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iii. Abbreviations 
 
Ac  Acetyl 
Ar  Aromatic 
Bn  Benzyl 
Boc  tert-Butyloxycarbonyl 
Cbz  Carboxybenzyl 
COSY  Correlation spectroscopy 
CSA  Camphorsulfonic acid 
Cy  Cyclohexane 
D  Dimensional 
dba  Dibenzylideneacetone 
DBU  1,8-Diazabicyclo[5.4.0]undec-7-ene 
DIAD  Diisopropyl azodicarboxylate 
DIPEA  N,N-Diisopropylethylamine 
DFT  Density functional theory 
DMAP  4-Dimethylaminopyridine 
DMP  Dess-Martin periodinane 
DMPM  3,4-dimethoxybenzyl 
DPEPhos Bis[(2-diphenylphosphino)phenyl]ether 
DPPF  1,1-Bis(diphenylphosphino)ferrocene 
DPPB  1,4-Bis(diphenylphosphino)butane 
EDG  Electron-donating group 
EWG  Electron-withdrawing group 
FDA  U.S. Food and Drug Administration 
FEP  Fluorinated ethylene propylene 
Fmoc  Fluorenylmethoxycarbonyl 
FPT  Freeze-pump-thaw 
g  Gram 
h  Hour 
HATU 1-[Bis(dimethylamino)methylene]-1H-1,2,3-trizolo[4,5-b]pyridinium 3-oxid 

hexafluorophosphate 
HMBC  Heteronuclear multiple bond correlation 
HMDS  Bis(trimethylsilyl)amine 
HOMO  Highest unoccupied molecular orbital 
HPLC  High performance liquid chromatography 
HSQC  Heteronuclear single quantum correlation 
Hz  Hertz 
IMDA  Intramolecular Diels-Alder 
IC  Internal conversion 
ISC  Intersystem crossing  
J  Joule 
KIE  Kinetic isotope effect 
L  Litre 
LDA  Lithium diisopropylamine 
LUMO  Lowest unoccupied molecular orbital 
m  meta 
M  Molar 
mes  Mesityl 
min  Minute 
mol  Mole 
m.p.  Melting point 
MS  Mass spectrometry 
MSA  Methanesulfonic acid 
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1. Introduction 
 

1.1. The Importance of sp3-Rich Heterocycles 

Nitrogen-containing heterocycles are a prevalent structural motif within biologically active molecules 

(Figure 1). Indeed, they are found in 59% of all FDA approved small molecule drugs, highlighting both 

their prominence and their broad range of activity.1 However, as the rate of success within clinical trials 

has fallen over the past two decades,2,3,4 simple N-heterocycles are no longer sufficient. As such, there 

has been a growing demand within the pharmaceutical industry for molecules to be more three-

dimensional in their shape, allowing expansion into a larger area of chemical space.5,6 Compounds that 

have a high proportion of sp3 hybridised carbon atoms and numerous stereogenic centres are hence 

desired, as these allow for increased protein-ligand interactions and specificity of binding, not generally 

accessible to flat, aromatic rings.5 Ensuring the inclusion of such features in drug candidates enhances 

potency and selectivity, and in turn improves the likelihood of progression to market.5 Furthermore, it 

has also been shown that this inherent complexity associated with enhanced sp3 character, inhibits 

promiscuity of a drug candidate.7 This is a key property that impacts toxicity, thus reducing the leading 

cause of attrition in the clinic.7,8 The pharmaceutical company, GlaxoSmithKline, have published two 

key findings on this topic stating that 1) the fewer aromatic rings a drug molecule has, the more 

developable that candidate is and 2) carboaromatic (versus heteroaromatic) rings are the biggest 

(negative) contributor to these developability parameters.9,10  

 
Figure 1: Drug molecules containing N-heterocycles. Morphine 9 is used for pain relief, cevimeline 10 is used for the treatment 

of a dry mouth, sunitinib 11 is an anti-cancer agent and lincomycin 12 is an antibiotic. Morphine and lincomycin are natural 

products.  

 

However, despite this growing movement towards more saturated based heterocycles, sp2-rich drug 

candidates remain dominant within the field due to the inherent challenges associated with the synthesis 

of their 3D counterparts.11,12 In addition to this, a limited number of reactions are used within medicinal 

chemistry,13,14 attributed to the need for such to be both reliable and robust. For example, palladium 

mediated sp2-sp2 cross-couplings are often selected for library synthesis as although they do not form 

products with the most desirable drug-like properties,5 they have wide applicability, chemoselectivity 

and functional group tolerance.15 

Natural products have long been a source of inspiration to the pharmaceutical industry,16,17,18 but given 

the proceeding discussion, there is now even more emphasis on the natural world, with structurally 
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Figure 7: Emission spectra of low-pressure and medium-pressure mercury lamps. 

 

Typically, photochemical reactions are carried out in batch reactors, where the lamp is fitted with a 

water-cooled jacket which is then immersed in a well containing the reaction mixture (Figure 8). These 

are fixed volume reactors, irradiated from within. The jacket surrounding the mercury lamp is usually 

quartz or pyrex, the former absorbing wavelengths below 170 nm and the latter below 275 nm. The 

reaction solution is degassed prior to irradiation to remove any dissolved oxygen, as it quenches excited 

states at a diffusion-controlled rate, and nitrogen is continuously bubbled through the system during the 

reaction.  
 

 
Figure 8: Diagram of an immersion well photochemical reactor.42 
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The [2+2] photocycloaddition process is not thermally allowed due to the mismatched symmetries of 

the frontier molecular orbitals (Figure 10). Upon excitation, however, the electron is promoted to the 

new HOMO* orbital which does have the correct symmetry to allow for favourable overlap with the 

LUMO molecular orbital of the ground state species, and so the cycloaddition can take place.  

 
Figure 10: Frontier molecular orbitals involved in the [2+2] photocycloaddition reaction. 

 

Examining the [2+2] photocycloaddition of an enone and alkene (Scheme 9), such proceeds by 

absorption of a photon by the enone 30, resulting in the formation of an excited singlet state. This 

excited singlet enone can then undergo one of the following:59 

1) Combination with the ground state alkene to form a singlet exciplex (an excited complex). The 

cyclobutane product 34 can then be generated directly, or via formation of a 1,4-diradical. The exciplex 

and diradical could however collapse back to the ground state. 

2) Undergo ISC to an excited triplet state (which could also be accessed directly from a sensitized 

excitation). This too can combine with a ground state alkene to generate a triplet exciplex, whereby 

carbon-carbon bond formation can ensue and produce a triplet 1,4-diradical species. In this case 

however, ring-closure to the cyclobutane product 34 can only proceed after spin inversion to the singlet 

diradical has happened. Similarly, at any point, decay to the ground state can occur.  

3) Relax back to the ground state.  

Pathway two is generally the most productive pathway, as ISC to a triplet state is an efficient process, 

particularly when using five and six-membered cyclic enones. As such, the [2+2] photocycloaddition 

can be viewed as proceeding by either of the two possible mechanisms, in a concerted or step-wise 

manner (Scheme 9).59 The former mechanism will proceed with stereochemical retention, whereas the 

stepwise process could proceed non-stereoselectively, due to the possible rotations of the 1,4-diradical 

33 prior to combination. The mechanistic pathway followed depends on the reaction conditions and the 

substrates involved.  

 
Scheme 9: Two possible mechanisms for the [2+2] photocycloadditions.59 
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As well as diastereomers, two regioisomers are also possible outcomes of this reaction (Scheme 10). 

The cyclobutane can form either the head-to-head or the head-to-tail regioisomeric product.59 Typically, 

when the substituent is of electron-withdrawing nature, the head-to-head product 36 is observed, and 

when it is electron-donating, the head-to-tail product 37 is seen.60 Intramolecular [2+2] 

photocycloadditions can also proceed one of two ways, in either a straight or crossed manner (Scheme 

10).61 In general, when the tether between the two reacting olefins is only two carbon atoms in length, 

the crossed regioisomer 39 will result to avoid the formation of a further strained four-membered ring. 

If the tether is longer than such, the straight regioisomer 40 will prevail. 

 
Scheme 10: Regioselectivity in the [2+2] photocycloaddition, a) intermolecular products affording 36 the head-to-head 

product or 37 the head-to-tail product59 and b) intramolecular products affording the crossed product 39 or the straight product 

40.61 
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2.2. Aim of Project 

The aim of this project was to photochemically synthesise medium-sized rings and incorporate this as 

a key step within the natural product synthesis of alstoniascholarine A 3 (Scheme 15). After 

optimisation of this [2+2] photocycloaddition, it was envisaged to utilise photochemical flow reactors, 

allowing for scale-up of the reaction and hence enable large quantities of photochemically-derived 

intermediates to be synthesised, thus alleviating material mass problems often encountered in natural 

product synthesis. As discussed, alstoniascholarine A 3 has potential biological activity and at the time 

of writing, a synthetic route to the molecule had not been published.  

 
Scheme 15: Synthetic route to alstoniascholarine A 3 via the key De Mayo reaction. 
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protected system 93. A wide range of conditions were attempted, including basic conditions with nBuLi, 

DMAP catalysed conditions in cyclohexane,96 using NMI as an additive,97 and with either tert-butanol 

or p-anisyl alcohol. Simply refluxing the corresponding alcohol with the ester in PhMe using Dean-

Stark apparatus was successful but only for the Boc-protected substrate 86, which gave product 123 in 

a 78% yield (Scheme 25), with all other cases returning starting material.92 It can be concluded from 

this lack of reactivity that an electron-withdrawing group on the nitrogen atom is required. This can be 

rationalised as it prevents protonation of the nitrogen as the lone pair is tied in conjugation. For the 

other systems, 86 and 93, this is not viable and so protonation of the nitrogen inhibits the reaction. 

Unfortunately however, precursor 123 was unstable under the acidic dioxolenone formation conditions, 

and degradation was observed in the subsequent step. 

 
Scheme 25: Unsuccessful routes to the dioxolenones 121, 122 and 124 a) via the carboxylic acid intermediates 119 and 120 

and b) via the PMB ester 123. 

 

Hence alternating the Boc protecting group to an orthogonal group, that would be stable under these 

subsequent conditions was next investigated. Therefore, post-transesterification, Boc cleavage of p-

methoxybenzyl ester 123 followed by Fmoc protection afforded the desired substrate 126 in 54% yield 

(Scheme 26). However, the successive dioxolenone formation was not straightforward, 1H-NMR 

analysis of the crude material showed the geminal dimethyl peaks of the dioxolenone 128 were present 

and the Fmoc group had remained intact, indicating the reaction had indeed worked but the product 

could not be purified. Different column conditions and recrystallisation techniques were attempted but 

with no success, the product 128 could not be obtained cleanly. It was reasoned that this was due to the 

high aromaticity of the Fmoc group, and perhaps its greasy nature was hindering the purification. 

Removal of which was then attempted to solve this, but unfortunately this resulted in several 

degradation products which could not be identified.  

The synthesis was repeated with the tosyl protecting group instead but again, issues arose at forming 

the dioxolenone 129 (Scheme 26). Similarly, the dimethyl peaks could be seen in the 1H-NMR but again 

with an accompanying, unidentified impurity, which by mass spectrometry was shown to be of high 

molecular weight. Although not confirmed, this was speculated to be some form of self-dimerisation of 
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enone 166 could not be isolated. The ethyl analogue 167 could, but in a rather poor yield of 32%. The 

subsequent alkylation step however would not proceed, with neither base NaH nor KOH.   

 
Scheme 33: Unsuccessful enone route to alkylated photochemical precursor 168.105  

 

Keeping in line with the enone photochemical precursor, Bach et. al. reported an analogous system to 

174, whereby the carbon chain on the nitrogen atom was one unit less (Scheme 34).106 Inspired by their 

work, synthesis of 174 began with 4-methoxypyridine 170, which was partially reduced and protected 

as the N-Cbz 171 in 86% yield. Cleavage of such under hydrogenation conditions afforded 172 in a 

good yield of 81%. Amide formation with the in situ generated acyl chloride however did not give the 

desired product 174, instead afforded the isomerised alkene, in conjugation with the carbonyl. Under 

amide coupling conditions with HATU, the same undesired isomerisation occurred.  

 
Scheme 34: Synthetic attempts to access enone 174.106  

 

With numerous futile attempts at accessing both photochemical precursors, be it dioxolenones or 

alkylated diketones, and [2+2] photochemical cycloadditions, it was clear a completely new synthetic 

route to alstoniascholarine A was required. 
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2.3.5. The Norrish-Yang Cyclisation Route to Alstoniascholarine A 

With the previous work failing to address the key photochemical step within the alstoniascholarine A 

synthesis, it was hoped the Norrish-Yang cyclisation would enable generation of the medium-sized 

heterocycle 178 (Scheme 35). Ideally this reaction would proceed with the indole moiety already 

installed and both bridge formation and functionalisation at the two remaining sites would be completed 

post-cyclisation. Preliminary studies succeeded in forming the eight-membered ring 181 on a simplified 

system, from glutarimide 180 (Scheme 35).  

 
Scheme 35: a) Proposed synthesis of alstoniascholarine A incorporating the Norrish-Yang cyclisation and b) a model system 

shown to undergo the Norrish-Yang cyclisation to form the eight-membered ring 181.  

 

The medium-sized heterocycle 181 was then subjected to a range of conditions to incorporate the bridge 

functionality within the molecule, initially alkylating the nitrogen atom, with the intention of Grignard 

formation followed by deoxygenation. However, a range of conditions were tried for the alkylation 

reaction, differing bases, solvents and electrophiles, and yet recovered starting material was only 

obtained (Entries 1-7, Figure 15), even when using methyl iodide as the alkylating agent (Entry 8). 

 
Entry Electrophile Base Additive Solvent Result 

1 1-Bromo-2-chloroethane KOH - DMSO SM 

2 1,2-Dibromoethane NaH - DMF SM 

3 1,2-Dibromoethane K2CO3 - Acetone SM 

4 2-Bromoethyl methanesulfonate NaH - DMF SM 

5 1,2-Dibromoethane Cs2CO3 TBAI Butanone SM 

6 1,2-Dibromoethane K2CO3 TBAI Acetone SM 

7 1,2-Diiodoethane NaH - DMF SM 

8 Methyl iodide NaH - DMF SM 

Figure 15: Conditions tried in the alkylation of amide 181. 
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A Mitsunobu reaction with 181 was also tested using either 2-bromoethanol or allyl alcohol, yet neither 

reactions yielded any product formation. A Wittig reaction on the ketone was then attempted but it too 

led to no reaction.  

Simultaneously, work on synthesising the indole substrate 176 for photochemical studies was also 

undertaken (Scheme 36). Fischer indole synthesis of hydrazine 183 with dimethyl ester 184 afforded 

the indole 185 in good yield of 63%.107 Notably, with the ethyl analogue of 184, the reaction would not 

proceed. Cyclisation attempts of 185 initially began by simply heating with ethyl amine and Et3N in 

THF. This did not lead to any of the desired cyclised product 176, only recovered starting material. 

Refluxing in xylene also yielded started material. Completing such a cyclisation stepwise was then 

trialled, and the carboxylic acid derivative of 185 was formed, followed by in situ acyl chloride 

formation then amide synthesis with ethyl amine to afford 187. Various bases were then tried in the 

intramolecular cyclisation but 176 could not be generated.  

 
Scheme 36: Unsuccessful synthesis of indole photochemical precursor 176.  

 

Unfortunately, due to the numerous difficulties and synthetic challenges that lead to little progress 

towards the synthesis of alstoniascholarine A, the decision was made to focus on other heterocyclic 

methodology, which also incorporated a key photochemical synthetic step. 
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3. The Pd-Catalysed Rearrangement to Synthesise 2-

Azabicyclo[3.3.1]nonane Scaffolds 
 

3.1. Introduction 

3.1.1. Aziridines 

Aziridines are the smallest nitrogen-containing heterocycle. These three-membered saturated rings are 

often employed as versatile intermediates in synthesis,108,109 as well as important synthetic targets in 

their own right.110,111 Similarly to their carbon and oxygen counterparts, cyclopropanes and epoxides, 

due to their structure aziridines experience a high level of Baeyer strain, enabling facile ring-opening. 

Thus, this ability to undergo highly regio- and stereoselective ring-opening reactions renders them 

useful building blocks.108 As synthetic targets, they are powerful alkylating agents and perhaps the most 

well-known, naturally occurring example is the mitomycin family (Figure 17). Such compounds possess 

anti-tumour and antibiotic activity, attributed to the aziridine ring.112  

 
Figure 17: Structure of the natural products mitomycins A, B and C which contain an aziridine ring within their core.  

 

Synthetic methodologies for the preparation of aziridines includes the nitrene addition to olefins, 

carbene and ylid addition to imines and cyclization of 1,2-amino alcohols, 1,2-aminohalides and 1,2-

azido alcohols.113,114 Photochemical approaches to the formation of aziridines are perhaps not as 

widespread, but will be a focus of this thesis.  

 

3.1.2. Photochemical Aziridine Formation 

The first photochemical synthesis to form azacyclopropanes, or aziridines, was carried out in the early 

1970s by Kaplan and co-workers (Scheme 38).115 Irradiation of the simple N-methylpyridinium chloride 

salt 191 in aqueous KOH afforded the rather complex, bicyclic aziridine 193 stereoselectively. The 

mechanism was proposed to involve an excited state electrocyclisation via the azabicyclohexenyl cation 

192, which upon hydroxide addition from the exo face afforded the product 193. Unfortunately, no yield 

was reported for the formation of the vinyl aziridine 193. It was however, a further 30 years before the 

utility of this reaction was truly realised.  
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Scheme 55: a) The tandem Heck/Tsuji-Trost  process by Wu et al. and b) the proposed mechanism.170 

 

3.1.6. The 2-Azabicyclo[3.3.1]nonane Ring-System  

The 2-azabicyclo[3.3.1]nonane scaffold is ubiquitous in natural products. More commonly known as 

morphan, perhaps the two-best known compounds containing such a bicyclic ring system are the 

alkaloids morphine 9,171 used for pain relief, and strychnine 295,172 a pesticide (Figure 18). Others 

include the cytotoxic alkaloids madangamine A 296 and daphniphyllum A 297,173,174 and the 

immunosuppressant FR9014834 298.175 With this motif having such a broad spectrum of medicinal 

properties, analogues of such represent a highly desirable synthetic target. 

 
Figure 18: Natural products containing the morphan ring system.  

 

3.1.7. Previous Preliminary Studies 

Previous work within the Booker-Milburn group synthesised iodo-bicyclic compound 299 in two steps 

from the corresponding tricyclic aziridine 253 (Figure 19); a thermal 1,5-hydrogen shift gave the 

imine142 which was subjected to reductive amination conditions with the appropriate aryl aldehyde.39 It 

was envisaged that this compound 299 would undergo an intramolecular Heck reaction to access the 

seven-membered-tetracyclic product 300, and analogues of such, to then lead to the natural product (±)-

hexahydroapoerysopine 303. A range of conditions were screened to try and optimise this reaction, 

which unfortunately were not successful, such generally returned starting material 299 or afforded the 

dehalogenated analogue 301 of which (Figure 19). Interestingly however, the morphan iodide salt 302 
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was isolated in a reasonable yield of 76% in one set of conditions (Entry 6, 39% yield upon removal of 

the HI salt).39 

 
Entry Ligand Solvent Temperature (°C) Product Yield 

1 P(o-tol)3 MeCN 85 301 <5% 

2 P(o-tol)3 DMF 100 SM - 

3 P(o-tol)3 PhMe 100 301 <5% 

4 P(o-tol)3 Dioxane 100 301 <5% 

5 DPEPhos MeCN 85 302 <5% 

6 DPEPhos Dioxane 100 302 76% 

7 DPEPhos DMF 100 SM - 

8 P(o-tol)3 Dioxane 100 SM - 

9 XantPhos Dioxane 100 301 55% 

Figure 19: Previous conditions screened for attempted access to the seven-membered ring 300.39 

 

A crystal structure of the morphan HI salt 302 was also obtained.39 

 
Figure 20: Crystal structure of 302.  
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3.3. Results and Discussion 

 3.3.1. Synthetic Route to Precursor 

The synthetic route to lead to the iodo-substrate 299 for the Pd-catalysed reaction was relatively straight 

forward; however, it did consist of a rather lengthy six linear steps (Scheme 57). Commercially available 

trichloroacetyl pyrrole 304 was alkylated with 3-buten-1-ol 305 via a Mitsunobu reaction, hydrolysed 

to form the carboxylic acid 307 and then esterified to give 308. All of which were completed on greater 

than 20 g scale, affording products in good to excellent yields. The pyrrole ester 308 was then irradiated 

to form the tricyclic aziridine 253, in a relatively low yield of 39% (albeit expected, likely due to a low 

overall quantum yield of the two-photon process).143 

Scheme 57: Synthetic route to tert-butyl ester aziridine 253.143  

 

The tert-butyl aziridine 253 was generated in batch, irradiated using a 36 W UVC lamp for 15 hours 

and the photolysate was then concentrated in vacuo and purified. At the end of the reaction the reactor 

well was consistently stained yellow, an indication of photodegradation. Due to the limitation of batch 

reactions (Section 1.2.2.), especially in this instance where only ~400 mg of product could be 

synthesised overnight due the high dilution requirement of the reaction, completing the reaction in flow 

was investigated. Three 36 W UVC lamp sources were set up in parallel each wrapped in FEP tubing 

and the tert-butyl pyrrole substrate 308 was pumped through the system at a flow rate of 3 mL/min 

using a standard HPLC pump (see Section 1.2.2.).180 In theory, this should have only taken ~3 hours to 

irradiate 2.5 g of substrate, compared to an overnight reaction for 1 g in when completed in batch. 

However, due to the tert-butyl pyrrole 308 continuously fowling the reactor, the FEP tubing had to be 

flushed with DMSO and MeCN regularly. This was therefore quite time-consuming as it required 

handling to continuously swap over the systems from pyrrole substrate to solvent flush and hence 

delayed the irradiation. Although there was a large increase in hourly productivity for the flow set-up, 

due to the need for regular solvent flushes and the fact there was a small deterioration in percentage 

yield, the batch photochemical process to synthesise the tert-butyl ester aziridine 253 was seen as a 

more reliable, easier method to carry out.   
 Flow Rate (mL/min) Time (hours) Productivity a (g/h) Productivity b (g/h) Yield 

Batch - 15 0.03 0.03 39% 

Flow 3 3.1 1.24 0.18 32% 

Table 2: Comparison of batch versus flow photochemistry for pyrrole 308. An additional 1 hour 40 minutes was required to 

flush the reactor with DMSO and MeCN. aAdditional time not accounted for in this calculation; badditional 1 hour 40 minutes 

accounted for.   
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After aziridine formation, 253 was then heated in PhMe for 16 hours to give the imine 309, via the 

[1,5]-hydrogen shift ring-opening reaction (Scheme 58).140 To complete the synthetic route to substrate 

299, this then underwent reductive amination with aldehyde 311, which was synthesised from alcohol 

310 by iodination at the 2-position with ICl and oxidation with DMP.39 

 
Scheme 58: Synthesis of iodo precursor 299.39  

 

 3.3.2. Reaction Familiarisation 

Early work began on understanding the fundamentals of the reaction (Figure 21). Without the presence 

of the amine base DIPEA or a ligand, the reaction did not proceed and staring material 299 was 

recovered (Entries 2 and 3). Wet dioxane also inhibited the reaction. Replacement of DIPEA with 

another tertiary amine base, Et3N, gave the dehalogenated starting material 301 (Entry 4). A brief ligand 

screen was conducted focusing on bidenate ligands, for which the bite angles were considered (albeit 

not correlated in the results) yet none improved upon the result with DPEPhos (Entries 5-8). The 

monodenate ligand PPh3 was also included in the screen but gave a modest yield of 39% (Entry 9). 

Other solvents, including MeCN, PhMe and DMF, had already been previously looked at for the 

original intramolecular Heck reaction (see Section 3.1.7.) but only MeCN led to a small amount of 

product formation, the others only yielding deiodinated substrate 301 or led to no reaction at all.39 
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 3.3.3. Aryl Iodide Scope 

A brief scope of similar aryl iodide substrates was next completed, subjecting three analogues to the 

reaction conditions: the monomethoxy aryl iodide 317, the fluorinated aryl iodide 321 and the aryl 

iodide 324 (Scheme 60). The synthetic route to these systems, was similar to that of the original 

substrate 299, the one half of the molecule stemming from the aziridine remained the same, and the 

aldehyde half was dependant on both commercially available materials and aromatic substitution 

patterns, which were then joined in a reductive amination. m-Anisaldehyde was iodinated with NIS, 

followed by a Wittig homologation to form the homoallylic ether, for which acidic cleavage and 

isomerisation gave aldehyde 316, which upon reductive amination with imine 309, afforded the first 

substrate 317 in a good yield of 72%. For the fluorinated precursor, due to regioselectivity issues with 

iodinating 3-fluorobenzaldehyde, the carboxylic acid 318 was initially reduced to the alcohol,183 

oxidised to the aldehyde 319, which was then subjected to the same Wittig and acidic conditions as 

before, to afford the homologated aldehyde 320. Reductive amination with NaBH(OAc)3 furnished the 

desired precursor 321 in a 67% yield. Similarly, aldehyde 323 was obtained via this sequential route, 

albeit initiating with the commercially available 2-iodobenzaldehyde 322. 

   
Scheme 60: Synthetic route to precursors monomethoxy aryl iodide 317, fluoro aryl iodide 321 and aryl iodide 324. 317 and 

324 were synthesised by another member of the group.184 

 

Gratifyingly, all three of the aryl iodide substrates underwent the Pd-catalysed reaction to afford the 

morphan ring products 325, 326 and 327 (Figure 22). The monomethoxy system 317 gave the lowest 

yield of 21% and the fluorinated moiety also gave a poor yield of 33%. However, the aryl iodide 

produced the morphan product 327 in a good yield of 74%. It can be rationalised that the slightly 

deactivating nature of the halide would be less reactive than the original dimethoxy substrate 300, and 

hence the poorer yield. However why this system, and the aryl iodide 324 performed superior to the 

monomethoxy 317, was not understood at this stage (see Section 3.3.6. for a potential explanation).  
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3) Or the iodide was required simply for steric reasons, potentially forcing the molecule into a 

conformation that enabled the reaction to occur, and hence the reaction could be achieved by 

replacing the iodide with alternative bulky groups at the 2-position. 

Differentiating between these mechanisms was essential to extend the scope of the reaction. It was also 

a requirement to enable optimisation. Investigating pathway two seemed the most straightforward, and 

this was completed by subjecting two different substrates in the same vessel to the reaction conditions 

(Scheme 62). Hence, the mixed reaction system consisted of the monomethoxy aryl iodide 317, which 

was known to form morphan product 325 under such conditions, and the dimethoxy species 301, 

without an iodide substituent on the aromatic ring, which was known not to undergo the reaction (the 

difference in substitution pattern was to help identification purposes). As such, when both of these were 

combined in one vessel, morphan products for both precursors were observed. This gave reasonable 

evidence that the reaction was proceeding via pathway two: post-protodepalladation, the catalyst was 

modified in such a way, or formed by-products which then enabled the reaction to proceed.  

 
Scheme 62: Cross-over reaction affording both morphan products 325 and 302, in a ratio of 0.3:1 respectively. 

 

Crucially, this meant that the substrate itself no longer required an aryl iodide tether for the Pd-catalysed 

reaction to succeed.  
 

 3.3.5. Additives 

  3.3.5.1. Aryl Iodides 

Results from the cross-over reaction indicated that a sacrificial additive could be used to turn over the 

reaction. The selected additive to test this hypothesis was dimethoxy-methyl aryl iodide 331, as this 

was similar in both electronic and steric effects to the original system (Scheme 63). Such was 

synthesised via iodination of the commercially available material 3,4-dimethoxy toluene with NIS.184 

The two substrates, dimethoxy aryl 301 and aryl 332, neither of which contained an aryl iodide, were 

synthesised as before by reductive amination of imine 309 with either 3,4-dimethoxyphenyl 

acetaldehyde or phenyl acetaldehyde.  Each were subjected to the Pd-catalysed reaction conditions, with 

1 equivalent of aryl iodide 331 and pleasingly afforded morphan products. However, such were obtained 

in a lower yield compared to the equivalent iodo substrates 299 and 324 (64% versus 76% for the 
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dimethoxy system 302 and 34% versus 74% for the phenyl system 327). Despite this decrease, removing 

the requirement of the iodide substituent on the precursor was seen as an improvement.  

 
Scheme 63: Product formation with aryl iodide additive 331, crucially highlighting there was no longer a need for the iodide 

to be within the substrate itself. 

 

With this success in hand, investigations into changing the tether on nitrogen began. A cleavable 

protecting group was sought to continue optimisation studies and the PMB group was selected due to 

its similarities to the original substrate 299. Again, standard reductive amination conditions with imine 

309 and p-anisaldehyde yielded bicyclic 333 in a 58% yield (Scheme 64). This was then subjected to 

the Pd-catalysed reaction conditions and a 50% yield of the morphan PMB product 334 was isolated. 

Interestingly, the deiodinated analogue of 331 was also identified, by mass spectrometry, and hence a 

further indication that protodepalladation does occur. Successfully turning over a substrate with one 

methylene unit in the tether and hence enabling the potential for its removal, to leave the parent morphan 

system, was a sufficient development. The reaction could now be viewed as a true rearrangement 

process. 

 
Scheme 64: Successful PMB morphan product 334 formation. 

 

As the rearrangement proceeded in a 50% yield, further optimisation to improve this was undertaken 

(Figure 23). This began with studying other aryl iodides, as although 331 was only one step from a 

commercially available compound, it was desirable to have a readily available additive. Completing the 

reaction with an analogous additive without the methyl substituent, had quite a negative effect on the 
1H-NMR yield, dropping to 26% from 40% (Entry 2). Similarly, 4-iodoanisole gave a low 1H-NMR 

yield of 23% (Entry 3) and this trend continued to decrease with iodobenzene (Entry 4). The difference 

in results were assumed to reflect either, or both, the steric or electronic influence on the rate of 

protodepalladation. TBAI did not lead to any reaction, only recovered starting material was observed 
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(Entry 5). Attempting to reduce the amount of the aryl iodide 331 used in the reaction was also explored, 

however the best results obtained were when one equivalent was used (Entries 6-8). 

 
Entry Additive Equivalents of Additive Yield of 334 Conversiona 

1 331 0.5 40% 93% 

2 1-Iodo-2,4-dimethoxybenzene 0.5 26%b - 

3 4-Iodoanisole 0.5 23%b - 

4 Iodobenzene 0.5 19%b - 

5 TBAI 0.5 SM - 

6 331 1 50% 96% 

7 331 0.25 - 69% 

8 331 0.1 - 43% 

Figure 23: Iodide additives trialled in the Pd-catalysed rearrangement of PMB substrate 333. aPercentage conversion based 

on level of SM and product in the crude 1H-NMR; bpercentage yield based on 1H-NMR using 1,3,5-trimethoxybenzene as an 

internal standard.  

 

As the use of stoichiometric iodides was not particularly efficient, and as no improvement in yield was 

observed, other activating agents were sought after. 

 

  3.3.5.2. Brønsted Acids 

Protodehalogenation of aryl halides is well documented within cross-coupling reactions,187,188,189 

potentially generating stoichiometric quantities of HX. Generation of which could perhaps activate the 

nitrogen atom, facilitating the observed cleavage of the carbon-nitrogen bond,190 thus leading to the 

morphan product, and evidence for this was obtained in the cross-over reaction, Section 3.3.4., Scheme 

62. Hence protonation using a Brønsted acid was next explored, envisaged to replace the requirement 

of an aryl iodide additive and ideally, be commercially available. 

Based on the results thus far, formation of a DIPEA.HI salt seemed logical to test first, potentially 

enabling both the base and additive to be added as one (Figure 24). Pleasingly this was successful, and 

the PMB product 334 was observed in a 53% yield (Entry 1). Varying the equivalents of such and 

addition of DIPEA was also investigated to try and improve the percentage yields but with no success 

(Entries 2 and 3). As with the aryl iodide 331 however, DIPEA.HI was not commercially available. The 

equivalent HCl salt was, yet unfortunately this did not work in the reaction (Entry 4).  
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Entry Base Additive Equivalents of Additive Yield of 334 

1 - DIPEA.HI 1 53% 

2 - DIPEA.HI 2 46%a 

3 DIPEAb DIPEA.HI 1 39%a 

4 - DIPEA.HCl 1 SM 

Figure 24: Screening results using DIPEA salts as an additive for the rearrangement of PMB substrate 333. aPercentage yield 

based on 1H-NMR using 1,3,5-trimethoxybenzene as an internal standard; b0.15 equiv. of base used.  

 

Although a slight increase in yield was observed upon addition of DIPEA.HI in comparison to the 

dimethoxy methyl aryl iodide 331 (53% versus 50%) due to the inherent hygroscopic properties 

associated with salts, and hence the potential for a variability in purity, the screen was continued (Figure 

25). Acetic acid was tried in the reaction, but no product formation was observed (Entry 1). TBAI was 

then included too, in case an iodide source was necessary, but this also failed (Entry 2). Moving to a 

stronger acid, camphorsulfonic acid, with the exclusion of DIPEA, for which morphan product 334 was 

seen, albeit in a poor yield of 23% (Entry 3). This could however be increased on inclusion upon DIPEA 

(Entries 4 and 5). Methanesulfonic acid gave a slightly improved 1H-NMR yield of 46% (Entry 6), 

although still not quite as good as the isolated yield obtained with aryl iodide 331 of 50%.  

 
Entry Base Additivea Yield of 334 

1 DIPEA AcOH SM 

2 DIPEA AcOH and TBAI SM 

3 - CSA 23%c 

4 DIPEA CSA 43% 

5 DIPEAb CSA 42%c 

6 DIPEA MSA 46%c 

Figure 25: Screening results of acid additives for the Pd-catalysed rearrangement of PMB substrate 333. Inclusion of the base 

within the premix and adding the acid after 10 minutes appeared to give the best results. a1 equiv. of additive used; b0.5 equiv. 

of base used, in all other cases 1 equiv. was used; cpercentage yield based on 1H-NMR using 1,3,5-trimethoxybenzene as an 

internal standard. 

 

Based on the above screening results with the addition of a Brønsted acid, it was speculated that Lewis 

acids could also allow the transformation to occur, coordinating to the nitrogen and facilitating bond 

cleavage. Although only triisopropyl borate was tested, this was not successful and only starting 

material was recovered from the reaction.  
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 3.3.6. Reproducibility Issues 

Optimisation of the reaction had still not led to any distinct improvements, although now enabling the 

use of a commercially available additive, the yield of morphan PMB product 334 remained moderate. 

Additionally, optimisation work was slowed due to issues with reproducibility (Figure 26). As 

mentioned previously (Section 3.3.2.), sometimes the catalyst premix would form a yellow precipitate 

and the reaction would fail, and although inclusion of DIPEA had helped to prevent its formation, it 

still occurred occasionally at what appeared to be sporadic instances. Tests were carried out to include 

the substrate within this premix, which did seem to stop the precipitation (Entry 1). However, the 

reaction would still occasionally fail, or at least give variable results, even now the precipitate no longer 

formed (Entries 2-7). There was no indication of why this occurred, and several factors were 

investigated to try and prevent this issue reoccurring.  

Different sources of dioxane were tested in the reaction along with freeze-pump-thawing and degassing. 

The different batches of solvent did not highlight any obvious differences, nor did Karl-Fischer analysis. 

However sufficiently degassing the solvent did have a dramatic effect on the reaction, either reducing 

the 1H-NMR yield to 16% or combined with the removal of the premix, inhibiting it completely (Entries 

8-10). The ligand DPEPhos was analysed and recrystallised but this did not appear to affect the reaction. 

There has been much work conducted by Fairlamb et al. on the common impurities found in Pd(OAc)2 

and its and differing forms.191,192,193,194 However, as two different bottles of the catalyst had been used 

(due to a move to industry), both from different suppliers and as both seemed to give inconsistent results, 

no studies of its quality were undertaken. Finally, DIPEA and methanesulfonic acid were distilled, and 

the sequence of additions and premixes were investigated yet frustratingly, the reaction was still not 

reproducible. 
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Entry Base Additive Additional Conditions Yield of 334 Repeat 1 Repeat 2 

1 DIPEA CSA Substrate in premix 43%* 42%* - 

2 DIPEA 331 - SM 50% - 

3 DIPEA 4-iodoanisole - 62%* 23%* - 

4 - DIPEA.HI - 53% 28%* SM 

5 DIPEA CSA - 43% 24%* - 

6 DIPEA MSA - 46% SM - 

7 DIPEA MSA Substrate in premix SM 85%* - 

8 DIPEA CSA No premix, FPT SM - - 

9 DIPEA CSA No premix, N2 sparge SM - - 

10 DIPEA CSA FPT 16%* - - 

11 DIPEA CSA Dry solvent, open to air SM - - 

Figure 26: Repeat reactions of 333 to highlight reproducibility issues and different conditions tried to circumvent this. Premix 

of Pd, ligand and DIPEA in dioxane for 10 minutes unless stated otherwise. *Percentage yield based on 1H-NMR using 1,3,5-

trimethoxybenzene as an internal standard. 

 

Carrying out the reaction in a completely inert atmosphere was thought to give some indication about 

the lack of reproducibility. Although anticipating that completing the rearrangement process in a 

glovebox would halt the process altogether, as degassing and freeze-pump-thawing showed dramatic 

decreases in percentage yields, it would finalise that the reaction needed a small amount of oxygen to 

proceed. Surprisingly however, the reaction proceeded in a 65% 1H-NMR yield, an increase of 15%, 

and importantly this was repeated a further four times, each affording similar 1H-NMR yields (Figure 

27, Entries 1-5). The reaction was clearly more sensitive to oxygen than first thought. This was reasoned 

to be due to catalyst decomposition with molecular oxygen.195 Interestingly a decrease in nearly 20% 

yield occurred when a solution of the starting material in dioxane was added first to the Pd catalyst and 

ligand followed by dioxane and DIPEA (Entry 6), rather than adding dioxane and DIPEA to the catalyst 

system and then the solution of substrate.  
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yield, correlating with pKas (Entries 10 and 11). Finally, the Lewis acid triisopropyl borate was also 

tested again, but as seen before, resulted in recovered substrate (Entry 12).  

 
Entry Pd Source Ligand Additive Yield of 334 

1 Pd(OAc)2 DPEPhos MSA 70% 

2 Pd(OAc)2 PPh3 MSA 73%* 

3 Pd(OAc)2 TFP MSA SM 

4 Pd(OAc)2 P(o-toyl)3 MSA SM 

5 Pd(OAc)2 Tris(4-methoxyphenyl) phosphine MSA 39%* 

6 Pd(OAc)2 Tris(4-fluorophenyl) phosphine MSA 65%* 

7 Pd(PPh3)4 DPEPhos MSA 60%* 

8 Pd(PPh3)4 - MSA 57%* 

9 Pd2(dba)3 DPEPhos MSA 65%* 

10 Pd(OAc)2 DPEPhos AcOH 22%* 

11 Pd(OAc)2 DPEPhos TFA 43%* 

12 Pd(OAc)2 DPEPhos Triisopropyl borate SM 

Figure 28: Optimisation screen conducted within the glovebox on model system, PMB substrate 333. *Percentage yield based 

on 1H-NMR using 1,3,5-trimethoxybenzene as an internal standard. 

 

Although a slight increase in yield was observed for the ligand PPh3, this increase was not quantified 

by isolation nor was it confirmed as reliable. Hence, it was decided upon to remain with the same 

reaction conditions as those previous to the screen, Pd(OAc)2, DPEPhos and methanesulfonic acid. As 

the yield for the PMB parent system had been increased from 50% to 70%, using a commercially 

available acid, without the requirement for a stoichiometric quantity of an aryl iodide, the optimisation 

and screening studies were hence viewed as an ultimate success.  

 

 3.3.7. Reaction Scope 

Keen to investigate the scope of this reaction, a range of substrates were synthesised and as seen before, 

these were differentiated simply by changing the aldehyde in the reductive amination reaction. Initially 

seven precursors were formed, three of such were alternative protecting groups on the nitrogen, the 

DMPM group 335a, the benzyl group 335b and the tosylate group 335c (Scheme 64). The tether was 

lengthened in substrate 335d, reverting to a two-methylene unit as seen in the original work. Two alkyl 

substituents, ethyl and tert-butyl 335e and 335f were also synthesised, and finally the indole substrate 

335g. Upon subjection to the reaction conditions pleasingly, six out of the seven gave some formation 

of morphan product. The DMPM group 336a unsurprisingly gave the best yield, isolated at 70% yield. 

The benzyl substrate 336b afforded a relatively poor 38% yield of product, its analogue with the 

extended chain giving a good yield of 67%. Interestingly the tosylate 336c did not afford any morphan 
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Modifications of some of the substrates were completed in an attempt to improve the yields of the 

morphan products (Scheme 66). Altering the protecting group on the pyrrole system 335j to an electron-

withdrawing tosyl group 335o did improve the 1H-NMR yield to 38%, although a purified sample of 

336o could not be obtained. Moving the nitrogen to the 4-position from the 2-position within the 

pyridine precursor was also a success, which fortunately could be purified, and the isolated yield of 4-

pyridine 336p was 49% compared to 2-pyridine 336m which was 34%. This difference has been 

attributed due the occurrence of coordination to the Pd catalyst, which can only occur in the 2-pyridine 

system 336m, and hence inhibition of the reaction. Similarly, the indole substrate 335n was protected 

with a Boc group instead, hoped to both improve the yield of the reaction and the purification. This 

however was unsuccessful, and no product formation was observed. Extending the aromaticity in the 

form of benzofuran system 335r was also subjected to the Pd-catalysed conditions, which albeit gave a 

lower yield of 19% compared to the furan system 336l of 41%. Two other aromatic precursors were 

also synthesised, again based on previous results. As the dimethoxy aromatic systems were known to 

work well under such conditions, 335s was synthesised and gratifyingly afforded 78% yield of the 

morphan product 336s. A further electron-poor aromatic system 335t was tested, giving the nitro-

morphan 336t in 43% yield.  

 
Scheme 66: Further scope of the Pd-catalysed rearrangement to morphan systems 336o-t. *Percentage yield based on 1H-

NMR using 1,3,5-trimethoxybenzene as an internal standard. 

 

A final set of morphan substituted products were then synthesised (Scheme 67). The two extended 

planar aromatic precursors, quinoline 335u and naphthalene 335v were subjected to the reaction 

conditions. The naphthyl morphan 336v was obtained in a 55% yield but the nitrogen variant of such, 

336u, gave a 33% 1H-NMR yield which could not be separated from decomposition by-products. 

Moving away from aromatic systems, pentyl tether 335w, CF3 tether 335x and N-methyl tether 335y all 

underwent the rearrangement, in good yields. The concluding substrate explored was the sp3 nitrogen 

precursor 335z, which alas led only to degradation.  
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Scheme 67: Final scope of the Pd-catalysed rearrangement to morphan scaffolds 336u-z. *Percentage yield based on 1H-NMR, 

using 1,3,5-trimethoxybenzene as an internal standard. 

 

3.3.7.1. Amide Substituent 

Keen to expand an already extensive scope, other points of derivatisation on the morphan scaffold were 

considered. Alternating the tert-butyl ester substituent seemed a viable method to increase the library 

of molecules and this would simply stem from a differing electron-withdrawing group on the starting 

pyrrole. The amide functional group was studied first, synthesis of which also began with the alkylated 

trichloroacetyl pyrrole 306 (Scheme 68). Amidation followed with ethylamine to give 337, which as 

before was completed on a large scale, ~20 g. This too was irradiated in flow, at a flow rate of 3 mL/min, 

to afford the aziridine 338 in a yield of 61%. This was then heated in PhMe to form the imine 339 via 

the [1,5]-hydrogen shift.126,142 As seen previously, the imine was then subjected to reductive amination 

conditions with four different aldehydes to afford four substrates: the PMB 340a, the benzyl 340b, the 

ethyl 340c and the tert-butyl 340d. 

 
Scheme 68: Synthesis of amide precursors 340a-d.126,142 
 

However, under the Pd-catalysed rearrangement conditions all four of these precursors gave low 1H-

NMR yields of the morphan products 341a-d (Scheme 69). This was reasoned to be due to the poor 

ability of amides to act as Michael acceptors, which would be a requirement in the 1,6-conjugate 

addition step of the reaction. 
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Scheme 69: Poor results for amide system in Pd-catalysed rearrangement. *Percentage yield based on 1H-NMR using 1,3,5-

trimethoxybenzene as an internal standard. 

 

3.3.7.2. Ketone Substituent 

Due to the lack of success with the amide functional group, the corresponding ketone was next 

investigated, envisaged to enable the 1,6-conjugate addition that was thought to be inhibiting the amide 

system. Synthesis of which began with 2-acetyl pyrrole 342, which was alkylated via a Filkenstein 

reaction with 4-bromobutene 83 and TBAI in a 73% yield (Scheme 70). This was irradiated in batch, 

affording aziridine 344 in 53% yield which was then quantitatively converted to the imine 345. Again 

four substrates were synthesised by reductive amination of the imine with NaBH(OAc)3 and either p-

anisaldehyde, giving the bicyclic precursor in a 36% yield, benzaldehyde, a 56% yield, 3,4-

dimethoxyaldehyde, 56%, or phenylacetaldehyde to afford bicycle in a 49% yield. Yet again however, 

upon refluxing under the Pd-catalysed rearrangement conditions no product formation was observed 

for any of the substrates.  

 

Scheme 70: Synthesis of ketone precursors, which unfortunately did not undergo the rearrangement process to form morphan 

product 347.  
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  3.3.8.1. Synthetic Route to Deuterium Labelled Substrates 

The synthetic route into deuterium substrate 360 began by using a deuterated reducing agent to prepare 

the di-deuterated alcohol 367 (Scheme 75), which would then undergo the Mitsunobu reaction with 

trichloroacetyl pyrrole 368 and hence follow the previous synthesis as for the non-labelled precursor 

(Section 3.3.1.). However, the extremely high cost of LiAlD4 (£2556 for 5 g) which was the reducing 

agent of choice was prohibitive, and so a range of other alternatives were investigated:  

1) NaBD4 could be purchased at a reasonable price but reducing the ester, methyl 3-butenoate 366, 

would require an additive or protic solvent to facilitate the reduction (Scheme 75).197 An example of the 

latter is using PEG as the solvent, thought to enable complexation to inorganic salts and hence enhance 

the reactivity of the anion.198 Although in this instance methyl-3-butenoate 366 was reduced to the 

alcohol, isomerisation to the internal alkene occurred during the reaction. Similarly, the reduction was 

also conducted in MeOH,199 and although did give the desired alcohol product 366, however due to the 

volatility of such, not all the residual solvent could be completely removed. As the subsequent step in 

the synthesis was the Mitsunobu reaction, and any remaining MeOH would be detrimental to the yield, 

and hence this route was deemed as unviable.  

2) LiBD4 is known to reduce esters,200,201 yet it is not commercially available. Hence synthesis of which 

was completed by refluxing NaBD4 and LiCl,202 which was used immediately in the reduction of 

methyl-3-butenoate 366 (Scheme 75). The deuterated alcohol 367 was obtained, albeit in 44% yield, 

and due to its volatile nature used without purification in the Mitsunobu reaction. Unfortunately, this 

did not lead to any of the desired alkylated pyrrole 369.  

3) Lithium tri-tert-butoxyaluminum deuteride was also deemed too expensive (£2314 for 1 g of 

material). 

4) DIBAL-D was unavailable to purchase.  

4) Although BD3 was reasonably priced, due to the requirement of an alkene in the molecule, this route 

was also unsuitable.  

Fortunately, after these unsuccessful studies, a sample of LiAlD4 was discovered which allowed for 3-

butenoic acid 173 to be reduced in an excellent yield of 88% (Scheme 75). The remainder of the route 

was completed as before (Section 3.3.1.). 
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Scheme 75: a) LiAlD4 was shown to be the superior reducing agent to form deuterated alcohol 367 and b) the remainder of 

the synthetic route to deuterium labelled substrate 360. *Yield based on non-deuterated equivalent.  

 

The synthesis of the second deuterium isomer 363 was also not as straightforward as initially thought. 

For this substrate, the isotopic label needed to be placed at the C3 position of the pyrrole, and this was 

thought to be incorporated by selectively brominating this position, then either Pd-catalysed 

dehalogenation or hydrogenation would ensue.203,204 Pyrrole 372 was hence protected with a bulky 

phenyl sulfonyl group and bromination at the desired C3 position followed with Br2 and AcOH (Scheme 

76). Directed lithiation at the 2-position with LDA and subsequent trapping with the electrophile methyl 

chloroformate led to methyl ester 375, from which sulfonyl deprotection afforded 376 in 87% yield.205 

Again, a Mitsunobu reaction with 3-buten-1-ol and hydrolysis to form the carboxylic acid 378 were 

completed in excellent yields. Yet the succeeding tert-butyl ester formation did not proceed, reasoned 

to be due to the steric clash with the bromine atom.  

 
Scheme 76: Unsuccessful synthetic route to deuterated pyrrole 379.  

 

To alleviate such, incorporation of the deuterium atom before this step was investigated on each of the 

three pyrroles 376, 377 and 378, initially with a hydrogen source (Scheme 77). Hydrogenation of 
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pyrrole 376 led to the desired product 379 in a reasonable yield of 54%.204 The two alkylated pyrroles 

377 and 378 were subjected to cross-coupling conditions, due to the terminal olefin, which gave poor 

yields of 33% and 16% respectively.203 Based on these results, the hydrogenation was chosen and so 

repeated with deuterium. Upon isolation of this crude reaction however, mono-, di- and tri-deuterated 

pyrroles were observed. During the course of the reaction, DBr was generated as a by-product and so 

under these acidic conditions, facile H-D exchange occurred on the pyrrole. Inclusion of 1.2 equivalents 

of K2CO3 neutralised the reaction medium and hence only mono-deuterated pyrrole 380 at the C3 

position was obtained in a 59% yield.  

 
Scheme 77: a) Hydrogenation and deuteration of pyrrole 376 and b) Pd-catalysed dehalogenation, DMF-d7 would have been 

used as the deuterium source if this route was selected.203 

 

The remainder of the synthesis to precursor 363 was again very similar to previous work, the only major 

difference was the alkylation step, for which the best yield was obtained via an in situ Finkelstein 

reaction and alkylation rather than the Mitsunobu reaction.  

 
Scheme 78: Continuation of the synthetic route to the deuterium labelled substrate 363.  
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ABSTRACT: The combination of palladium catalysis and thermal cycloaddition is
shown to transform tricyclic aziridines into complex, stereode�ned tetracyclic
products in a single step. This highly unusual cascade process involves a diverted
Tsuji�Trost sequence leading to a surprisingly facile intramolecular Diels�Alder
reaction. The starting materials are accessible on multigram scales from the
photochemical rearrangement of simple pyrroles. The tetracyclic amine products can
be further elaborated through routine transformations, highlighting their potential as
sca�olds for medicinal chemistry.

Nitrogen-containing heterocycles are among the most
prominent structural motifs within bioactive molecules,

showing a wide range of activity, including anticancer,
antibacterial, and antiviral activity, and some acting on the
central nervous system (CNS).1,2 Compounds rich in sp3

character are known to perform favorably within the clinic,
where their enhanced three-dimensionality leads to improved
selectivity.3 Methodologies for accessing N-containing, com-
plex three-dimensional sca�olds are therefore a key objective
for synthetic chemists, potentially allowing rapid access to
high-value lead compounds.4 Cascade reactions represent an
ideal route to such compounds, necessarily adding signi�cant
complexity in a single transformation.5

Synthetic photochemistry has a long history of creating
highly complex molecules.6 These products are frequently
reactive, thus proving to be versatile intermediates in
synthesis.6,7 Catalytic modi�cation of such products continues
to harbor interest, forming conformationally constrained,
saturated heterocycles. We have previously shown tricyclic
aziridines 2, formed directly from pyrroles 1,8 are particularly
versatile intermediates in this respect (Scheme 1a).9,10 Herein,
we report an e�cient single-step approach to the hitherto
unreported ring system 6 via a novel three-part cascade
process.

Previous Pd0-mediated ring expansion/cycloaddition of 2
with dipolarophiles gave access to �ve-membered rings such as
4,10 and we were interested in determining whether extension
to six-membered rings was possible. We therefore considered
whether bifunctional reagent 8 could function as both a mild
nucleophile and an electrophile, enabling formation of 10
(Scheme 2). Surprisingly, however, reaction of 2 (R = CO2

tBu)
gave N-alkylated product 11, where diene formation and
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Scheme 1. Previous and Current Photochemical/Catalytic
Sequences to Form Complex Structures9,10

Scheme 2. Planned Tsuji�Trost Pathway
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desilylation had occurred. As dienes are key synthetic building
blocks,11 we decided to investigate the scope of this reaction.

Replacing 8 with allyl acetate converted 2 (R = CO2
tBu) to

allylated product 12a in a much-improved 87% yield (Table
1). These conditions also proved to be applicable to aziridines

2b (R = COMe) and 2c (R = CONHEt). Nitrile 2d proved to
be unsuccessful, possibly due to a decreased level of steric
crowding of the aziridine ring.12 Use of allylic bromides rather
than allylic acetates also proved to be possible but gave
reduced yields and did not remove the requirement for Pd
catalysis.

Reaction in the absence of an allylating reagent also proved
to be successful, forming secondary amino-dienes 13a�c in
good yield (entries 5�7, respectively). This was found to
proceed most e�ciently in the absence of K2CO3, and again
nitrile 2d proved to be unreactive. Interestingly, these reactions
proved to be unsuccessful when other Pd(0)/PPh3-based
systems were employed (entries 9 and 10), suggesting a
byproduct of catalyst activation might play a key role in
aziridine N activation. Consistent with this, the presence of a
mild Lewis or Brønsted acid was found to be essential for the
reaction to occur (see the Supporting Information for full
details).

We then turned our attention to exploiting the dienyl
component of these cyclic dienes 12. Diels�Alder reaction of
N-allyl derivative 12a with maleimide formed the expected
adduct 14 (Scheme 3). However, we were intrigued to isolate
trace amounts of the intramolecular Diels�Alder (IMDA)
reaction product 15, which was unexpected given the
unactivated nature of the dienophile. Simply heating 12a led
to formation of 15 in an excellent 93% yield, demonstrating
rapid access to a complex unreported, ring system (three steps
from pyrrole 1a13).

To explore this further, we expanded the range of allylating
reagents and moved to performing the ring-opening/cyclo-
addition sequence in a single step. This proved to be highly
successful, with use of an electron-withdrawing functionality at
position 2 of component 5 being well tolerated and

accelerating the Diels�Alder reaction (Scheme 4). One-pot
reaction of 2a required re�uxing in dioxane to e�ect full
conversion in the Tsuji�Trost reaction; however, the less
sterically hindered aziridines 2b and 2c were found to react

Table 1. E�ect of the Variation of the Aziridine and Allyl
Reagent

entry R reagent product yield (%)

1a,b CO2
tBu allyl acetate 12a 87

2b,c COMe allyl acetate 12b 56d

3b,c CONHEt allyl acetate 12c 60d

4a,b CN allyl acetate 12d 0e

5d CO2
tBu none 13a 83

6a COMe none 13b 82
7a CONHEt none 13c 44
8a CN none 13d 0e

9a,f CO2
tBu none 13a 0

10a,g CO2
tBu none 13a 0

aReaction performed at 70 °C. bPerformed in the presence of 1.3
equiv of K2CO3.

cReaction performed at 30 °C. dYield determined by
1H NMR using 1,3,5-trimethoxybenzene as the internal standard.
eSlow conversion to retro-ene product 3 was observed.9 fPerformed
using Pd(PPh3)4.

gPerformed using Pd2(dba)3/PPh3.

Scheme 3. Inter- and Intramolecular Diels�Alder Reactions
of 12a

Scheme 4. Scope and Limitations of the Tandem Ring-
Opening/Diels�Alder Process

aSubstituted with R1 at the methylene rather than the alkenyl
position. bPerformed in dioxane at 100 °C. cWith 3 equiv of allyl
acetate. dOn a 3 mmol scale. eIntermediates 12af�cf were isolated in
45%, 46%, and 29% yields, respectively.
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fully in THF. Importantly, scale-up of these reactions proved to
be facile, with 6aa, 6ab, and 6bc being formed in equal or
increased yield on a 3 mmol scale.

Reactions of 3-substituted tether 5e also proved to be
successful, with high regiocontrol for the linear allylated
intermediate combining with high E selectivity to yield a single
stereoisomer. However, attempted reactions of disubstituted
allyl acetate 5f were less successful, with only the allylated
diene intermediate being obtained. This likely re�ects
increased steric demand, where the phenyl substituent of the
E-alkene would need to adopt an unfavorable endo-cyclic
position in the transition state.

The cycloaddition step was seen to occur under conditions
substantially milder than those of similar IMDA reactions.14

Indeed, substrates lacking an activated dienophile (i.e., 12a�c)
reacted at 70 °C, and we chose to investigate this further. As
observed above, tBu system 12a proved to be less reactive than
amide 12c (k = 6.8 × 10�6 s�1 vs k = 5.5 × 10�5 s�1 at 75 °C).
An Eyring study (Figure 1) demonstrated this variation to be

largely controlled by the enthalpy of activation, with a 20 kJ
mol�1 di�erence between 12a and 12c. While it is unclear
whether this increase is due entirely to electronic factors or
includes an additional conformational element, both values
appear to be low when compared with those known for other
IMDA reactions.15 Further attempts to explore the impact of
the dienophile activation proved not to be possible due to
appreciable formation of 6ab even at 20 °C, again emphasizing
the facile nature of this IMDA process.

To explore the role of acetate observed in Table 1 [entries 9
and 10 (see also the Supporting Information)], compound 16
was prepared and subjected to the reaction conditions;13

however, diene 13a was not observed, ruling this out as a
potential intermediate (Scheme 5). Deuterated substrate 17
was also subjected to the reaction conditions, leading to the
formation of 18 by cleavage of a single C�D bond. The kinetic
isotope e�ect associated with this process was investigated
through a competition reaction with 17 and 2a, which showed
essentially no di�erence in reaction rate (see the Supporting
Information for details).

On the basis of this and the preceding results, the
mechanism can be proposed (Scheme 6). Initial additive-

assisted, Pd-catalyzed C�N cleavage of 2 leads to the
formation of a �-allyl Pd intermediate 7. This species then
undergoes direct �-hydride elimination, even in the absence of
additional base, to form intermediate diene 20. What follows is
likely to be a standard Tsuji�Trost mechanism between 20
and allyl acetate 5, with the added base present serving to
ensure su�cient levels of reactive free amine 20. The lack of a
signi�cant KIE associated with this process, as determined by
competition (i.e., between 17 and 2a), is consistent with the
�rst step (C�N cleavage) being turnover-limiting. This low
KIE value necessarily means that a reversible �-hydride
elimination cannot be ruled out.16 The resulting N-allylated
product 12 then undergoes cycloaddition to form product 6,
the rate of which is controlled by the aziridine and allyl
substituents. Although a Pd-catalyzed elimination/intermolec-
ular DA process has been reported previously,17 to the best of
our knowledge, this is the �rst example of a sequential Tsuji�
Trost/IMDA cascade.18,19

Given our previous discussion of the importance of a high
sp3 content within drug discovery programs,3 we undertook a
short study to diversify products 6 using routine trans-
formations (Scheme 7). For example, in a telescoped oxidative
cleavage/reductive amination sequence, compound 6aa was
e�ciently transformed into tetracyclic amino ester 21,
possessing orthogonal protection for further functionalization.
Alternatively, selective and sequential ester hydrolysis/amide
formation gave 22 in a 47% yield overall, demonstrating
potential for e�cient two-dimensional amide library formation.

In conclusion, we have shown that stereode�ned tetracycles
6 can be formed in only two steps from simple pyrroles,
through initial photochemical conversion to aziridines 2. These

Figure 1. Eyring plots and thermodynamic parameters for the Diels�
Alder cyclization to form 6aa and 6ca.

Scheme 5. Mechanistic and Isotopic Labeling Studies

Scheme 6. Proposed Mechanism
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undergo a one-pot diverted Tsuji�Trost reaction, followed by
a standard Tsuji�Trost reaction a�ording the allylated diene,
which itself undergoes a direct IMDA reaction. The
mechanism of diene formation likely involves rate-limiting
acid-assisted C�N cleavage, followed by direct �-hydride
elimination. These results underline the power of photo-
chemical/catalytic sequences in preparing complex ring
systems. Finally, we have shown that the tetracyclic amines
formed from this cascade process undergo further functional-
ization reactions, highlighting their potential as sp3-rich
sca�olds in drug discovery.
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