourless oil: δH (400 
MHz, CDCl3) 5.01 (0.5 H, bs) + 4.98 (1.5 H, bs, CH2), 4.50 (0.5 H, d, J = 9.8) + 4.39 (0.5 H, 
dd, J = 9.8, 3.3, CH), 4.08 (1 H, bs) + 4.04 (1 H, bs, CH2), 3.71 (3 H, Me), 3.03-2.87 (1 H, m) 
+ 2.63 (0.5 H, bs) + 2.59 (0.5 H, bs, CH2) 1.46 (3.8 H, s) + 1.41 (5.2 H, s, Boc); [α]D20 = -25.1 
(c 1.0, MeOH). Lit.289 [α]D20 = -29.4 (c 1.0, MeOH). Spectroscopic data consistent with the 
literature.289 
 
1-(tert-Butyl) 2-methyl (2S,4R)-4-(hydroxymethyl)pyrrolidine-1,2-dicarboxylate (302) 

 
A solution of 2-methyl-2-butene (123 mmol, 61.5 mL of a 2 M solution in THF) was slowly 
treated with borane-dimethyl sulfide complex (6.15 mL, 61.5 mmol) at 0 °C. The reaction 
mixture was stirred at this temperature for 2 hours, then added dropwise to a solution of 300 
(7.43 g, 30.8 mmol) in THF (15 mL) at 0 °C. The reaction mixture was stirred at room 
temperature for 20 hours, whereupon ethanol (2.25 mL) was added and the reaction mixture 
cooled to 0 °C. Rapid addition of sodium hydroxide solution (3M, 12 mL) was followed by 
cooling to -10 °C and slow addition of hydrogen peroxide solution (30%, 12 mL). The reaction 
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mixture was stirred for 3 hours and the aqueous and organic layers were separated. The aqueous 
layer was extracted with diethyl ether (2 x 25 mL) and the combined organic layers were 
washed with brine (50 mL), dried (Na2SO4), and concentrated in vacuo. Purification by flash 
chromatography on silica gel (3:2 ethyl acetate-hexanes) gave the title compound (6.7 g, 25.9 
mmol, 84%) as a colourless oil: δH (400 MHz, CDCl3) 4.39-4.20 (1 H, m, CH), 3.71 (3 H, s, 
Me), 3.74-3.53 (3 H, m, CH2 + CH of CH2) 3.26-3.15 (1 H, m, CH of CH2) 2.44-2.34 (1 H, m, 
CH), 2.10-1.69 (2 H, m, CH2) 1.44 (3.5 H, s, Boc), 1.39 (5.5 H, s, Boc); [α]D20 = -42.7 (c 1.4, 
CHCl3). Lit.184 = -38 (c 1.4, CHCl3). Spectroscopic data consistent with the literature.184  
 
1-(tert-Butyl) 2-methyl (2S,4R)-4-(((tert-butyldimethylsilyl)oxy)methyl)pyrrolidine-1,2-
dicarboxylate (303) 

 
A solution of 302 (6.7 g, 25.9 mmol) in dimethylformamide (65 mL) was treated with 
imidazole (3.8 g, 55.8 mmol) and TBSCl (4.0 g, 26.5 mmol) at 0 °C. The reaction mixture was 
stirred for 4 hours at room temperature, then diluted with ethyl acetate (150 mL) and washed 
with water (3 x 100 mL). The combined aqueous layers were extracted with ethyl acetate (50 
mL), and the combined organic phases were then washed with brine (50 mL). The organic layer 
was dried (MgSO4), filtered, and concentrated in vacuo. Purification by flash chromatography 
on silica gel (1:4 ethyl acetate-hexanes) gave the title compound (7.6 g, 20.3 mmol, 79%) as a 
yellow oil: νmax/cm-1 2950, 2917, 2850, 1702, 1391, 1160, 1093, 836, 777; HRMS Found: [M 
+ Na]+ = 396.2166; [C18H35NO5Si + Na]+ requires 396.2177; δH (400 MHz, CDCl3) 4.36-4.18 
(1 H, m, CH), 3.73-3.50 (6 H, m, Me + CH2 + CH of CH2), 3.23-3.15 (1 H, m, CH of CH2) 
2.50-1.69 (3 H, CH + CH2), 1.44 + 1.39 (9 H, 2 x s, Boc), 0.90-0.85 (9 H, m, 3 x Me), 0.08-
0.01 (6 H, m, 2 x Me); δC (100 MHz, CDCl3) 173.9 + 173.6 (C=O), 153.8 (C=O), 80.1 + 80.0 
(C), 64.2 + 64.0 (CH2), 59.3 +59.2 + 58.8 + 58.7 (CH), 52.22 + 52.18 + 52.06 + 52.00 (OMe), 
49.5 + 49.2 + 49.0 + 48.8 (CH2), 41.1 + 40.4 + 40.1 + 39.2 (CH) 33.3 + 33.2 + 32.4 + 32.3 
(CH2) 28.5 + 28.4 (3 x Me), 26.0 + 25.9 + 25.8 (3 x Me) 18.4 + 18.3 (C), 1.0 (Me), -3.6 (Me); 
[α]D20 = -25.1 (c 1.0, MeOH).  
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(±)-(2,3-Dihydro-1H-pyrrolo[1,2-a]indol-2-yl)methyl acetate (301) 

 
A solution of diisobutylaluminium hydride (1 M in cyclohexane, 10 mL, 10 mmol) was diluted 
with dichloromethane (10 mL) and added over 1.5 hours to a solution of 303 (1.87 g, 5 mmol) 
in dichloromethane (16 mL) at -78 °C. The reaction mixture was stirred at the same temperature 
for 2.5 hours, whereupon methanol (1.2 mL) was added over 30 minutes. The solution was 
allowed to warm to room temperature and an aqueous solution of potassium sodium tartrate (2 
M, 25 mL) was added and the mixture was stirred vigorously for 30 minutes. The layers were 
partitioned and the aqueous layer was further extracted with dichloromethane (2 x 25 mL). The 
combined organic layers were washed with brine (70 mL), dried (MgSO4), filtered, and 
concentrated in vacuo to yield the crude aldehyde 304 which was used in the next step without 
further purification. 
A solution of i-PrMgCl·LiCl (4.05 mL, 5.25 mmol, 1.3 M in THF) was treated with 266 (0.64 
mL, 5.25 mmol) at -20 °C. The reaction mixture was stirred at -15 °C for 2 hours, whereupon 
a solution of 304 in THF (1.0 mL) was added dropwise. The reaction mixture was stirred 16 
hours at -10 °C, whereupon ammonium chloride solution (20 mL) was added. The reaction 
mixture was extracted with ethyl acetate (3 x 20 mL), dried (MgSO4), filtered, and concentrated 
in vacuo to yield crude 305 as a yellow oil (2.2 g, “4.4 mmol”, 88%) which was used in the 
next step without further purification. 
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305 was reacted with HCl (3 M in EtOAc, 45 mL, 135 mmol) at 0 °C, stirred 30 minutes at this 
temperature, then 30 minutes at room temperature. The reaction mixture was concentrated in 
vacuo to yield 306 as an off-white solid which was used in the next step without further 
purification. 
A solution of 306 in t-BuOH/H2O (1:1, 60 mL) was treated with copper (I) iodide (444 mg, 2.3 
mmol), copper-bronze (151 mg, 2.4 mmol), potassium phosphate (1.99 g, 9.4 mmol), and 
proline (528 mg, 4.6 mmol). The reaction mixture was degassed with nitrogen over 2 hours, at 
which stage TLC analysis showed consumption of starting material. The reaction mixture was 
filtered and diluted with water (50 mL). The solution was extracted with dichloromethane (4 x 
50 mL) and ethyl acetate (2 x 50 mL). The combined organic layers were washed with brine 
(200 mL), dried (MgSO4), filtered, and concentrated in vacuo to yield 307 as a yellow oil which 
was used in the next step without further purification. 
A solution of 307 in pyridine (88 mL) was treated with acetic anhydride (40 mL) at 0 °C. The 
reaction mixture was stirred at room temperature for 7 hours, whereupon saturated copper 
sulfate solution (100 mL) was added, keeping the temperature below 10 °C. The aqueous 
solution was extracted with ethyl acetate (100 mL) and the organic layer washed with copper 
sulfate solution until intense blue colouration due to copper-pyridine complex no longer 
formed. The organic layer was washed with brine (100 mL), dried (MgSO4), filtered, and 
concentrated in vacuo. Purification by flash chromatography on silica gel (1:4 ethyl acetate-
hexanes) gave the title compound (510 mg, 2.2 mmol, 45% over five steps) as a red oil: δH (400 
MHz, CDCl3) 7.54 (1 H, d, J = 7.9, ArH), 7.22 (1 H, d, J = 8.0, ArH), 7.12 (1 H, td, J = 7.5, 
1.0, ArH), 7.06 (1 H, td, J = 7.5, 1.0, ArH), 6.17 (1 H, d, J = 0.9, ArH), 4.29-4.15 (3 H, m, CH2 
+ CH of CH2), 3.89 (1 H, dd, J = 10.1, 5.8, CH of CH2), 3.40-3.29 (1 H, m, CH), 3.19 (1 H, 
dd, J = 16.1, 8.3, CH of CH2) + 2.84 (1 H, dd, J = 16.1, 6.1, CH of CH2), 2.08 (3 H, s, Me); 
[α]D20 = -6.2 (c 0.51, CHCl3). Lit.188 [α]D20 = -20.4 (c 0.51, CHCl3) Spectroscopic data 
consistent with the literature.188 
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(±)-Methyl 2,3-dihydro-1H-pyrrolo[1,2-a]indole-2-carboxylate (310) 

 
A solution of 301 (204 mg, 0.89 mmol) in methanol (20 mL) was treated with potassium 
carbonate (250 mg, 1.8 mmol) and stirred 30 minutes at room temperature. The reaction 
mixture was diluted with water (80 mL) and the aqueous solution was extracted with ethyl 
acetate (80 mL). The organic layer was washed with brine (80 mL), dried (Na2SO4), filtered, 
and concentrated in vacuo. Purification by flash chromatography on silica gel (1:2 ethyl 
acetate-hexanes) gave the title compound (160 mg, 0.86 mmol, 97%) as a colourless solid: δH 
(400 MHz, CDCl3) 7.53 (1 H, d, J = 7.8, ArH), 7.21 (1 H, d, J = 8.1, ArH), 7.11 (1 H, t, J = 
7.4, ArH), 7.05 (1 H, t, J = 7.1, ArH), 6.14 (1 H, s, ArH), 4.17 (1 H, dd, J = 10.2, 7.6, CH of 
CH2), 3.91 (1 H, dd, J = 10.2, 5.0, CH of CH2), 3.79-3.67 (2 H, m, CH2), 3.21-3.10 (2 H, m, 
CH + CH of CH2), 2.79 (1 H, dd, J = 15.2, 4.5, CH of CH2); δC (100 MHz, CDCl3) 143.4 (C), 
133.2 (C), 132.9 (C), 120.45 (CH), 120.40 (CH), 111.1 (CH), 109.5 (CH), 92.9 (CH), 65.2 
(CH2), 46.4 (CH2), 44.4 (CH2), 27.5 (CH). Spectroscopic data consistent with the literature.290 
 
(±)-Methyl 2,3-dihydro-1H-pyrrolo[1,2-a]indole-2-carboxylate (312) 

 
A solution of 310 (160 mg, 0.86 mmol) in ethyl acetate (65 mL) was treated with IBX (1.0 g, 
3.6 mmol) and heated at reflux for 3 hours. The reaction mixture was cooled to 0 °C, filtered, 
and purified by flash chromatography on silica gel (1:2 ethyl acetate-hexanes) to yield 311 (150 
mg, 0.81 mmol, 94%) as a colourless oil which was used directly in the next step due to 
instability. 
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A solution of 313 (22 mg, 0.1 mmol) in dichloromethane (5 mL) was treated with DBU (170 
µL, 1.1 mmol), followed by a solution of 311 (150 mg, 0.81 mmol) in dichloromethane (0.5 
mL). The reaction mixture was treated with manganese dioxide (600 mg, 6.9 mmol), followed 
by methanol (200 µL, 5.0 mmol) and was stirred for 16 hours at room temperature. The reaction 
mixture was filtered through silica and the silica washed with ethyl acetate (30 mL). The 
organic solution was concentrated in vacuo and the residue purified by flash chromatography 
on silica gel (1:9 ethyl acetate-hexanes) to yield the title compound (79 mg, 0.37 mmol, 45%) 
as a colourless solid: m.p. 91-92 °C νmax/cm-1 2951, 2924, 2851, 1730, 1440, 1340, 1220, 1197, 
1022, 781, 742; HRMS Found: [M + H]+ = 216.1016; [C13H13NO2 + H]+ requires 216.1019; 
δH (400 MHz, CDCl3) 7.54 (1 H, d, J = 7.6, ArH), 7.23 (1 H, d, J = 8.1, ArH), 7.13 (1 H, td, J 
= 7.5, 1.0), 7.07 (1 H, td, J = 7.4, 1.0, ArH), 6.18 (1 H, s, ArH), 4.38-4.30 (2 H, m, CH2), 3.90-
3.82 (1 H, m, CH), 3.78 (3 H, s, Me), 3.34 (2 H, dd, J = 8.1, 1.2, CH2); δC (100 MHz, CDCl3) 
173.2 (C=O), 142.1 (C), 133.2 (C), 132.8 (C), 120.74 (CH), 120.66 (CH), 119.6 (CH), 109.5 
(CH), 93.2 (CH), 52.6 (Me), 46.3 (CH), 46.2 (CH2), 28.2 (CH2). 
 
(±)-N-(Quinolin-8-yl)-2,3-dihydro-1H-pyrrolo[1,2-a]indole-2-carboxamide (308) 

 
A solution of 312 (50 mg, 0.23 mmol) in MeOH/H2O (1:1, 2 mL) was treated with sodium 
hydroxide (50 mg, 1.25 mmol) at room temperature. The reaction mixture was stirred for 3 
hours, then diluted with water (5 mL) and acidified to pH = 3 with 1 N HCl. The aqueous 
suspension was extracted with ether (2 x 5 mL) and the organic layer dried (Na2SO4), filtered, 
and concentrated in vacuo to yield crude 309, which was used in the following step without 
further purification. 
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A solution of 309 in dichloromethane (10 mL) was treated with 164 (50 mg, 0.35 mmol) and 
EDC·HCl (67 mg, 0.35 mmol) at 0 °C. The reaction mixture was stirred for 4 hours at room 
temperature, then was washed with 1 N HCl until washings were colourless, sodium hydrogen 
carbonate solution (10 mL), and brine (10 mL). The organic layer was dried (Na2SO4), filtered, 
and concentrated in vacuo and the residue purified by flash chromatography on silica gel (1:9 
 1:2 ethyl acetate-hexanes) to yield the title compound (56 mg, 0.17 mmol, 74 % over two 
steps) as an off-white solid: m.p. 210-212 °C νmax/cm-1 3311, 2922, 2852, 1680, 1523, 1485, 
1455, 1323, 1156, 824, 788, 765, 745, 702, 681; HRMS Found: [M + H]+ = 328.1437; 
[C21H17N3O + H]+ requires 328.1444; δH (400 MHz, CDCl3) 10.06 (1 H, s, NH), 8.79-8.75 (2 
H, m, 2 x ArH), 8.18 (1 H, dd, J = 8.2, 1.5, ArH), 7.58-7.52 (3 H, m, 3 x ArH), 7.47 (1 H, dd, 
J = 8.3, 4.2, ArH), 7.26 (1 H, d, 8.0, ArH), 7.14 (1 H, td, J = 7.5, 1.0, ArH), 7.08 (1 H, td, J = 
7.5, 1.0, ArH), 6.23 (1 H, d, J = 0.7, ArH), 4.46 (2 H, d, J = 7.8, CH2), 4.05 (1 H, pent, J = 8.1, 
CH), 3.50 (2 H, d, J = 8.4, CH2); δC (100 MHz, CDCl3) 170.4 (C=O), 148.3 (CH), 142.1 (C), 
138.3 (C), 136.6 (CH), 134.1 (C), 133.2 (C), 132.8 (C), 128.0 (C), 127.5 (CH), 122.0 (CH), 
121.8 (CH), 120.6 (CH), 120.5 (CH), 119.4 (CH), 116.9 (CH), 109.5 (CH), 93.2 (CH), 49.5 
(CH), 46.7 (CH2), 29.1 (CH2). 
 
(±)-N-(Quinolin-8-yl)-1-(3,4,5-trimethoxyphenyl)-2,3-dihydro-1H-pyrrolo[1,2-a]indole-
2-carboxamide (318) and (±)-N-(quinolin-8-yl)-9-(3,4,5-trimethoxyphenyl)-2,3-dihydro-
1H-pyrrolo[1,2-a]indole-2-carboxamide (319) 
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A sealed tube was charged with 308 (18.2 mg, 0.056 mmol), Pd(TFA)2 (3.7 mg, 11 µmol), 142 
(49 mg, 0.17 mmol), Cs3PO4 (46.6 mg, 0.094 mmol) and tert-amyl alcohol/water (4:1, 0.5 mL). 
The reaction mixture was stirred at 110 °C for 48 hours, whereupon further Pd(TFA)2 (3.0 mg, 
8 µmol) was added and the reaction mixture stirred at 110 °C a further 24 hours. The reaction 
mixture was cooled to room temperature, diluted with ethyl acetate (5 mL), washed with water 
(5 mL) and the washings extracted once with ethyl acetate (5 mL). The combined organic 
phases were dried (MgSO4), filtered and concentrated in vacuo. The crude reaction mixture 
was purified by preparative thin layer chromatography (1:9  1:1 ethyl acetate-hexanes) to 
yield the title compounds: 
318 (1.5 mg, 2.8 µmol, 5%), brown oil; νmax/cm-1 2926, 1685, 1529, 1457, 1425, 1238 1128, 
1009, 827, 743; HRMS Found: [M + Na]+ 516.1909 [C30H27N3O4 + Na]+ requires 516.1894; 
δH (500 MHz, CDCl3) 9.74 (1 H, s, NH), 8.81 (1 H, dd, J = 6.9, 1.9, ArH), 8.65 (1 H, dd, J = 
4.2, 1.5, ArH), 8.15 (1 H, dd, J = 8.2, 1.7, ArH), 7.61 (1 H, d, J = 8.0, ArH), 7.56-7.53 (2 H, 
m, 2 x ArH), 7.44 (1 H, dd, J = 8.4, 4.2, ArH), 7.36 (1 H, d, J = 8.4, ArH), 7.21 (1 H, t, J = 7.9, 
ArH), 7.13 (1 H, t, J = 7.5, ArH), 6.65 (2 H, s, 2 x ArH), 6.18 (1 H, bs, ArH), 4.88 (1 H, dd, J 
= 9.2, 0.9, CH), 4.62 (2 H, pent, J = 9.1, CH2), 3.91-3.88 (1 H, m, CH), 3.87 (3 H, s, Me), 3.63 
(6 H, s, 2 x Me); δC (125 MHz, CDCl3) 168.5 (C=O), 153.8 (2 x C), 148.5 (CH), 138.3 (C), 
136.4 (CH), 132.6 (C), 129.6 (C), 127.5 (C), 126.8 (CH), 122.2 (CH), 122.0 (CH), 121.1 (CH), 
120.3 (CH), 119.7 (CH), 116.4 (CH), 109.7 (CH), 105.2 (2 x CH), 94.5 (CH), 61.0 (Me), 60.1 
(CH), 56.1 (2 x Me), 49.2 (CH), 46.4 (CH2). 4 x C not observed. 
319 (6.1 mg, 5.7 µmol, 22%), off-white solid; m.p. 65-70 °C νmax/cm-1 3335, 2923, 1684, 1583, 
1525, 1457, 1380, 1122, 825, 736; HRMS Found: [M + Na]+ 516.1903. [C30H27N3O4 + Na]+ 
requires 516.1894; δH (400 MHz, CDCl3) 10.10 (1 H, bs, NH), 8.80-8.77 (2 H, m, 2 x ArH), 
8.19 (1 H, dd, J = 8.3, 1.7, ArH), 7.87 (1 H, d, J = 7.8, ArH), 7.59-7.55 (2 H, m, 2 x ArH), 7.48 
(1 H, dd, J = 8.3, 4.3, ArH), 7.33 (1 H, d, J = 7.5, ArH), 7.23 (1 H, td, J = 7.5, 1.1, ArH), 7.18 
(1 H, td, J = 7.4, 1.2, ArH), 6.84 (2 H, s, 2 x ArH), 4.57 (2 H, d, J = 8.0, CH2), 4.13 (1 H, pent, 
J = 8.0, CH), 3.92 (6 H, s, 2 x Me), 3.90 (3 H, s, Me), 3.69 (2 H, qd, 15.8, 8.0, CH2); δC (100 
MHz, CDCl3) 170.2 (C=O), 153.7 (2 x C), 148.5 (CH), 139.5 (C), 138.5 (C), 136.7 (CH), 134.2 
(C), 133.1 (C), 131.6 (C), 130.7 (C), 128.1 (C), 127.5 (CH), 122.3 (CH), 122.0 (CH), 121.5 
(CH), 120.2 (CH), 119.7 (CH), 116.9 (CH), 109.9 (CH), 109.0 (C), 105.0 (2 x CH), 61.1 (Me), 
56.4 (2 x Me), 49.5 (CH), 47.1 (CH2), 29.7 (CH2). 
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(±)-1-(2,4-bis(methoxymethoxy)phenyl)-N-(quinolin-8-yl)-2,3-dihydro-1H-pyrrolo[1,2-
a]indole-2-carboxamide (322) and 9-(2,4-bis(methoxymethoxy)phenyl)-N-(quinolin-8-yl)-
2,3-dihydro-1H-pyrrolo[1,2-a]indole-2-carboxamide (323) 

 
A sealed tube was charged with 308 (18.2 mg, 0.056 mmol), Pd(TFA)2 (3.7 mg, 11 µmol), 176 
(54 mg, 0.17 mmol), Cs3PO4 (46.6 mg, 0.094 mmol) and tert-amyl alcohol/water (4:1, 0.5 mL). 
The reaction mixture was stirred at 110 °C for 48 hours, whereupon further Pd(TFA)2 (3.0 mg, 
8 µmol) was added and the reaction mixture stirred at 110 °C a further 24 hours. The reaction 
mixture was cooled to room temperature, diluted with ethyl acetate (5 mL), washed with water 
(5 mL) and the washings extracted once with ethyl acetate (5 mL). The combined organic 
phases were dried (MgSO4), filtered and concentrated in vacuo. The crude reaction mixture 
was purified by preparative thin layer chromatography (1:9  1:1 ethyl acetate-hexanes) to 
yield the title compounds: 
322 (1.0 mg, 1.9 µmol, 3%), brown oil: νmax/cm-1 2929, 2856, 1681, 1251, 1153, 1103, 995, 
968, 830, 776; HRMS Found: [M + Na]+ 546.2019. [C31H29N3O5 + Na]+ requires 546.1999; δH 
(500 MHz, CDCl3) 10.01 (1 H, s, NH), 8.80 (1 H, dd, J = 6.0, 3.0, ArH), 8.69 (1 H, dd, J = 4.2, 
1.7, ArH), 8.16 (1 H, dd, J = 8.4, 1.7, ArH), 7.58 (1 H, d, J = 7.8, ArH), 7.54-7.52 (2 H, m, 2 
x ArH), 7.45 (1 H, dd, J = 8.3, 4.2, ArH), 7.36 (1 H, d, J = 7.9, ArH), 7.19 (1 H, td, J = 7.6, 
1.3, ArH), 7.10 (1 H, td, J = 7.7, 1.2, ArH), 7.06 (1 H, d, J = 8.5, ArH), 6.87 (1 H, d, J = 2.4, 
ArH), 6.66 (1 H, dd, J = 8.5, 2.4, ArH), 6.15 (1 H, s, ArH), 5.22 (1 H, d, J = 6.2, CH), 5.17 (2 
H, s, Me), 5.15-5.09 (2 H, m, CH2), 4.69 (1 H, dd, J = 10.2, 5.8, CH of CH2), 4.44 (1 H, dd, J 
= 10.2, 7.7, CH of CH2), 3.92 (1 H, dt, J = 5.9, 7.7, CH), 3.50 (3 H, s, Me), 3.24 (3 H, s, Me); 
δC (125 MHz, CDCl3) 170.5 (C=O), 157.9 (C), 156.1 (C), 148.2 (CH), 144.6 (C), 136.5 (CH), 
134.6 (C), 133.0 (C), 129.3 (CH), 128.1 (C), 127.6 (CH), 123.3 (C), 121.9 (CH), 121.8 (CH), 
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120.9 (CH), 120.8 (CH), 119.5 (CH), 117.0 (CH), 109.7 (CH), 109.1 (CH), 103.6 (CH), 94.7 
(CH2), 94.5 (CH2), 94.2 (CH), 58.4 (CH), 56.3 (Me), 56.0 (Me), 45.6 (CH2), 42.9 (CH). 2 x C 
not observed.  
323 (3.0 mg, 5.7 µmol, 10%), brown oil; νmax/cm-1 3335, 2925, 1686, 1524, 1149, 1069, 1000, 
738; HRMS Found: [M + Na]+ 546.2011. [C31H29N3O5 + Na]+ requires 546.1999; δH (500 
MHz, CDCl3) 10.05 (1 H, bs, NH), 8.77 (1 H, dd, J = 6.5, 2.5, ArH), 8.72 (1 H, dd, J = 4.3, 
1.7, ArH), 8.17 (1 H, dd, J = 8.3, 1.7, ArH), 7.64 (1 H, d, J = 7.6, ArH), 7.58-7.52 (2 H, m, 2 
x ArH), 7.47-7.45 (2 H, m, 2 x ArH), 7.31 (1 H, d, J = 8.0, ArH), 7.18 (1 H, td, J = 7.5, 1.2, 
ArH), 7.11 (1 H, td, J = 7.5, 1.0, ArH), 6.99 (1 H, d, J = 2.4, ArH), 6.83 (1 H, dd, J = 8.5, 2.4, 
ArH), 5.21 (2 H, s, CH2), 5.09 (2 H, s, CH2), 4.61-4.53 (2 H, m, CH2), 4.10 (1 H, pent, 8.1, 
CH), 3.58-3.51 (2 H, m, CH2), 3.53 (3 H, s, Me), 3.38 (3 H, s, Me); δC (125 MHz, CDCl3) 
170.6 (C=O), 156.9 (C), 155.7 (C), 148.4 (CH), 140.4 (C), 138.5 (C), 136.6 (CH), 134.3 (C), 
132.9 (C), 132.0 (C), 131.6 (CH), 128.1 (C), 127.5 (CH), 122.1 (CH), 121.9 (CH), 121.0 (CH), 
120.1 (CH), 119.5 (CH), 118.9 (C), 116.8 (CH), 109.6 (CH), 109.5 (CH), 105.1 (CH), 104.6 
(C), 95.5 (CH2), 94.9 (CH2), 56.34 (Me), 56.26 (Me), 49.5 (CH), 46.9 (CH2), 30.1 (CH2).  
 
(±)-(9-(2-(2,2,2-Trifluoroacetamido)ethyl)-2,3-dihydro-1H-pyrrolo[1,2-a]indol-2-
yl)methyl acetate (324) 

 
A solution of 301 (229 mg, 1 mmol) and 288 (221 mg, 1.1 mmol) in dichloromethane (2 mL) 
were added to a solution of TFA (380 µL, 5 mmol) and triethylsilane (480 µL, 3 mmol) in 
DCM (2 mL) at 0 °C. The reaction was stirred for 6 hours at room temperature, cooled to 0 °C 
and neutralised with sodium hydrogen carbonate solution. The mixture was diluted with 
dichloromethane (20 mL), the layers were separated and the aqueous layer was further 
extracted with dichloromethane (2 x 20 mL). The combined organic layers were washed with 
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brine (40 mL), dried (MgSO4), filtered and concentrated in vacuo. Purification by flash 
chromatography on silica gel (1:4 ethyl acetate-hexanes) gave the title compound as a 
colourless solid (277 mg, 0.75 mmol, 75%): m.p. 101-104 °C; νmax/cm-1 3267, 3098, 2943, 
1707, 1371, 1277, 1201, 1173, 1140, 1041, 740, 718; HRMS Found: [M + Na]+ = 391.1226; 
[C18H19F3N2O3 + Na]+ requires 391.1240; δH (400 MHz, CDCl3) 7.49 (1 H, d, J = 7.8, ArH), 
7.23 (1 H, d, J = 8.0, ArH), 7.17 (1 H, td, J = 7.5, 1.0, ArH), 7.10 (1 H, t, J = 7.3, ArH), 6.36 
(1 H, bs, NH), 4.26-4.16 (3 H, m, CH2 + CH of CH2), 3.88 (1 H, dd, J = 10.1, 5.8, CH of CH2), 
3.71-3.59 (2 H, m, CH2), 3.40-3.29 (1 H, m, CH), 3.12 (1 H, dd, J = 16.2, 8.6, CH of CH2), 
2.99 (2 H, t, J = 6.7, CH2), 2.78 (1 H, dd, J = 16.2, 6.3, CH of CH2), 2.07 (3 H, s, Me); δC (100 
MHz, CDCl3) 171.1 (C=O), 157.2 (C=O, q, JCF = 37), 140.9 (C), 133.0 (C), 131.9 (C), 121.2 
(CH), 119.5 (CH), 118.3 (CH), 116.0 (CF3, q, JCF = 288), 109.7 (CH), 101.8 (C), 65.8 (CH2), 
46.7 (CH2), 41.4 (CH), 40.4 (CH2), 26.8 (CH2), 24.4 (CH2), 21.0 (Me).  

 
(±)-2,2,2-Trifluoro-N-(2-(2-formyl-2,3-dihydro-1H-pyrrolo[1,2-a]indol-9-
yl)ethyl)acetamide (327) 

 
A solution of 324 (147 mg, 0.49 mmol) in methanol (15 mL) was treated with potassium 
carbonate (147 mg, 1.1 mmol). The reaction mixture was stirred for 30 minutes at room 
temperature, then partitioned between water and ethyl acetate (60 mL each). The organic layer 
was washed with brine (60 mL), dried (MgSO4), filtered, and concentrated in vacuo to yield 
326 which was used directly in the next step. 
A solution of 326 in ethyl acetate (30 mL) was treated with IBX (450 mg, 1.6 mmol) and heated 
at reflux for 3 hours. The reaction mixture was cooled to room temperature, filtered, and 
concentrated in vacuo. Purification by flash chromatography on silica gel (1:2 ethyl acetate-
hexanes) gave the title compound (109 mg, 0.34 mmol, 69% over two steps) as a yellow oil: 
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νmax/cm-1 3311, 2929, 1704, 1557, 1459, 1203, 1153, 740, 725; HRMS Found: [M + Na]+ = 
347.0986; [C16H15F3N2O2 + Na]+ requires 347.0978; δH (400 MHz, CDCl3) 9.78 (1 H, s, CHO), 
7.49 (1 H, d, J = 8.1, ArH), 7.26 (1 H, d, J = 8.0, ArH), 7.18 (1 H, td, J = 7.5, 1.0, ArH), 7.11 
(1 H, td, J = 7.5, 1.0, ArH), 6.52 (1 H, bs, NH), 4.48 (1 H, dd, J = 10.2, 3.9, CH of CH2) + 4.20 
(1 H, dd, J = 10.2, 8.3, CH of CH2), 3.81-3.73 (1 H, m, CH), 3.70-3.55 (2 H, m, CH2), 3.34-
3.19 (2 H, m, CH2), 2.99 (2 H, t, J = 6.7, CH2); δC (100 MHz, CDCl3) 199.2 (C=O), 157.3 
(C=O, q, JCF = 37), 139.2 (C), 132.9 (C), 132.0 (C), 121.3 (CH), 119.6 (CH), 118.3 (CH), 115.9 
(CF3, q, JCF = 288), 109.7 (CH), 102.2 (C), 53.0 (CH), 43.1 (CH2), 40.3 (CH2), 24.2 (CH2), 
23.8 (CH2). 
 
(±)-9-(2-(2,2,2-Trifluoroacetamido)ethyl)-2,3-dihydro-1H-pyrrolo[1,2-a]indole-2-
carboxylic acid (328) 

 
A solution of 327 (109 mg, 0.34 mmol) in dimethylformamide (5 mL) was treated with Oxone® 
(110 mg, 0.36 mmol). The reaction mixture was stirred for 3 hours at room temperature and 
was treated with a further portion of Oxone® (79 mg, 0.26 mmol). The reaction mixture was 
stirred for 1 hour and 1 N HCl was added until all salts dissolved. The acidic solution was 
extracted with ethyl acetate (3 x 5 mL) and the combined organic extracts washed with brine 
(10 mL). The organic solution was dried (MgSO4), filtered, and concentrated in vacuo. 
Purification by flash chromatography on silica gel (5% methanol in dichloromethane) gave the 
title compound (32 mg, 94 µmol, 28%) as an off-white solid: m.p. 140-150 °C; νmax/cm-1 3240, 
2947, 1699, 1563, 1462, 1417, 1240, 1160, 748, 728; HRMS Found: [M + Na]+ = 363.0924; 
[C16H15F3N2O3 + Na]+ requires 363.0927; δH (400 MHz, CDCl3) 8.52 (1 H, bs, NH), 7.50 (1 
H, d, J = 7.6, ArH), 7.27 (1 H, d, J = 8.0, ArH), 7.07 (1 H, td, J = 7.5, 1.0, ArH), 7.00, (1 H, 
td, J = 7.5, 0.9, ArH), 4.39-4.27 (2 H, m, CH2), 4.00-3.93 (1 H, m, CH), 3.60 (2 H, q, J = 6.9, 
CH2), 3.38-3.24 (2 H, m, CH2), 2.99 (2 H, t, J = 7.3, CH2); δC (100 MHz, CDCl3) 174.3 (C=O), 
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157.6 (C=O, q, JCF = 36), 141.2 (C), 133.7 (C), 133.3 (C), 121.2 (CH), 119.6 (CH), 119.0 (CH), 
117.2 (CF3, q, JCF = 288), 110.3 (CH), 103.0 (C), 46.7 (CH2), 46.5 (CH), 41.1 (CH2), 27.6 
(CH2), 24.9 (CH2). 
 
(±)-N-(Quinolin-8-yl)-9-(2-(2,2,2-trifluoroacetamido)ethyl)-2,3-dihydro-1H-pyrrolo[1,2-
a]indole-2-carboxamide (325) 

 
A solution of 328 (20 mg, 59 µmol) in dichloromethane (3 mL) was treated with 164 (13 mg, 
90 µmol) and EDC·HCl (17 mg, 89 µmol) at 0 °C. The reaction mixture was stirred for 3 hours 
at room temperature, then was concentrated in vacuo and the residue purified by flash 
chromatography on silica gel (1:9  2:1 ethyl acetate-hexanes) to yield the title compound (19 
mg, 41 µmol, 70 %) as an off-white solid: m.p. 111-116 °C νmax/cm-1 3305, 2921, 1699, 1675, 
1525, 1459, 1182, 1156, 787, 741, 722; HRMS Found: [M + H]+ = 467.1672; [C25H21F3N4O2 
+ H]+ requires 467.1689; δH (500 MHz, CDCl3) 10.02 (1 H, bs, NH), 8.75-8.73 (2 H, m, 2 x 
ArH), 8.19 (1 H, dd, J = 8.1, 1.7, ArH), 7.57-7.54 (2 H, m, 2 x ArH), 7.52 (1 H, d, J = 8.0, 
ArH), 7.47 (1 H, dd, J = 8.4, 4.2, ArH), 7.28 (1 H, d, J = 7.9, ArH), 7.19 (1 H, td, J = 7.6, 1.0, 
ArH), 7.12 (1 H, td, J = 7.5, 1.1, ArH), 6.49 (1 H, bs, NH), 4.49 (2 H, d, J = 7.3, CH2), 4.07 (1 
H, pent, J = 7.4, CH), 3.75-3.63 (2 H, m, CH2), 3.43 (2 H, d, J = 7.7, CH2), 3.09-2.98 (2 H, m, 
CH2); δC (125 MHz, CDCl3) 170.5 (C=O), 148.5 (CH), 140.2 (C), 138.5 (C), 136.7 (CH), 134.2 
(C), 133.1 (C), 132.2 (C), 128.1 (C), 127.5 (CH), 122.2 (CH), 121.9 (CH), 121.3 (CH), 119.6 
(CH), 118.4 (CH), 116.9 (CH), 109.9 (CH), 102.2 (C), 49.5 (CH), 47.1 (CH2), 40.5 (CH2), 28.1 
(CH2), 24.5 (CH2); 1 x C=O, 1 x CF3 not observed. 
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(±)-9-Chloro-N-(quinolin-8-yl)-2,3-dihydro-1H-pyrrolo[1,2-a]indole-2-carboxamide 
(330) 

 
A solution of 308 (20 mg, 60 µmol) in dichloromethane (0.8 mL) was treated with a solution 
of N-chlorosuccinimide (8 mg, 60 µmol) in dichloromethane (0.2 mL) at -5 °C. The reaction 
mixture was stirred at this temperature for 5 minutes, then was filtered through sodium sulfate 
and silica and the precipitate washed with dichloromethane (2 mL). The combined organic 
phases were concentrated in vacuo and the residue was purified by flash chromatography on 
silica gel (3:17 ethyl acetate-hexanes) to yield the title compound (10 mg, 28 µmol, 47%) as a 
colourless solid: m.p. 190-192 °C; νmax/cm-1 3317, 2922, 1680, 1528, 1486, 1454, 1158, 1133, 
1115, 1066, 824, 790, 737; HRMS Found: [M + H]+ = 362.1055; [C21H16ClN3O + H]+ requires 
362.1055; δH (400 MHz, CDCl3) 10.06 (1 H, s, NH), 8.79 (1 H, d, J = 4.0, ArH), 8.76 (1 H, t, 
J = 4.5, ArH), 8.18 (1 H, d, J = 7.9, ArH), 7.58-7.54 (3 H, m, 3 x ArH), 7.48 (1 H, dd, J = 8.3, 
4.2, ArH), 7.26-7.24 (1 H, m, ArH), 7.21-7.14 (2 H, m, 2 x ArH), 4.49 (2 H, dd, J = 7.8, 4.8, 
CH2), 4.06 (1 H, pent, J = 8.0, CH), 3.50 (2 H, dd, J = 8.2, 2.3, CH2); δC (100 MHz, CDCl3) 
169.9 (C=O), 148.5 (CH), 138.5 (C), 137.9 (C), 136.6 (CH), 134.1 (C), 131.9 (C), 130.1 (C), 
128.1 (C), 127.5 (CH), 122.2 (CH), 122.0 (CH), 121.9 (CH), 120.1 (CH), 118.2 (CH), 116.9 
(CH), 109.9 (CH), 96.9 (C), 49.0 (CH), 47.6 (CH2), 28.2 (CH2). 
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(±)-9-Chloro-N-(quinolin-8-yl)-1-(3,4,5-trimethoxyphenyl)-2,3-dihydro-1H-pyrrolo[1,2-
a]indole-2-carboxamide (331) 

 
A sealed tube was charged with 330 (20 mg, 0.055 mmol), Pd(TFA)2 (3.7 mg, 11 µmol), 142 
(49 mg, 0.17 mmol), Cs3PO4 (46.6 mg, 94 µmol) and degassed tert-amyl alcohol/water (4:1, 
0.5 mL) under an argon atmosphere. The reaction mixture was stirred at 110 °C for 48 hours, 
whereupon further Pd(TFA)2 was added (3.0 mg, 9 µmol) and the reaction mixture stirred at 
110 °C a further 24 hours. The reaction mixture was cooled to room temperature, diluted with 
ethyl acetate (5 mL), washed with water (5 mL) and the washings extracted once with ethyl 
acetate (5 mL). The combined organic phases were dried (Na2SO4), filtered and concentrated 
in vacuo. The crude reaction mixture was purified by flash chromatography on silica gel (1:9 
 3:2 ethyl acetate-hexanes) to yield the title compound (5.3 mg, 0.010 mmol, 18%) as a 
colourless solid; m.p. 219-221 °C νmax/cm-1 3351, 2924, 1739, 1694, 1593, 1524, 1483, 1457, 
1423, 1322, 1229, 1124, 1006, 827, 740; HRMS Found: [M + Na]+ 550.1499. [C30H26ClN3O4 
+ Na]+ requires 550.1504; δH (400 MHz, CDCl3) 9.55 (1 H, bs, NH), 8.68 (1 H, dd, J = 4.2, 
1.5, ArH), 8.43 (1 H, dd, J = 6.5, 2.5, ArH), 8.11 (1 H, dd, J = 8.4, 1.5, ArH), 7.62 (1 H, d, J = 
7.8, ArH), 7.44-7.39 (4 H, m, 4 x ArH), 7.29 (1 H, td, J = 7.4, 1.1, ArH), 7.21 (1 H, td, J = 7.5, 
1.0, ArH), 6.40 (2 H, s, 2 x ArH), 5.08 (1 H, d, J = 8.7, CH), 4.88 (1 H, dd, J = 10.0, 4.6, CH 
of CH2), 4.38 (1 H, dd, J = 10.0, 7.4, CH of CH2), 4.33-4.29 (1 H, m, CH), 3.50 (6 H, s, 2 x 
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Me), 3.22 (3 H, s, Me); δC (100 MHz, CDCl3) 167.9 (C=O), 153.2 (2 x C), 148.1 (CH), 138.5 
(C), 137.3 (C), 136.6 (C), 136.5 (CH), 134.0 (C), 132.0 (C), 131.6 (C), 131.4 (C), 130.2 (C), 
127.5 (CH), 122.3 (CH), 121.8 (CH), 121.7 (CH), 120.2 (CH), 118.6 (CH), 116.1 (CH), 110.3 
(CH), 105.8 (2 x CH), 98.1 (C), 60.3 (Me), 55.92 (CH), 55.89 (2 x Me), 47.4 (CH), 45.8 (CH2). 
C-9 arylated product 319 was also isolated from the reaction (2.3mg, 4.7 µmol, 8%), 
spectroscopic data as described previously in this thesis. 
 
3-Methyl-1-((trimethylsilyl)methyl)-1H-indole (345) 

 
A solution of 343 (800 mg, 6.1 mmol) in THF (25 mL) was treated with n-BuLi (1.2 M, 4.8 
mL, 6.7 mmol) at -78 °C. The reaction mixture was stirred at this temperature for 1 hour, then 
at room temperature for 1 hour. The reaction mixture was cooled to -78 °C and treated with 
DMPU (2.1 mL, 2.2 g, 17.4 mmol). The reaction mixture was stirred for 10 minutes and treated 
with 344 (0.91 mL, 6.1 mmol). The reaction mixture was allowed to cool to room temperature 
and was stirred for 20 hours, followed by dilution with ether and water (100 mL each). The 
layers were partitioned and the organic layer was washed with brine (100 mL), dried (Na2SO4), 
filtered, and concentrated in vacuo. Purification by flash chromatography on silica gel (1:9 
ethyl acetate-hexanes) gave the title compound (1.24 g, 5.7 mmol, 94%) as a yellow oil: δH 
(400 MHz, CDCl3) 7.55 (1 H, d, J = 8.3, ArH), 7.22 (1 H, d, J = 7.6, ArH), 7.17 (1 H, t, J = 
7.5, ArH), 7.05 (1 H, t, J = 7.3, ArH), 6.78 (1 H, s, ArH), 3.61 (2 H, s, CH2), 2.33 (3 H, s, Me), 
0.08 (9 H, s, 3 x Me); δC (100 MHz, CDCl3) 137.0 (C), 128.3 (C), 126.2 (CH), 121.1 (CH), 
118.9 (CH), 118.1 (CH), 109.7 (C), 109.5 (CH), 37.2 (CH2), 9.8 (Me), 1.8 (3 x Me). 
Spectroscopic data consistent with the literature.199 
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(±)-9-Methyl-N-(quinolin-8-yl)-2,3-dihydro-1H-pyrrolo[1,2-a]indole-2-carboxamide 
(338) 

 
A solution of 345 (1.0 g, 4.6 mmol) in dry acetonitrile (25 mL) was treated with maleic 
anhydride (570 mg, 5.8 mmol) and finely ground silver (I) fluoride (1.32 g, 10.4 mmol). The 
reaction mixture was stirred at 80 °C for 4 days and filtered through Celite®. The precipitate 
was washed with acetonitrile (10 mL) and the filtrate was concentrated in vacuo. The residue 
was dissolved in dichloromethane (50 mL) and extracted with 10% sodium hydroxide solution 
(50 mL). The aqueous layer was acidified with 10% HCl solution and the resultant suspension 
extracted with chloroform (2 x 50 mL). The combined organic phases were dried (Na2SO4), 
filtered, and concentrated in vacuo to yield a crude mixture of 339 and 347 (500 mg), which 
were used in the next step without further purification. Unreacted 345 (185 mg, 0.85 mmol) 
could be recovered from the dichloromethane solution by flash chromatography (1:9 ethyl 
acetate-hexanes). 
The crude mixture of acids 339 and 347 was heated under vacuum at 150 °C for 3 minutes 
(until bubbling ceased) and was cooled to room temperature to yield 339 (400 mg), which was 
dissolved in dichloromethane (50 mL). 8-Aminoquinoline 164 (600 mg, 4.2 mmol) was added 
to the reaction mixture, followed by EDC·HCl (800 mg, 4.2 mmol) at 0 °C. The reaction 
mixture was stirred for 16 hours at 0 °C, then was washed with 0.1 N HCl (2 x 50 mL) and 
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brine (50 mL). The organic layer was dried (Na2SO4), filtered, and concentrated in vacuo and 
the residue purified by flash chromatography on silica gel (0.5% ethyl acetate in 
dichloromethane) to yield the title compound (366 mg, 1.1 mmol, 23% over 3 steps) as an off-
white solid: m.p. 169-174 °C; νmax/cm-1 3317, 1744, 1681, 1620, 1526, 1485, 1459, 1322, 1170, 
825, 791, 749; HRMS Found: [M + Na]+ = 364.1416; [C22H19N3O + Na]+ requires 364.1420; 
δH (400 MHz, CDCl3) 10.03 (1 H, bs, NH), 8.78-8.75 (2 H, m, 2 x ArH), 8.16 (1 H, dd, J = 8.2, 
1.6, ArH), 7.56-7.50 (3 H, m, 3 x ArH), 7.45 (1 H, dd, J = 8.3, 4.3, ArH), 7.21 (1 H, d, J = 8.2, 
ArH), 7.13 (1 H, td, J = 7.5, 0.9, ArH), 7.08 (1 H, td, J = 7.3, 1.0, ArH), 4.42 (2 H, d, J = 7.8, 
CH2), 4.00 (1 H, pent, J = 8.0, CH), 3.40 (2 H, d, J = 8.2, CH2), 2.28 (3 H, s, Me); δC (100 
MHz, CDCl3) 170.7 (C=O), 148.4 (CH), 138.9 (C), 138.5 (C), 136.5 (CH), 134.3 (C), 133.3 
(C), 132.8 (C), 128.1 (C), 127.5 (CH), 122.0 (CH), 121.9 (CH), 120.6 (CH), 118.8 (CH), 118.7 
(CH), 116.8 (CH), 109.3 (CH), 101.8 (C), 49.6 (CH), 46.8 (CH2), 27.9 (CH2), 9.1 (Me). 
 
(±)-1-(2,4-bis(methoxymethoxy)phenyl)-9-methyl-N-(quinolin-8-yl)-2,3-dihydro-1H-
pyrrolo[1,2-a]indole-2-carboxamide (348) and (±)-3-(2,4-bis(methoxymethoxy)phenyl)-9-
methyl-N-(quinolin-8-yl)-2,3-dihydro-1H-pyrrolo[1,2-a]indole-2-carboxamide (349) 

 
A sealed tube was charged with 338 (95 mg, 0.28 mmol), Pd(TFA)2 (18.5 mg, 55 µmol), 176 
(270 mg, 0.85 mmol), Cs3PO4 (230 mg, 0.47 mmol) and degassed tert-amyl alcohol/water (4:1, 
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2.5 mL) under an argon atmosphere. The reaction mixture was stirred at 110 °C for 48 hours, 
whereupon further Pd(TFA)2 was added (15.0 mg, 45 µmol) and the reaction mixture stirred at 
110 °C a further 24 hours. The reaction mixture was cooled to room temperature, diluted with 
ethyl acetate (25 mL), washed with water (25 mL) and the washings extracted once with ethyl 
acetate (25 mL). The combined organic phases were dried (Na2SO4), filtered and concentrated 
in vacuo. The crude reaction mixture was purified by flash chromatography on silica gel (5% 
 30% ethyl acetate in petroleum ether) to yield the title compounds:  
348 (15.5 mg, 0.03 mmol, 10%) yellow solid; m.p. 46-49°C νmax/cm-1 3339, 2955, 1687, 1524, 
1485, 1457, 1151, 1072, 997, 992, 738; HRMS Found: [M + Na]+ 560.2165. [C32H31N3O5 + 
Na]+ requires 560.2156; δH (400 MHz, CDCl3) 10.08 (1 H, s, NH), 8.81 (1 H, dd, J = 6.7, 2.3, 
ArH), 8.72 (1 H, dd, J = 4.2, 1.5, ArH), 8.17 (1 H, dd, J = 8.4, 1.5, ArH), 7.55-7.51 (3 H, m, 3 
x ArH), 7.46 (1 H, dd, J = 8.1, 4.2, ArH), 7.32 (1 H, d, J = 8.3, ArH), 7.18 (1 H, td, J = 7.5, 
0.9, ArH), 7.11 (1 H, td, J = 7.5, 1.0, ArH), 6.92-6.91 (2 H, m, 2 x ArH), 6.63 (1 H, dd, J = 8.5, 
2.3, ArH), 5.26 (1 H, d, J = 6.7, CH of CH2), 5.20 (1 H, d, J = 6.7, CH of CH2), 5.17 (2 H, s, 
CH2), 5.16 (1 H, d, J = 5.0, CH), 4.65 (1 H, dd, J = 10.0, 5.0, CH of CH2), 4.36 (1 H, dd, J = 
10.0, 7.5, CH of CH2), 3.90 (1 H, dt, J = 7.4, 5.0, CH), 3.51 (3 H, s, Me), 3.29 (3 H, s, Me), 
2.04 (3 H, s, Me); δC (100 MHz, CDCl3) 170.9 (C=O), 157.8 (C), 155.9 (C), 148.1 (CH), 140.3 
(C), 138.6 (C), 136.5 (CH), 134.7 (C), 133.4 (C), 132.8 (C), 129.3 (CH), 128.1 (C), 127.6 (CH), 
122.9 (C), 121.9 (CH), 121.8 (CH), 120.7 (CH), 118.8 (CH), 118.7 (CH), 117.1 (CH), 109.5 
(CH), 109.1 (CH), 103.6 (CH), 102.7 (C), 94.8 (CH2), 94.4 (CH2), 58.4 (CH), 56.3 (Me), 56.0 
(Me), 45.2 (CH2), 42.0 (CH), 8.7 (Me). 
 349 (4.2 mg, 7.8 µmol, 3%) yellow solid; m.p. 138-145 °C νmax/cm-1 3323, 2920, 1683, 1528, 
1458, 1153, 1075, 999, 923, 825, 791, 743; HRMS Found: [M + Na]+ 560.2168. [C32H31N3O5 
+ Na]+ requires 560.2156; δH (500 MHz, CDCl3) 9.76 (1 H, bs, NH), 8.77 (1 H, dd, J = 4.3, 
1.8, ArH), 8.47 (1 H, dd, J = 7.2, 1.7, ArH), 8.14 (1 H, dd, J = 8.2, 1.7, ArH), 7.53 (1 H, d, J = 
7.9, ArH), 7.46-7.40 (3 H, m, 3 x ArH), 7.06 (1 H, td, J = 7.4, 1.0, ArH), 6.98 (1 H, td, J = 7.6, 
1.0, ArH), 6.88 (1 H, d, J = 8.0, ArH), 6.53 (1 H, d, J = 2.3, ArH), 6.47 (1 H, bs, ArH), 6.39 (1 
H, dd, J = 8.6, 2.3, ArH), 6.28 (1 H, d, J = 8.2, CH), 4.92-4.85 (4 H, m, 2 x CH2), 4.32 (1 H, q, 
J = 8.2, CH), 3.71 (1 H, dd, J = 16.2, 8.2, CH of CH2), 3.31-3.27 (7 H, m, 2 x Me + CH of 
CH2), 2.37 (3 H, s, Me); δC (125 MHz, CDCl3) 168.5 (C=O), 158.1 (C), 155.3 (C), 148.1 (CH), 
139.9 (C), 138.3 (C), 136.4 (CH), 134.3 (C), 133.8 (C), 132.3 (C), 128.6 (CH – broad), 127.9 
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(C), 127.5 (CH), 121.7 (CH), 121.5 (CH), 120.4 (CH), 119.1 (C), 118.9 (CH), 118.6 (CH), 
116.5 (CH), 110.2 (CH), 109.0 (CH), 102.7 (CH), 101.8 (C), 94.7 (CH2), 94.5 (CH2), 56.07 
(Me), 56.06 (Me), 55.3 (2 x CH), 25.8 (CH2), 9.2 (Me). 
 
(±)-9-Methyl-N-(quinolin-8-yl)-1-(3,4,5-trimethoxyphenyl)-2,3-dihydro-1H-pyrrolo[1,2-
a]indole-2-carboxamide (352) and (±)-9-Methyl-N-(quinolin-8-yl)-1-(2,3,4-
trimethoxyphenyl)-2,3-dihydro-1H-pyrrolo[1,2-a]indole-2-carboxamide (353) 

 
A sealed tube was charged with 338 (19 mg, 0.055 mmol), Pd(TFA)2 (3.7 mg, 11 µmol), 142 
(49 mg, 0.17 mmol), Cs3PO4 (46.6 mg, 94 µmol) and degassed tert-amyl alcohol/water (4:1, 
0.5 mL) under an argon atmosphere. The reaction mixture was stirred at 110 °C for 48 hours, 
whereupon further Pd(TFA)2 was added (3.0 mg, 9 µmol) and the reaction mixture stirred at 
110 °C a further 24 hours. The reaction mixture was cooled to room temperature, diluted with 
ethyl acetate (5 mL), washed with water (5 mL) and the washings extracted once with ethyl 
acetate (5 mL). The combined organic phases were dried (Na2SO4), filtered and concentrated 
in vacuo. The crude reaction mixture was purified by flash chromatography on silica gel (5% 
 30% ethyl acetate in petroleum ether) to yield the title compounds: 
352 (7.4 mg, 0.015 mmol, 27%) colourless solid; m.p. 170-179 °C, νmax/cm-1 2922, 1682, 1592, 
1524, 1483, 1457, 1322, 1234, 1124, 1005, 826, 741; HRMS Found: [M + Na]+ 530.2041. 
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[C31H29N3O4 + Na]+ requires 530.2050; δH (500 MHz, CDCl3) 9.54 (1 H, bs, NH), 8.63 (1 H, 
dd, J = 4.2, 1.7, ArH), 8.45 (1 H, dd, J = 5.6, 3.5, ArH), 8.09 (1 H, dd, J = 8.2, 1.7, ArH), 7.56 
(1 H, d, J = 7.9, ArH), 7.42-7.37 (4 H, m, 4 x ArH), 7.23 (1 H, td, J = 7.7, 1.2, ArH), 7.14 (1 
H, t, J = 7.5, ArH), 6.40 (2 H, s, 2 x ArH), 5.01 (1 H, d, J = 8.7, CH), 4.82 (1 H, dd, J = 10.0, 
4.8, CH of CH2), 4.35 (1 H, dd, J = 10.0, 7.4, CH of CH2), 4.29-4.25 (1 H, m, CH), 3.47 (6 H, 
s, 2 x Me), 3.21 (3 H, s, Me), 2.06 (3 H, s, Me); δC (125 MHz, CDCl3) 168.6 (C=O), 153.2 (2 
x C), 148.0 (CH), 140.0 (C), 138.2 (C), 136.4 (CH), 134.2 (C), 133.4 (C), 133.2 (C), 132.9 (C), 
130.4 (C), 127.9 (C), 127.5 (CH), 121.7 (CH), 121.5 (CH), 121.1 (CH), 119.0 (CH), 118.9 
(CH), 116.1 (CH), 109.7 (CH), 105.8 (2 x CH), 103.1 (C), 60.3 (Me), 56.4 (CH), 55.9 (2 x Me), 
47.3 (CH), 45.0 (CH2), 8.9 (Me). 
353 (2.5 mg, 0.005 mmol, 9%) orange solid; m.p. 66-76 °C, νmax/cm-1 2924, 1685, 1525, 1458, 
1093, 791, 737; HRMS Found: [M + Na]+ 530.2067. [C31H29N3O4 + Na]+ requires 530.2050; 
δH (400 MHz, CDCl3) 10.04 (1 H, bs, NH), 8.79 (1 H, dd, J = 6.9, 2.2, ArH), 8.70 (1 H, dd, J 
= 4.2, 1.7, ArH), 8.15 (1 H, dd, J = 8.3, 1.7, ArH), 7.55-7.49 (3 H, m, 3 x ArH), 7.44 (1 H, dd, 
J = 8.3, 4.2, ArH), 7.32 (1 H, d, J = 8.1, ArH), 7.18 (1 H, td, J = 7.6, 1.2, ArH), 7.10 (1 H, td, 
J = 7.5, 1.0, ArH), 6.78 (1 H, d, J = 8.6, ArH), 6.60 (1 H, d, J = 8.6, ArH), 5.06 (1 H, d, J = 
5.6, CH), 4.61 (1 H, dd, J = 10.0, 5.7, CH of CH2), 4.42 (1 H, dd, J = 10.0, 7.7, CH of CH2), 
4.01-3.96 (1 H, m, CH), 3.87 (3 H, s, Me), 3.82 (3 H, s, Me), 3.80 (3 H, s, Me), 2.00 (3 H, d, J 
= 0.7, Me); δC (100 MHz, CDCl3) 170.6 (C=O), 153.5 (C), 152.2 (C), 148.2 (CH), 142.5 (C), 
140.8 (C), 138.5 (C), 136.4 (CH), 134.7 (C), 133.3 (C), 132.8 (C), 128.1 (C), 127.6 (CH), 126.5 
(C), 123.2 (CH), 121.82 (CH), 121.75 (CH), 120.7 (CH), 118.8 (CH), 118.7 (CH), 117.0 (CH), 
109.5 (CH), 107.2 (CH), 102.4 (C), 61.0 (Me), 60.8 (Me), 58.6 (CH), 56.1 (Me), 45.4 (CH2), 
42.9 (CH), 8.6 (Me). 
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(±)-1-(2,4-bis(methoxymethoxy)phenyl)-9-methyl-N-(quinolin-8-yl)-3-(3,4,5-
trimethoxyphenyl)-2,3-dihydro-1H-pyrrolo[1,2-a]indole-2-carboxamide (360) 

 
A sealed tube was charged with 348 (14 mg, 26 µmol), Pd(TFA)2 (1.7 mg, 5.2 µmol), 142 (23 
mg, 78 µmol), Cs3PO4 (21.8 mg, 44 µmol) and degassed tert-amyl alcohol/water (4:1, 0.25 
mL) under an argon atmosphere. The reaction mixture was stirred at 110 °C for 6 days, with 
further portions of Pd(TFA)2 (1.7 mg) added at t = 2, 3, 4, and 5 days. The reaction mixture 
was cooled to room temperature, diluted with ethyl acetate (15 mL), dried (Na2SO4), filtered 
and concentrated in vacuo. The crude reaction mixture was purified by flash chromatography 
on silica gel (10%  40% ethyl acetate in petroleum ether) to yield the title compound (3.8 
mg, 5.4 µmol, 21%) as a brown oil; νmax/cm-1 2926, 1690, 1592, 1524, 1457, 1151, 1124, 1072, 
1000, 733; HRMS Found: [M + Na]+ 726.2811. [C41H41N3O8 + Na]+ requires 726.2786; δH 
(500 MHz, CDCl3): δH = 9.51 (1 H, bs, NH), 8.64 (1 H, dd, J = 4.1, 1.6, ArH), 8.52 (1 H, dd, J 
= 5.4, 3.7, ArH), 8.08 (1 H, dd, J = 8.2, 1.6, ArH), 7.57 (1 H, d, J = 7.9, ArH), 7.41-7.38 (3 H, 
m, 3 x ArH), 7.08 (1 H, td, J = 7.5, 1.0, ArH), 6.98 (1 H, td, J = 7.6, 0.9, ArH), 6.93 (1 H, d, J 
= 8.4, ArH), 6.87 (1 H, d, J = 2.4, ArH), 6.83 (1 H, d, J = 8.2, ArH), 6.61 (1 H, dd, J = 8.4, 2.4, 
ArH), 6.34 (2 H, s, 2 x ArH), 5.81 (1 H, d, J = 7.9, CH), 5.46 (1 H, d, J = 4.6, CH), 5.15 (2 H, 
s, CH2), 5.10 (2 H, s, CH2), 4.06 (1 H, dd, J = 7.9, 4.5, CH), 3.48 (3 H, s, Me), 3.48 (6 H, s, 2 
x Me), 3.26 (3 H, s, Me), 3.08 (3 H, s, Me), 2.16 (3 H, s, Me); δC (125 MHz, CDCl3): δC = 
168.9 (C=O), 157.7 (C), 155.8 (C), 153.2 (2 x C), 147.9 (CH), 141.9 (C), 138.2 (C), 137.5 (C), 
136.4 (CH), 134.4 (C), 134.3 (C), 132.8 (C), 129.3 (CH), 127.9 (C), 127.4 (CH), 123.0 (C), 
121.7 (CH), 121.4 (CH), 120.6 (CH), 119.1 (CH), 118.8 (CH), 115.9 (CH), 110.8 (CH), 108.9 
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(CH), 104.4 (2 x CH), 103.6 (CH), 103.3 (C), 94.8 (CH2), 94.7 (CH2), 65.9 (CH), 63.2 (CH), 
60.2 (Me), 56.3 (2 x Me), 55.9 (2 x Me), 39.0 (CH), 8.9 (Me) (1 x C not observed). 
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4.3 Experimental Relating to Chapter Three 
Methyl 3,4,5-tris(benzyloxy)benzoate (445) 

 
A solution of 444 (5.6 g, 32 mmol) in methanol (100 mL) was treated with sulfuric acid (3 
mL). The reaction mixture was stirred at reflux for 16 hours, then concentrated to 25 mL in 
vacuo. The solution was diluted with water (80 mL) and extracted with ethyl acetate (3 x 100 
mL). The combined organic extracts were dried (Na2SO4), filtered, and concentrated in vacuo 
to yield the crude ester which was used directly in the next step without purification. 
A solution of the crude ester in acetone (240 mL) was treated with benzyl bromide (15.2 mL, 
127 mmol) and potassium carbonate (38 g, 275 mmol) and the reaction mixture was stirred at 
reflux for 2 days. The reaction mixture was diluted with water (800 mL) and extracted with 
ethyl acetate (3 x 500 mL). The combined organic extracts were dried (Na2SO4), filtered, and 
concentrated in vacuo. The crude residue was recrystallized from methanol/dichloromethane 
to yield the title compound (12.7 g, 28 mmol, 87% over two steps) as a colourless solid: m.p. 
97-100 °C. Lit.256 = 99-100 °C; δH (400 MHz, CDCl3) 7.45-7.22 (17 H, m, 17 x ArH), 5.13 (4 
H, s, 2 x CH2), 5.11 (2 H, s, CH2), 3.89 (3 H, s, Me). Spectroscopic data consistent with the 
literature.256 
 
  



223 
 

 

3,4,5-Tris(benzyloxy)benzaldehyde (443) 

 
A solution of 445 (11 g, 24 mmol) in THF (36 mL) was added dropwise to a solution of LiAlH4 
(24 mL of 1 M solution in THF, 24 mmol) at 0 °C. The reaction mixture was stirred for 16 
hours at room temperature, and quenched with 15% NaOH solution (100 mL). The solution 
was extracted with ethyl acetate (3 x 60 mL), the combined extracts dried (Na2SO4), filtered, 
and concentrated in vacuo to yield the crude alcohol which was used directly in the next step 
without purification. 
A solution of crude alcohol in dichloromethane (300 mL) was added to a solution of pyridinium 
chlorochromate (8.1 g, 38 mmol) at 0 °C. The reaction mixture was stirred for 4 hours at the 
same temperature, then filtered through silica and the precipitate washed with ether (200 mL). 
The solution was then washed with water (200 mL), dried (Na2SO4), filtered, and concentrated 
in vacuo. The crude residue was recrystallized from dichloromethane/methanol to yield the title 
compound (7.6 g, 17.9 mmol, 75% over two steps) as a colourless solid: m.p. 81-83 °C. Lit.256 
= 92-93 °C; δH (400 MHz, CDCl3) 9.80 (1 H, s, CHO), 7.44-7.24 (15 H, m, 15 x ArH), 7.19 (2 
H, s, 2 x ArH), 5.16 (6 H, s, 3 x CH2). Spectroscopic data consistent with the literature.256 
 
1-(4-(Benzyloxy)-2-hydroxyphenyl)ethan-1-one (442) 

 
A solution of 446 (7.6 g, 50 mmol) in acetonitrile (50 mL) was treated with potassium carbonate 
(8.3 g, 60 mmol) and stirred for 1 hours at room temperature. The reaction mixture was treated 
with benzyl bromide (6.5 mL, 60 mmol) and the solution stirred at reflux for 14 hours. The 
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solvent was reduced to 15 mL in vacuo and the reaction mixture was poured onto ice-water (50 
mL) with vigorous stirring. The crude solid was collected by filtration, air dried, and 
recrystallized from dichloromethane/methanol to yield the title compound (10.9 g, 45 mmol, 
90%) as a colourless solid: m.p. 103-104 °C. Lit.255 109-110 °C; δH (400 MHz, DMSO) 12.61 
(1 H, s, OH), 7.85 (1 H, d, J = 9.0, ArH), 7.46-7.33 (5 H, m, 5 x ArH), 6.60 (1 H, dd, J = 9.0, 
2.5, ArH), 6.55 (1 H, d, J = 2.5, ArH), 5.19 (2 H, s, CH2). Spectroscopic data consistent with 
the literature.255 
 
(±)-1-(4-(Benzyloxy)-2-hydroxyphenyl)-3-hydroxy-3-(3,4,5-
tris(benzyloxy)phenyl)propan-1-one (447) 

 
A solution of 442 (242 mg, 1.0 mmol) in dimethylformamide (4 mL) was treated with sodium 
hydride (60% dispersion in mineral oil, 48 mg, 1.2 mmol) followed by dropwise addition of a 
solution of 443 (424 mg, 1.0 mmol) in dimethylformamide (1.2 mL) at 0 °C. The solution was 
stirred at the same temperature for 4.5 hours, then was diluted with dichloromethane (60 mL), 
washed with 1 N HCl, sodium hydrogen carbonate solution, and brine (50 mL each). The 
organic layer was dried (Na2SO4), filtered, and concentrated in vacuo. Purification by flash 
chromatography on silica gel (1:9  3:7 ethyl acetate-hexanes) gave the title compound (190 
mg, 0.29 mmol, 29%) as a brown oil: νmax/cm-1 3509, 2923, 1592, 1229, 1075, 994, 964, 810, 
736, 695; HRMS Found: [M + Na]+, 689.2531. [C43H38O7 + Na]+ requires 689.2510; δH (400 
MHz, CDCl3) 12.53 (1 H, s, OH), 7.51 (1 H, d, J = 8.7, ArH), 7.43-7.24 (20 H, m, 4 x Bn), 
6.71 (2 H, s, 2 x ArH), 6.50-6.47 (2 H, m, 2 x ArH), 5.19 (1 H, dd, J = 8.6, 3.4, CH), 5.10 (4 
H, s, 2 x CH2), 5.07 (2 H, s, CH2), 5.04 (2 H, s, CH2), 3.34 (1 H, bs, OH), 3.26-3.13 (2 H, m, 
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CH2); δC (100 MHz, CDCl3) 203.5 (C=O), 165.7 (C), 165.6 (C), 153.1 (2 x C), 138.6 (C), 138.1 
(C), 138.0 (C), 137.2 (2 x C), 135.8 (C), 131.9 (CH), 128.8 (2 x CH), 128.7 (2 x CH), 128.6 (4 
x CH), 128.5 (CH), 128.3 (2 x CH), 128.0 (2 x CH), 127.9 (CH), 127.7 (2 x CH), 127.6 (4 x 
CH), 113.8 (C), 108.7 (CH), 105.6 (2 x CH), 102.1 (CH), 75.4 (CH2), 71.4 (2 x CH2), 70.4 
(CH2), 70.2 (CH), 46.8 (CH2). 
 
(E)-1-(4-(Benzyloxy)-2-hydroxyphenyl)-3-(3,4,5-tris(benzyloxy)phenyl)prop-2-en-1-one 
(441) 

 
Acetophenone 442 (1.45 g, 6.0 mmol) and aldehyde 443 (2.54 g, 6.0 mmol) were suspended in 
MeOH (33 mL) and warmed to 50 °C with stirring. Potassium hydroxide (40% w/w aqueous 
solution, 18 mL) was added and the reaction mixture was stirred at 80 °C for 24 h. Upon cooling 
to room temperature, the reaction mixture was diluted with water (50 mL) and extracted 
exhaustively with ethyl acetate. The combined organic phases were dried (sodium sulfate), 
filtered and concentrated in vacuo to yield a yellow-brown powder, which was recrystallized 
from dichloromethane/ethyl acetate to yield the title compound (2.35 g, 3.6 mmol, 60%) as a 
yellow solid; m.p. 145-155 °C; νmax/cm-1 3066, 3031, 2864, 1634, 1578, 1502, 1376, 1334, 
1271, 1250, 1227, 1212, 1193, 1127, 1023, 974, 833, 798, 730, 693; HRMS Found: [M + Na]+, 
671.2408. [C43H36O6 + Na]+ requires 671.2404; δH (400 MHz, CDCl3) 13.41 (1 H, s, OH), 7.77 
(1 H, d, J = 8.5, ArH), 7.72 (1 H, d, J = 15.3, CH), 7.45-7.27 (21 H, m, 20 x ArH + CH), 6.91 
(2 H, s, 2 x ArH), 6.58-6.55 (2 H, m, 2 x ArH), 5.16 (4 H, s, 2 x CH2), 5.13 (2 H, s, CH2), 5.12 
(2 H, s, CH2); δC (100 MHz, CDCl3) 191.7 (C=O), 166.8 (C), 165.4 (C), 153.2 (2 x C), 144.6 
(CH), 141.1 (C), 137.6 (C), 136.9 (2 x C), 136.0 (C), 131.4 (CH), 130.4 (C), 128.9 (2 x CH), 
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128.8 (4 x CH), 128.7 (2 x CH), 128.5 (CH), 128.4 (2 x CH), 128.2 (2 x CH), 128.1 (CH), 
127.7 (2 x CH), 127.6 (4 x CH), 119.7 (CH), 114.4 (C), 108.7 (2 x CH), 108.4 (CH), 102.2 
(CH), 75.5 (CH2), 71.6 (2 x CH2), 70.4 (CH2). 
 
(±)-(2R,3S,4S)-7-(Benzyloxy)-2-(3,4,5-tris(benzyloxy)phenyl)chroman-3,4-diol [(±)-439] 

 
441 (1.95 g, 3.0 mmol) was taken up in THF/EtOH (2:1, 69 mL) and treated with sodium 
borohydride (114 mg, 3.0 mmol) at room temperature. The reaction mixture was stirred at this 
temperature for 1 hour, whereupon the bright yellow solution had turned colourless. The 
reaction mixture was diluted with ethyl acetate (200 mL) and washed with brine until the 
washings were neutral. The combined organic extracts were dried (sodium sulfate), filtered and 
the filtrate (~250 mL) immediately treated with BF3·OEt2 (0.4 M solution in CH2Cl2, 1.0 mL) 
dropwise over 10 minutes at 0 °C. The reaction mixture was stirred for 1 hour at room 
temperature, washed with water, saturated aqueous sodium hydrogen carbonate solution, brine, 
dried (sodium sulfate), filtered and concentrated in vacuo to give the crude flavene 440 (~1.3 
g) as a brown oil that was used immediately in the next step.  
Osmium tetroxide (0.2 M solution in t-BuOH, 0.3 mL) was added to a solution of N-
methylmorpholine N-oxide (387 mg, 3.3 mmol) in THF/water (20:1, 26.25 mL) followed by 
dropwise addition of crude flavene 440 (~1.3 g) in THF (10 mL). Reaction mixture was stirred 
at room temperature for 13 hours, diluted with dichloromethane (100 mL), washed with sodium 
thiosulfate (1 M, 100 mL) and brine, dried (sodium sulfate), filtered and concentrated in vacuo 
to yield a brown solid, which was recrystallized from dichloromethane/diethyl ether to yield 
the title compound (1.08 g, 1.6 mmol, 54% from 441) as a colourless solid; m.p. 185-187 °C; 
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νmax/cm-1 3383, 3031, 2927, 1584, 1503, 1435, 1239, 1166, 1113, 1078, 1023, 820, 730, 693; 
HRMS Found: [M + Na]+, 689.2513. [C43H38O7 + Na]+ requires 689.2510; δH (400 MHz, 
DMSO-d6) 7.48-7.26 (20 H, m, 20 x ArH), 7.19 (1 H, d, J = 8.5, ArH), 6.90 (2 H, s, 2 x ArH), 
6.61 (1 H, dd, J = 8.5, 2.5, ArH), 6.46 (1 H, d, J = 2.5, ArH), 5.25 (1 H, d, J = 4.9, OH), 5.12 
(4 H, s, 2 x CH2), 5.09 (2 H, s, CH2), 4.95-4.92 (3 H, m, CH2 + CH), 4.78 (1 H, d, J = 7.2, OH), 
4.45 (1 H, dd, J = 4.9, 3.5, CH), 3.93 (1 H, ddd, J = 9.3, 7.2, 3.5, CH); δC (100 MHz, DMSO-
d6) 159.1 (C), 154.5 (C), 151.9 (2 x C), 137.8 (C), 137.12 (C), 137.10 (2 x C), 136.9 (C), 134.8 
(C), 131.3 (CH), 128.40 (2 x CH), 128.36 (4 x CH), 128.1 (2 x CH), 128.0 (2 x CH), 127.8 (2 
x CH), 127.72 (2 x CH), 127.66 (4 x CH), 127.5 (2 x CH), 117.0 (C), 108.1 (CH), 107.0 (2 x 
CH), 101.4 (CH), 76.8 (CH), 74.3 (CH2), 70.3 (2 x CH2), 69.8 (CH), 69.1 (CH2), 65.3 (CH).  
 
(±)-(2R,3S,4R)-7-(Benzyloxy)-4-(3-(2-(dimethylamino)ethyl)indol-2-yl)-2-(3,4,5-
tris(benzyloxy)phenyl)chroman-3-ol [(±)-451] 

 
A solution of 439 (860 mg, 1.3 mmol) and N,N-dimethyltryptamine (700 mg, 3.7 mmol) in 
dichloromethane (300 mL) was cooled to 0 °C. Trimethylsilyl trifluoromethanesulfonate (630 
µL, 3.5 mmol) was added over 20 minutes, at which stage complete consumption of starting 
material was observed by TLC. The reaction mixture was diluted with water (300 mL), the 
layers were partitioned and the aqueous layer was further extracted with dichloromethane (2 x 
200 mL). The combined organic layers were dried (sodium sulfate), filtered and concentrated 
in vacuo. The crude mixture was purified by flash chromatography on silica gel (97:3 CH2Cl2-
MeOH + 0.1% NH4OH) to yield the title compound (640 mg, 0.76 mmol, 59%, 4β:4α = 97:3) 
as a colourless solid; m.p. 71-73°C; νmax/cm-1 2859, 1618, 1586, 1499, 1453, 1427, 1328, 1248, 
1161, 1099, 1016, 833, 730, 694; HRMS Found: [M + Na]+, 859.3704. [C55H52N2O6 + Na]+ 
requires 859.3718; δH (500 MHz, CDCl3) 7.78 (1 H, br s, NH), 7.53 (1 H, d, J = 7.3, ArH), 
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7.43-7.23 (21 H, m, 21 x ArH), 7.15 (1 H, td, J = 7.3, 1.2, ArH), 7.10 (1 H, td, J = 7.3, 1.1, 
ArH), 6.82 (1 H, d, J = 8.5, ArH), 6.76 (2 H, s, 2 x ArH), 6.67 (1 H, d, J = 2.5, ArH), 6.55 (1 
H, dd, J = 8.5, 2.5, ArH), 5.08 (2 H, s, CH2), 5.06 (2 H, s, CH2), 5.05 (2 H, s, CH2), 5.03 (2 H, 
s, CH2), 4.98 (1 H, d, J = 8.1, CH), 4.42 (1 H, d, J = 5.7, CH), 4.23 (1 H, dd, J = 8.1, 5.7, CH), 
3.01-2.84 (2 H, m, CH2), 2.71-2.54 (2 H, m, CH2), 2.19 (6 H, s, 2 x Me), 1 x OH not observed; 
δC (125 MHz, CDCl3) 159.4 (C), 154.8 (C), 152.9 (2 x C), 138.5 (C), 138.2 (C), 137.3 (2 x C), 
136.9 (C), 136.3 (C), 134.9 (C), 134.3 (C), 131.5 (CH), 128.8 (2 x CH), 128.60 (2 x CH), 
128.56 (4 x CH), 128.31 (C), 128.27 (2 x CH), 128.2 (CH), 127.9 (2 x CH), 127.8 (CH), 127.64 
(4 x CH), 127.60 (2 x CH) 122.0 (CH), 119.5 (CH), 118.2 (CH), 113.8 (C), 111.2 (CH), 109.7 
(CH), 106.8 (2 x CH), 102.4 (CH), 79.7 (CH), 75.3 (CH2), 71.3 (2 x CH2), 70.2 (CH2), 70.0 
(CH), 60.1 (CH2), 45.1 (2 x Me), 38.5 (CH), 22.3 (CH2) 1 x C not observed. 
 
(±)-Yuremamine (408) 

 
To a solution of 451 (45 mg, 54 µmol) in THF/MeOH/H2O (4.5 mL, 4:4:1) was added 
palladium hydroxide (20% on carbon, 20 mg). The reaction mixture was stirred under an 
atmosphere of hydrogen for 18 hours, diluted with methanol (10 mL), filtered through Celite® 
and concentrated in vacuo. The resulting solid was taken up in acetone (10 mL), filtered 
through Celite® and concentrated in vacuo to yield the title compound (free base, 25 mg, 53 
µmol, quant.) as a colourless solid; m.p. 210-220 °C (decomp.); νmax/cm-1 2928, 1590, 1501, 
1455, 1326, 1220, 1158, 1102, 1012, 838, 734, 695; HRMS Found: [M + H]+, 477.2025. 
[C27H28N2O6 + H]+ requires 477.2020; δH (500 MHz, CD3OD) 7.50 (1 H, d, J = 7.7, ArH), 7.28 
(1 H, d, J = 7.9, ArH), 7.04 (1 H, td, J = 7.6, 0.9, ArH), 6.99 (1 H, td, J = 7.3, 0.7, ArH), 6.49 
(1 H, d, J = 2.4, ArH), 6.45 (1 H, d, J = 8.4, ArH), 6.38 (2 H, s, 2 x ArH), 6.27 (1 H, dd, J = 
8.4, 2.4, ArH), 5.20 (1 H, d, J = 3.9, CH), 4.23 (1 H, d, J = 3.1, CH), 4.20 (1 H, app t, J = 3.7, 
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CH), 2.94-2.73 (3 H, m, CH2 + CH of CH2), 2.67-2.60 (1 H, m, CH of CH2), 2.42 (6 H, s, 2 x 
Me); δC (125 MHz, CD3OD) 158.7 (C), 155.9 (C), 147.2 (2 x C), 137.6 (C), 135.9 (C), 133.9 
(C), 132.2 (C), 131.2 (CH), 128.6 (C), 122.3 (CH), 119.8 (CH), 118.5 (CH), 113.9 (C), 112.1 
(CH), 110.2 (C), 109.4 (CH), 105.5 (2 x CH), 103.6 (CH), 81.6 (CH), 71.9 (CH), 60.7 (CH2), 
44.4 (2 x Me), 35.5 (CH), 21.9 (CH2). 
  
 
(±)-Yuremamine (TFA Salt) 
The free base of yuremamine was subjected to reverse phase column chromatography (Alltech 
C18 SPE cartridge, 0.1% aqueous trifluoroacetic acid in a gradient of 0-20% acetonitrile) to 
yield the title compound as a purple solid. 

O
O

F3C

NH
O

HO

OH

HO OH
OH

NMe2
H

 
m.p. 168-173 °C; νmax/cm-1 3232, 2698, 1672, 1625, 1537, 1509, 1459, 1346, 1193, 1134, 1033, 
840, 797, 717; HRMS Found: [M + H]+, 477.2022. [C27H28N2O6 + H]+ requires 477.2020. 
δH (500 MHz, CD3OD): 7.54 (1 H, d, J = 7.9, ArH), 7.32 (1 H, d, J = 8.1, ArH), 7.09 (1 H, ddd, 
J = 8.0, 6.7, 1.1, ArH), 7.04 (1 H, ddd, J = 7.9, 7.2, 1.1, ArH), 6.51 (1 H, d, J = 8.5, ArH), 6.48 
(1 H, d, J = 2.4, ArH), 6.39 (2 H, s, 2 x ArH), 6.30 (1 H, dd, J = 8.5, 2.4, ArH), 5.44 (1 H, bs, 
OH), 5.17 (1 H, d, J = 4.6, CH), 4.25 (1 H, d, J = 3.8, CH), 4.22 (1 H, t, J = 4.3, CH), 3.28-
3.20 (1 H, m, CH of CH2), 3.10-2.99 (3 H, m, CH2 + CH of CH2), 2.82 (3 H, s, Me), 2.76 (3 H, 
s, Me); δC (125 MHz, CD3OD): 158.9 (C), 156.0 (C), 147.3 (2 x C), 137.7 (C), 136.6 (C), 133.9 
(C), 132.1 (C), 131.2 (CH), 128.5 (C), 122.6 (CH), 120.2 (CH), 118.3 (CH), 113.6 (C), 112.3 
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(CH), 109.6 (CH), 107.9 (C), 105.8 (2 x CH), 103.8 (CH), 8.12 (CH), 71.8 (CH), 59.5 (CH2), 
43.8 (Me), 43.4 (Me), 36.3 (CH), 20.9 (CH2); 
δH (500 MHz, DMSO-d6) 10.39 (1 H, s, NH), 9.89 (1 H, br s, NH), 9.34 (1 H, br s, OH), 8.90 
(2 H, br s, 2 x OH), 8.14 (1 H, br s, OH), 7.55 (1 H, d, J = 7.7, ArH), 7.33 (1 H, d, J = 7.7, 
ArH), 7.02 (1 H, td, J = 7.7, 1.2, ArH), 6.97 (1 H, t, J = 7.6, ArH), 6.43 (1 H, d, J = 8.3, ArH), 
6.37 (1 H, d, J = 2.4, ArH), 6.28 (2 H, s, 2 x ArH), 6.24 (1 H, dd, J = 8.3, 2.4, ArH), 5.44 (1 H, 
bs, OH), 5.03 (1 H, d, J = 5.4, CH), 4.20 (1 H, d, J = 4.1, CH), 4.07 (1 H, t, J = 5.1, CH), 3.16-
3.10 (1 H, m, CH of CH2), 3.03-2.92 (3 H, m, CH2 + CH of CH2), 2.75 (3 H, d, J = 4.9, Me), 
2.71 (3 H, d, J = 4.9, Me); δC (125 MHz, DMSO-d6) 157.3 (C), 154.4 (C), 146.0 (2 x C), 135.9 
(C), 135.6 (C), 132.4 (C), 130.0 (CH), 129.9 (C), 126.9 (C), 120.6 (CH), 118.2 (CH), 117.5 
(CH), 112.4 (C), 111.5 (CH), 108.2 (CH), 106.9 (C), 104.8 (2 x CH), 102.3 (CH), 79.1 (CH), 
69.2 (CH), 57.1 (CH2), 42.2 (Me), 41.6 (Me), 35.1 (CH), 19.2 (CH2); δF (470 MHz, DMSO-
d6) -73.8. 
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