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Abstract 

This thesis describes the use of density functional theory (DFT) to better understand chemical 

methods developed within the Unsworth and Lynam groups. Chapter 1 provides a summary of 

the theory underpinning computational chemistry and reviews the use of DFT to study gold(I)-

catalysed reactions. 

In Chapter 2, an established method for the rearrangement of spirocyclic indolenines into 

quinolines under acidic conditions with heating is described. The rearrangement was further 

explored using basic conditions, where it was found that mild conditions can be used. The 

mechanism was studied using DFT to compare both conditions, where it was proposed that keto-

enol tautomerism under acidic conditions is rate-limiting. 

In Chapter 3, the gold(I)-catalysed formation of 3-vinyl indole species was achieved using 

ynones. DFT was used to study the mechanisms of indole vinylation and bisindole formation, 

where it was found that ynones hinder the further addition of indole to the products. The 

speciation of the gold(I) complexes was studied using DFT and NMR spectroscopy, where a 

substituent dependence of the ynone was identified, and a gold(I)-pyrylium complex was 

characterised. 

In Chapter 4, DFT calculations that can be used to predict the viability of successive ring 

expansion (SuRE) reactions are described. DFT methodologies were benchmarked which 

demonstrated that the B3LYP/6-31G* level of theory can be recommended as the optimum 

method for modelling SuRE reactions. This method was then used to aid in the development of 

further SuRE reactions. 

In Chapter 5, a method for the acylation of lactams is described, via the intramolecular acyl 

migration of a nearby thioester moiety. DFT calculations aided in the development of the 

reaction, where it was predicted that the acyl-migrated intermediate would need to be trapped. 

The approach was validated with the use of ynones to trap the intermediate, and a successful 

SuRE reaction using this method, is described within. 



 

iii 
 

Table of Contents 
Abstract .......................................................................................................................................... ii 

Table of Contents .......................................................................................................................... iii 

List of Tables ................................................................................................................................ vii 

List of Figures ................................................................................................................................. x 

Acknowledgements ................................................................................................................... xxvi 

Author Declaration................................................................................................................... xxvii 

Abbreviations .......................................................................................................................... xxviii 

Chapter 1. Introduction ................................................................................................................ 1 

1.1 Computational Theory ........................................................................................................ 1 

1.1.1 Introduction ................................................................................................................. 1 

1.1.2 The Schrödinger Equation ............................................................................................ 1 

1.1.3 The many-body Schrödinger Equation and the Hartree method ................................ 6 

1.1.4 Electron spin and Hartree–Fock Theory....................................................................... 8 

1.1.5 Density Functional Theory ......................................................................................... 11 

1.1.6 Approximate Exchange-Correlation Functionals ....................................................... 13 

1.1.7 Molecular Orbitals and Basis Sets .............................................................................. 15 

1.1.8 DFT Calculation Procedure ......................................................................................... 20 

1.1.9 Frequency Calculations and Thermodynamic Corrections ........................................ 24 

1.1.10 Solvent Corrections .................................................................................................. 28 

1.1.11 Dispersion Corrections ............................................................................................. 29 

1.1.12 Summary .................................................................................................................. 31 

1.2 DFT studies of Au(I) catalysed reactions: anion effects and reaction selectivity.............. 33 

1.2.1 Introduction ............................................................................................................... 33 

1.2.2 Using DFT to explain the effects of the anion on the reaction mechanism............... 34 

1.2.3 Using DFT to explore the regioselectivity and coordination in gold(I) catalysis ........ 48 

1.2.4 Summary .................................................................................................................... 71 

1.3 Project Aims and Thesis Structure .................................................................................... 73 

Chapter 2. Synthetic and Mechanistic Studies into the Rearrangement of Spirocyclic 

Indolenines into Quinolines ........................................................................................................ 74 

2.1 Introduction ...................................................................................................................... 74 

2.1.1 Quinolines .................................................................................................................. 74 

2.1.2 Rearrangement of spirocyclic indolenines to quinolines ........................................... 75 

2.1.3 Project aims................................................................................................................ 77 



 

iv 
 

2.2 Synthetic and Mechanistic Studies into the Rearrangement of Spirocyclic Indolenines 

into Quinolines ........................................................................................................................ 79 

2.2.1 Starting Material Synthesis ........................................................................................ 79 

2.2.2 Temperature Screening ............................................................................................. 83 

2.2.3 Substrate Scope ......................................................................................................... 85 

2.2.4 DFT Calculations ......................................................................................................... 88 

2.2.5 Concluding Remarks ................................................................................................... 99 

Chapter 3. Selectivity, Speciation, and Substrate Control in the Gold-Catalysed Coupling of 

Indoles and Alkynes .................................................................................................................. 100 

3.1 Introduction .................................................................................................................... 100 

3.1.1 3-vinylindoles ........................................................................................................... 100 

3.1.2 Gold-catalysed synthesis of 3-vinylindoles .............................................................. 101 

3.1.3 Mechanism of bisaryl formation .............................................................................. 104 

3.1.4 Intramolecular indole-ynone coupling ..................................................................... 108 

3.1.5 Project aims.............................................................................................................. 111 

3.2 Coupling Reaction Development .................................................................................... 113 

3.2.1 Starting material synthesis ....................................................................................... 113 

3.2.2 Reaction Optimisation ............................................................................................. 116 

3.2.3 C-3 Vinylation substrate scope ................................................................................ 120 

3.2.4 C-2 Vinylation ........................................................................................................... 127 

3.3 Vinyl Indole Mechanistic Studies .................................................................................... 132 

3.3.1 Indole/Ynone coupling summary ............................................................................. 132 

3.3.2 Gold(I) coordination ................................................................................................. 132 

3.3.3 Indole vinylation mechanism ................................................................................... 139 

3.3.4 bis-Indole formation ................................................................................................ 145 

3.4 Ynone Gold(I) Speciation ................................................................................................. 148 

3.4.1 Ketone versus alkyne gold(I) coordination .............................................................. 148 

3.4.2 Ynone coordination .................................................................................................. 151 

3.4.3 Ynone dimerisation .................................................................................................. 154 

3.4.4 Pyrylium complex reactivity ..................................................................................... 161 

3.5 Concluding Remarks ........................................................................................................ 164 

Chapter 4. Successive Ring Expansion (SuRE) ........................................................................... 165 

4.1 Introduction .................................................................................................................... 165 

4.1.1 Medium-sized rings and macrocycles ...................................................................... 165 

4.1.2 Synthesis of medium-sized rings and macrocycles .................................................. 166 



 

v 
 

4.1.3 Ring Expansion Reactions ........................................................................................ 168 

4.1.4 Use of DFT calculations to study Ring Expansion reactions ..................................... 174 

4.1.5 Successive Ring Expansions (SuRE) .......................................................................... 179 

4.1.6 SuRE DFT Calculations .............................................................................................. 183 

4.2 Evaluating the viability of Successive Ring Expansions ................................................... 186 

4.2.1 Scope of the study ................................................................................................... 186 

4.2.2 Lactam and α-amino acid expansion ring-size dependence .................................... 187 

4.2.3 Further Scope ........................................................................................................... 197 

4.2.4 Thiolactone SuRE Viability ........................................................................................ 203 

4.2.5 Dihydroxylation Ring Expansions ............................................................................. 208 

4.2.6 Concluding Remarks ................................................................................................. 211 

Chapter 5. Acyl Transfer SuRE ................................................................................................... 213 

5.1 Introduction and Previous Work ..................................................................................... 213 

5.2 DFT Calculations .............................................................................................................. 216 

5.3 Starting Material Synthesis ............................................................................................. 219 

5.4 Acyl-Transfer Studies ...................................................................................................... 225 

5.4.1 Studies using acid chloride trapping ........................................................................ 225 

5.4.2 Studies using Michael acceptors for trapping .......................................................... 229 

5.4.3 Optimisation of acyl migration/ynone trapping reaction ........................................ 233 

5.4.4 Nucleophile-tethered acyl migration/ynone trapping ............................................. 236 

5.4.5 Future Work ............................................................................................................. 241 

5.4.6 Concluding Remarks ................................................................................................. 242 

Chapter 6. Conclusions ............................................................................................................. 245 

Chapter 7. Experimental Data ................................................................................................... 251 

7.1 General Methods ............................................................................................................ 251 

7.1.1 General Experimental Procedure ............................................................................. 251 

7.1.2 General Computational Information ....................................................................... 252 

7.1.3 Computational Procedure for the Quinoline Rearrangement Studies (Chapter 2) . 253 

7.1.4 Computational Procedure for the Indole Vinylation and Gold(I) Speciation Studies 

(Chapter 3) ........................................................................................................................ 255 

7.1.5 Computational Procedure for Evaluating the Viability of SuRE Reactions (Chapter 4)

 .......................................................................................................................................... 256 

7.1.6 Computational Procedure for the Acyl Transfer Studies (Chapter 5) ...................... 258 

7.2 Quinoline Rearrangement............................................................................................... 259 

7.2.1 General Procedures ................................................................................................. 259 



 

vi 
 

7.2.2 Weinreb Amide Products ......................................................................................... 262 

7.2.3 Indolyl-ynone Products ............................................................................................ 266 

7.2.4 Spirocyclic Indolenine Products ............................................................................... 271 

7.2.5 Quinoline Products .................................................................................................. 279 

7.3 Indole Vinylation ............................................................................................................. 291 

7.3.1 General Procedures ................................................................................................. 291 

7.3.2 Alkyne Synthesis....................................................................................................... 292 

7.3.3 N-alkylated Indole Synthesis .................................................................................... 302 

7.3.4 Vinylated-indole Products ........................................................................................ 305 

7.3.5 Gold-pyrylium Complex ........................................................................................... 331 

7.4 S-Acyl Transfer ................................................................................................................ 334 

7.4.1 General Procedures ................................................................................................. 334 

7.4.1 Lactam Synthesis ...................................................................................................... 335 

7.4.2 Michael Acceptor Synthesis ..................................................................................... 345 

7.4.3 Thiol Coupling .......................................................................................................... 347 

7.4.4 Michael Acceptor Screening .................................................................................... 352 

7.4.5 Acyl Transfer Products ............................................................................................. 355 

References ................................................................................................................................ 367 

Appendices ................................................................................................................................ 390 

Paper 1 – Internal Nucleophilic Catalyst Mediated Cyclisation/Ring Expansion Cascades for 

the Synthesis of Medium-Sized Lactones and Lactams .................................................... 390 

Paper 2 – Synthetic and Mechanistic Studies into the Rearrangement of Spirocyclic 

Indolenines into Quinolines .............................................................................................. 396 

Paper 3 – Visible-light-induced intramolecular charge transfer in the radical 

spirocyclisation of indole-tethered ynones. ..................................................................... 405 

Paper 4 – Evaluating the Viability of Successive Ring-Expansions Based on Amino Acid and 

Hydroxyacid Side-Chain Insertion ..................................................................................... 413 

Paper 5 – Synthesis of macrocyclic and medium-sized ring thiolactones via the ring 

expansion of lactams ........................................................................................................ 423 

Paper 6 – Indole-ynones as Privileged Substrates for Radical Dearomatizing 

Spirocyclization Cascades ................................................................................................. 431 

Paper 7 – Selectivity, Speciation, and Substrate Control in the Gold-Catalyzed Coupling of 

Indoles and Alkynes .......................................................................................................... 438 

Paper 8 – DFT Studies of Au(I) Catalysed Reactions: Anion Effects and Reaction Selectivity

 .......................................................................................................................................... 449 

 



 

vii 
 

List of Tables 

Table 1. Scaling factors of common computational methods, where N is the size of the system. 

Note that whilst DFT scales to N3, the overall calculation time might be longer than the 

equivalent HF calculation. ........................................................................................................... 31 

Table 2. NHCAuX catalysed Meyer–Schuster rearrangement of 1-phenyl-2-propyn-1-ol 1.5 to 

cinnamaldehyde 1.6 at 50 °C. ..................................................................................................... 39 

Table 3. Transition state energies for Markovnikov (ΔGM
‡) and anti-Markovnikov (ΔGaM

‡) 

addition of 1.14 catalysed by (L1)Au+, and geometrical parameters for the initial η2(π)-alkene 

gold(I) complexes. All data were computed at the M06/6-31G(d,p)&SDD(f) level of theory. ... 51 

Table 4. DFT-calculated energies for the key transition states and intermediates of the gold-

catalysed transposition reaction of ynones with different additives. Energies are Gibbs energies 

at the TPSS-D3/def2-TZVP//TPSS-D3/def2-SVP level of theory with COSMO solvent correction 

in CH2Cl2. ..................................................................................................................................... 59 

Table 5. Temperature scope of the rearrangement of spirocyclic indolenine 2.7a into quinoline 

2.8a in acidic conditions. ............................................................................................................. 84 

Table 6. Temperature scope of the rearrangement of spirocyclic indolenine 2.7a into quinoline 

2.8a in basic conditions. .............................................................................................................. 85 

Table 7. DFT-calculated energies of the basic pathway PES (referring to Figure 63), at various 

levels of theory. Energies are Gibbs energies at 298.15 K in kJ·mol–1 at various levels of theory, 

with PCM solvent correction in THF. .......................................................................................... 93 

Table 8. Optimisation of the metal-catalysed intermolecular reaction of indole 3.16 with ynone 

3.27. .......................................................................................................................................... 118 

Table 9. Isodesmic reaction used to compare η1(O) and η2(π) coordinated isomers of 

substituted alkynes. Energies are Gibbs energies at 298.15 K at the D3(BJ)-PBE0/def2-

TZVPP//BP86/SV(P) level of theory with COSMO solvation in CH2Cl2. ..................................... 149 

Table 10. DFT-calculated pathway for the dimerisation of different ynones and gold(I) cations. 

Energies are Gibbs energies at 298.15 K in kJ mol-1 at the D3(BJ)-PBE0/def2-

TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in CH2Cl2........................ 160 



 

viii 
 

Table 11. DFT-calculated relative energies for the ring expansion of lactams using amino acids. 

Energies are Gibbs energies calculated at the M06-2X/6-31+G** level of theory. Where used, 

solvent corrections were applied using an SMD model in acetonitrile. R = p-NO2-Bn. ............ 176 

Table 12. DFT-calculated energies for the isomers in the HIRE reaction. Energies are Gibbs 

energies at the B3LYP/6-31G* level of theory with solvent correction in water. .................... 179 

Table 13. DFT-calculated relative difference in Gibbs energy at 298.15 K at the B3LYP/6-31G* 

level of theory in a vacuum. ...................................................................................................... 184 

Table 14. DFT-calculated relative difference for the α-amino acid lactam ring expansions series. 

All energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* level of theory in a vacuum. 

Calculated by Dr Lawer. ............................................................................................................ 188 

Table 15. DFT-calculated relative difference for the α-amino acid lactam ring expansions 

(4.124–4.127) using either Spartan or Gaussian. All energies are Gibbs energy at 298.15 K at 

the B3LYP/6-31G* level of theory in a vacuum. Spartan calculations performed by Dr Lawer.

 .................................................................................................................................................. 190 

Table 16. DFT-calculated relative difference for the α-amino acid lactam ring expansions 

(4.124–4.127) with differing functionals. All energies are Gibbs energy at 298.15 K using the 6-

31G* basis set in a vacuum. ...................................................................................................... 191 

Table 17. DFT-calculated relative difference for the α-amino acid lactam ring expansions 

(4.124–4.127). All energies are Gibbs energy at 298.15 K using the 6-31G*. Where used, 

solvent corrections were applied using a PCM model with DCM as the solvent. .................... 193 

Table 18. DFT-calculated relative difference for the α-amino acid lactam ring expansions 

(4.124–4.127). All energies are Gibbs energy at 298.15 K using the 6-31G*. Where used, 

solvent corrections were applied using a PCM with DCM as the solvent. Dispersion corrections 

were applied using the D3(BJ) method. .................................................................................... 195 

Table 19. DFT calculated relative energies for the SuRE reaction of cyclic β-ketoesters (Figure 

153). Energies are Gibbs energies at 298.15 K at the given level of theory. Solvent corrections 

were applied for the M06-2X/6-31G* calculations using a PCM model in dichloromethane for 

4.129–4.131 and chloroform for 4.132 and 4.133. B3LYP calculations performed by Dr Lawer.

 .................................................................................................................................................. 199 

Table 20. DFT calculated relative energies for the SuRE reaction in Figure 154. Energies are 

Gibbs energies at 298.15 K at the given level of theory. Solvent corrections were applied for 



 

ix 
 

the M06-2X/6-31G* calculations using a PCM model in dichloromethane or chloroform as 

appropriate. B3LYP calculations performed by Dr Lawer. ........................................................ 202 

Table 21. DFT-calculated relative energy difference for the 4-atom thiolactone ring expansions 

(4.160–4.163). All energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* level of theory in 

a vacuum. .................................................................................................................................. 204 

Table 22. DFT-calculated relative energy difference for the 3-atom thiolactone ring expansions 

(4.176 and 4.177). All energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* level of 

theory in a vacuum. .................................................................................................................. 207 

Table 23. DFT-calculated relative energy difference for the 3- and 4-atom dihydroxylation CARE 

ring expansions (4.185–4.187). All energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* 

level of theory in a vacuum. ...................................................................................................... 210 

Table 24. DFT-calculated energies for X → N acyl migration. Energies are Gibbs energies at 

298.15 K at the B3LYP/6-31G* level of theory in a vacuum. .................................................... 217 

Table 25. DFT-calculated energies for X → N-acyl migration under basic conditions. Energies 

are Gibbs energies at 298.15 K at the B3LYP/6-31+G* level of theory in a vacuum. ............... 218 

Table 26. Reaction optimisation for the acyl transfer/ynone trapping reaction of thioester 5.41. 

Reactions were performed on a 0.2 mmol scale, and after 18 hours, 100 μL of a 0.2 M solution 

of trimethoxybenzene in DCM was added before the reaction was concentrated and a 1H NMR 

spectrum recorded. Anhydrous THF, MeCN and DMF were used, and those reactions were 

performed under an argon atmosphere. .................................................................................. 235 



 

x 
 

List of Figures 

Figure 1. Representation of the Rutherford model of an atom.................................................... 2 

Figure 2. Representation of the Bohr model of the atom. ........................................................... 2 

Figure 3. Representation of polar spherical coordinates.............................................................. 5 

Figure 4. Diagrammatic representation of the diatomic molecule with two electrons (e.g. H2). 6 

Figure 5. Representation of two 1s orbitals combining a) constructively and b) destructively. 16 

Figure 6. Representation of squared wavefunctions for bonding (left) and anti-bonding (right) 

orbitals. ....................................................................................................................................... 16 

Figure 7. A representation of the 1s STO and GTO orbitals. The image was produced using an 

Excel program provided by Magalhães.45 ................................................................................... 18 

Figure 8. A representation of the 1s, using 3 GTO’s (STO-3G). The image was produced using an 

Excel program provided by Magalhães.45 ................................................................................... 19 

Figure 9. Representation of the DFT calculation procedure. Modified from a diagram produced 

by Cramer.3 ................................................................................................................................. 23 

Figure 10. Representation of the harmonic oscillator model. .................................................... 24 

Figure 11. Visual representation of the cavity built during the PCM and COSMO solvent models.

 .................................................................................................................................................... 29 

Figure 12. Typical scheme for alkyne activation by gold(I) cations. ........................................... 33 

Figure 13. 4-Me-styrlyl gold(I) complexes studied by Zuccaccia et al.128.................................... 35 

Figure 14. Low temperature 19F,1H-HOESY spectra of 1.44PPh3 (left) and 1.4NHC (right). Key 

ion-pairing contacts have been highlighted with assignments made by Zuccaccia et al. 

Reprinted with permission from American Chemical Society, Copyright 2009.128 ..................... 36 

Figure 15. Lowest energy arrangements of 1.4PPh3 (left) and 1.4NHC (right) as calculated by 

DFT by Zuccaccia et al., calculated at the BLYP/ZORA/TZ2P level of theory. Structures 

reproduced using coordinates located in the original paper’s ESI.128 ........................................ 37 

Figure 16. Side (left) and back (right) views of the DFT calculated structures of 1.4PPh3 (top) 

and 1.4NHC (bottom), without counterion. Coulomb potential is mapped on an electronic 

isodensity surface (ρ = 0.007 e/Å3. Coulomb potential in au). Reprinted with permission from 

American Chemical Society, Copyright 2009.128 ......................................................................... 37 



 

xi 
 

Figure 17. Proposed intermediate structures calculated for the formation of η2(π)-alkyne 

complex 1.B from the uncoordinated species 1.5 and 1.7. ........................................................ 40 

Figure 18. σ-Bonded gold alkynyl complex 1.8 with the formation of acid 1.9, calculated by DFT 

when trifluoroacetate was the counterion. ................................................................................ 40 

Figure 19. Intermediates studied in the Meyer–Schuster rearrangement of 1.5. X = OTs, OTf or 

BF4. A simplified NHC was used in the calculations (R = Me). .................................................... 41 

Figure 20. DFT-calculated transition state structure for the Meyer–Schuster rearrangement, in 

which γ-valerolactone is modelled coordinating to the hydroxyl group. Structures reproduced 

using coordinates located in the original paper’s ESI. ................................................................ 42 

Figure 21. a) Reaction studied by Ma et al.,135 the cyclisation of propargylic amide 1.10, 

resulting in methylene-3-oxazoline 1.11, first reported by Hashmi et al. and then used as a 

standard reaction when comparing different NHC ligands. 135–138 b) Mechanism proposed by 

Hashmi et al. for the formation of 1.11. 136–138 ........................................................................... 43 

Figure 22. DFT-calculated structures at the SMD(CHCl3)-PBE0-D3BJ/def2-TZVP,6-

311+G(d,p)//PBE0-D3BJ/ SDD,6-31G(d) level of theory. Energies are Gibbs energies in kcal mol-

1. [Au] = IPrAu+. a) Preferred configuration of gold(I)-coordination to 1.10. b) Other calculated 

configurations of higher energy. [a] States resulting from loss of HNTf2 from 1.I. .................... 44 

Figure 23. DFT-calculated energies for the transition states of 5-exo-dig (1.L) and 6-endo-dig 

(1.M) cyclisations of 1.H. Energies are Gibbs energies at the SMD(CHCl3)-PBE0-D3BJ/def2-

TZVP,6-311+G(d,p)//PBE0-D3BJ/ SDD,6-31G(d) level of theory in kcal mol-1 with G as the 

reference point. [Au] = IPrAu+. PMP = p-methoxyphenyl. .......................................................... 44 

Figure 24. DFT-calculated structures at the SMD(CHCl3)-PBE0-D3BJ/def2-TZVP,6-

311+G(d,p)//PBE0-D3BJ/ SDD,6-31G(d) level of theory. Energies are Gibbs energies in kcal mol-

1. [Au] = IPrAu+. a) Ion-separated-coordination of Au(I) to 1.10. b) Transition states energies of 

5-exo-dig (1.O) and 6-endo-dig (1.P) cyclisations of 1.N. ........................................................... 45 

Figure 25. DFT-calculated structures at the SMD(CHCl3)-PBE0-D3BJ/def2-TZVP,6-

311+G(d,p)//PBE0-D3BJ/ SDD,6-31G(d) level of theory. Energies are Gibbs energies in kcal mol-

1. [Au] = IPrAu+. Energies of the intermediate gold(I)-oxazoline species, before and after the 

removal of triflimide. .................................................................................................................. 45 



 

xii 
 

Figure 26. DFT-calculated pathway for oxazoline-assisted proton-migration of 1.Q. Energies are 

Gibbs energies at the SMD(CHCl3)-PBE0-D3BJ/def2-TZVP,6-311+G(d,p)//PBE0-D3BJ/ SDD,6-

31G(d) level of theory in kcal mol-1. [Au] = IPrAu+. ..................................................................... 46 

Figure 27. Catalytic cycle proposed by Ma et al. for propargylic amide cyclisation. The anion 

plays a role in the reaction process throughout. ........................................................................ 47 

Figure 28. Gold(I)-catalysed hydroamination of ACP derivatives 1.13 with 1-methyl-

imidazolidin-2-one 1.14 as reported by Timmerman et al.141 .................................................... 48 

Figure 29. DFT-calculated transition state energies for Markovnikov and anti-Markovnikov 

addition into gold(I)-coordinated ACP 1.U. Energies are Gibbs energies in kcal mol-1 at 298 K, 

calculated at the M06/6-31G(d,p)&SDD(f) level of theory with SMD solvent correction in 1,4-

dioxane. ....................................................................................................................................... 49 

Figure 30. Plot of the difference in transition state energy between Markovnikov and anti-

Markovnikov addition (ΔΔG‡) against the difference in distance of the gold centre from the 

terminal (d1) and internal (d2) carbons. Values refer to the entries in Table 3. Adapted with 

permission from American Chemical Society, Copyright 2019.142 .............................................. 52 

Figure 31. Proposed 6-exo and 7-endo cyclisations of β-yne furan derivative 1.19. .................. 53 

Figure 32. Synthesis of cyclohexafuran 1.20 as reported by Menon et al. in their total synthesis 

of furansesquiterpenes.152 b) Optimised conditions for the 7-endo-dig cyclisation of β-yne 

furan 1.21. ................................................................................................................................... 53 

Figure 33. DFT-calculated energies for 6-exo and 7-endo cyclisation of β-yne furans. Energies 

are Gibbs energies at 298 K in kcal mol-1 at the B3LYP/SDD-6-31G(d) level of theory. Calculated 

NPA charges for the alkyne carbons of 1.X are given. L = PMe3. ................................................ 54 

Figure 34. Additional reactions to explore the substrate scope following the DFT analysis. ..... 55 

Figure 35. Gold-catalysed transposition reaction of ynone 1.34. ............................................... 55 

Figure 36. DFT-calculated energies for the gold-catalysed 1,3 transposition of ynone 1.34. 

Energies are Gibbs energies at the TPSS-D3/def2-TZVP//TPSS-D3/def2-SVP level of theory in 

kcal mol-1 with COSMO solvent correction in CH2Cl2. ................................................................. 57 

Figure 37. Aldehydes used in the further studies. ...................................................................... 58 

Figure 38. Transposition reaction using challenging substrate 1.42. ......................................... 60 



 

xiii 
 

Figure 39. Gold(I)-catalysed 1,2-haloalkynylation reactions of haloalkynes, alkynes and alkenes.

 .................................................................................................................................................... 61 

Figure 40. 13C-labelling experiments of 1,2-haloalkynylation reactions. The red circled atoms 

denote 13C-labelled atoms. [Au]+ = [(JohnPhos)AuNCMe]+. ....................................................... 62 

Figure 41. DFT-calculated energies for the initial nucleophilic attack in gold(I)-coordinated 

alkyne. Energies are Gibbs energies in kcal mol-1 at the B3LYP-D3BJ//6-

311++G(d,p),def2TZVP//B3LYP-D3BJ/6-31G(d),def2-TZVP level of theory with SMD solvent 

correction in DCE. [Au] = (JohnPhos)Au+. ................................................................................... 63 

Figure 42. DFT-calculated energies of possible reaction routes from 1.AI. Energies are Gibbs 

energies in kcal mol-1 at the B3LYP-D3BJ//6-311++G(d,p),def2TZVP//B3LYP-D3BJ/6-

31G(d),def2-TZVP level of theory with SMD solvent correction in DCE. [Au] = (JohnPhos)Au+ . 65 

Figure 43. DFT-calculated energies for the initial nucleophilic attack in gold(I)-coordinated 

alkyne with isobutene. Energies are Gibbs energies in kcal mol-1 at the B3LYP-D3BJ//6-

311++G(d,p),def2TZVP//B3LYP-D3BJ/6-31G(d),def2-TZVP level of theory with SMD solvent 

correction in DCE. [Au] = (JohnPhos)Au+. ................................................................................... 66 

Figure 44. DFT-calculated energies of possible reaction routes from 1.AP. Energies are Gibbs 

energies in kcal mol-1 at the B3LYP-D3BJ//6-311++G(d,p),def2TZVP//B3LYP-D3BJ/6-

31G(d),def2-TZVP level of theory with SMD solvent correction in DCE. [Au] = (JohnPhos)Au+. 67 

Figure 45. DFT-calculated energies of possible reaction routes from 1.AK, with different 

reactants. Energies are Gibbs energies in kcal mol-1 at the B3LYP-D3BJ//6-

311++G(d,p),def2TZVP//B3LYP-D3BJ/6-31G(d),def2-TZVP level of theory with SMD solvent 

correction in DCE. [Au] = (JohnPhos)Au+. ................................................................................... 69 

Figure 46. DFT-calculated energies of possible reaction routes from 1.AK, with different 

ligands. Energies are Gibbs energies in kcal mol-1 at the B3LYP-D3BJ//6-

311++G(d,p),def2TZVP//B3LYP-D3BJ/6-31G(d),def2-TZVP level of theory with SMD solvent 

correction in DCE. [Au] = (JohnPhos)Au+. ................................................................................... 70 

Figure 47. Reactions comparing the 13C-labelling of 1,2-haloalkynylation reactions using 

(JohnPhos)Au+ and (Me3P)Au+. Ar = C6H4-4-OMe. ...................................................................... 71 

Figure 48. Select examples of quinoline-containing molecules (2.1–2.5) which display biological 

activity, with the quinoline moiety highlighted. ......................................................................... 74 



 

xiv 
 

Figure 49. Divergent synthesis of spirocyclic indolenines 2.7, quinolines 2.8 and carbazoles 2.9 

from indolyl-tethered ynones 2.9, as reported by Liddon et al.173 ............................................. 75 

Figure 50. Mechanism for the quinoline rearrangement proposed by Liddon et al. to form 

quinoline 2.8 from 2.7.173 X = Cl or iPrO. ..................................................................................... 76 

Figure 51. Control experiments performed by Liddon et al. a) The reaction of cyclopentanol 

spirocyclic indolenine 2.13 with AlCl3.6H2O. b) The reaction of spirocyclic indolenine 2.7a with 

LHMDS. ........................................................................................................................................ 77 

Figure 52. Temperature-switchable TFA mediated synthesis of 2.7a and 2.8a from indolyl-

tethered ynone 2.6a, as reported by Fedoseev et al.174 ............................................................. 77 

Figure 53. Synthesis of Weinreb amides 2.16a–c using CDI amide coupling with indole-3-acetic 

acid derivates 2.17 using the method reported by Liddon et al.173 ............................................ 79 

Figure 54. Synthesis of benzyl-substituted Weinreb amide 2.16d, as reported by James et al.175

 .................................................................................................................................................... 80 

Figure 55. Synthesis of indolyl-tethered ynones 2.6a–f using acetylenes 2.18a–c, as reported by 

James et al.175 .............................................................................................................................. 81 

Figure 56. Synthesis of spirocycles 2.7a–h, as reported by James et al.175 a Reaction time of 1 

hour. b
 Reaction time of 3.5 hours. c Reaction time of 2 hours. d

 Reaction time of 1.5 hours. e The 

indolyl-tethered ynones required for 2.7g and 2.7h were made by Dr Aimee Clarke and Dr Hon 

Eong Ho respectively. .................................................................................................................. 82 

Figure 57. Palladium-catalysed synthesis of spirocycles 2.7i and 2.7j, as reported by Ho et al.176

 .................................................................................................................................................... 83 

Figure 58. Successful synthesis of quinolines 2.8a–k using LHMDS. a Reaction time of 30 

minutes. b Reaction time of 1 hour. c Reaction time of 1.5 hours. d Quinoline 2.8h was made by 

Dr Aimee Clarke. e The spirocyclic indolenine required for 2.8k was synthesised during a 

previous study. 173 ....................................................................................................................... 86 

Figure 59. Formation of quinoline 2.8i and oxidised quinoline 2.19 from the LHMDS-mediated 

reaction of 2.7i. ........................................................................................................................... 87 

Figure 60. a) Trimer species 2.20 formed from n-butyl substituted spirocyclic indolenine 2.7b. 

b) Unsuccessful quinoline formation from spirocyclic indolenine 2.7b. .................................... 88 



 

xv 
 

Figure 61. DFT-calculated energy for the formation of quinoline 2.7a from spirocyclic 

indolenine 2.8a. Energies are Gibbs free energies calculated at the D3(BJ)-PBE0/def2-

TZVPP//BP86/SV(P) level of theory with PCM solvent correction in THF................................... 89 

Figure 62. TMEDA control reaction of the rearrangement of spirocyclic indolenine 2.7a using 

LHMDS. a Calculated by the ratio of 2.7a to 2.8a in the crude 1H NMR spectra. ....................... 89 

Figure 63. DFT-calculated pathway for the base-promoted rearrangement of 2.7a to 2.8a. 

Energies are Gibbs free energies at 298.15 K in kJ mol-1 at the D3(BJ)-PBE0/def2-

TZVPP//BP86/SV(P) level with PCM solvent correction in THF. ................................................. 91 

Figure 64. a) Reaction of spirocyclic indolenine 2.7f with LHMDS. b) Reaction of indolyl-

tethered ynone 2.7l using the one-pot quinoline rearrangement procedure as reported by 

Liddon et al.,173 resulting in quinoline 2.8l.................................................................................. 94 

Figure 65. Control reactions of 2.7a with a) aluminium iso-propoxide and b) conc. HCl. .......... 95 

Figure 66. DFT-calculated pathway for the acid-promoted rearrangement of 2.7a to 2.8a. 

Energies are Gibbs free energies at 298.15 K in kJ mol-1 at the D3(BJ)-PBE0/def2-

TZVPP//BP86/SV(P) level with PCM solvent correction in chloroform. ..................................... 96 

Figure 67. Dication 2.P formed from the double-protonation of 2.7a. ...................................... 97 

Figure 68. DFT-calculated energies for the 1,2-migration of enol 2.I. Energies are Gibbs free 

energies at 298.15 K in kJ mol-1 at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level with PCM 

solvent correction in chloroform. ............................................................................................... 98 

Figure 69. Select examples of 3-vinylindole-containing molecules (3.1–3.5) which display 

biological activity, with the 3-vinylindole moiety highlighted. ................................................. 100 

Figure 70. a) Gold(I) catalysed synthesis of bisindolemethanes 3.8 from indoles 3.6 and 

acetylenes 3.7, as reported by Echavarren and co-workers.190 b) Proposed mechanism for the 

formation of bisindolemethanes 3.8, via 3-vinylindole 3.11, as reported by Echavarren and co-

workers. 190 ................................................................................................................................ 102 

Figure 71. Ratios of mono- and bis-addition products as determined by 1H NMR spectroscopy 

for a) pyrrole 3.12 and b) indole 3.16 as reported by Schießl et al.192 a 51% conversion of 3.13. b 

100% conversion of 3.13. c 70% conversion of 3.13. ................................................................ 103 

Figure 72. Gold(I) catalysed hydroarylation of a) C-2 or C-4 substituted indoles 3.19 and b) 

indole 3.16 as reported by McLean et al.193 ............................................................................. 104 



 

xvi 
 

Figure 73. Formation of 3-vinylindole 3.17 from C-2 Bpin-substituted indole 3.21 and 

phenylacetylene 3.13 in 2 steps using gold(I) catalysis with subsequent deborylation, as 

reported by McLean et al.193 a Reported as unstable to silica during column chromatography.

 .................................................................................................................................................. 104 

Figure 74. Gold(I) catalysed formation of bispyrrole 3.15, as reported by Luo et al.191 ........... 105 

Figure 75. DFT-calculated energies for the gold(I) catalysed addition of pyrrole 3.12 to 2-

vinylpyrrole 3.22. Energies are Gibbs energies in kcal mol-1 at the D3-M06/def2-TZVP// 

M06/LANL2DZ-6-31G(d) level of theory with CPCM solvent correction in AcOH. Reported by 

Mehrabi et al.194 ........................................................................................................................ 106 

Figure 76. DFT-calculated energies for the acid catalysed addition of pyrrole 3.12 to 2-

vinylpyrrole 3.22. Energies are Gibbs energies in kcal mol-1 at the D3-M06/def2-TZVP// 

M06/LANL2DZ-6-31G(d) level of theory with CPCM solvent correction in AcOH. Reported by 

Mehrabi et al.194 ........................................................................................................................ 107 

Figure 77. Control experiments performed by Scheißl et al. for the addition of pyrrole 3.12 to 

2-vinylpyrrole 3.14 using a) gold(I) catalysis and b) acid catalysis.192 ....................................... 107 

Figure 78. Divergent synthesis of spirocyclic indolenines 2.7 and carbazoles 2.9 from indolyl-

tethered ynones 2.6, as reported by Liddon et al.173................................................................ 108 

Figure 79. Synthesis of carbazoles 3.25 from indolyl-tethered propargyl alcohols 3.24 using 

silver(I) catalysis, as reported by James et al.200 ....................................................................... 109 

Figure 80. DFT-calculated pathway for the silver(I) and gold(I) catalysed cyclisations of indolyl-

tethered ynones 2.9, as reported by Lidden et al.201 Energies are Gibbs energies at 298.15 K in 

kJ mol-1 at the D3-PBE0/def2-TZVPP//BP86/SV(P) level of theory with COSMO solvent 

correction in CH2Cl2. .................................................................................................................. 110 

Figure 81. Proposed formation of 3-vinylindole 3.28 using a transition metal catalysed indole-

ynone coupling reaction. .......................................................................................................... 111 

Figure 82. Comparison of the silver triflate catalysed cyclisation of a) indolyl-tethered ynones 

2.6 and b) indolyl-tethered propargyl alcohols 3.24.173,200 ....................................................... 112 

Figure 83. Proposed formation of 3-vinylindole 3.28 using a transition metal catalysed indole-

ynone coupling reaction. .......................................................................................................... 112 

Figure 84. Synthesis of ynones 3.33 and 3.34, using the method reported by Schubert et al.202

 .................................................................................................................................................. 113 



 

xvii 
 

Figure 85. Friedel–Crafts acylation for the synthesis of 4-Br ynone 3.37, as reported by 

Schubert et al.202 ....................................................................................................................... 113 

Figure 86. a) Synthesis of amide substituted alkynes 3.39–3.41, using the method reported by 

Dong and co-workers.203 b) Synthesis of ester substituted alkynes 3.43 and 3.44, using the 

method reported by Vilotijevic and co-workers.204 .................................................................. 114 

Figure 87. The two step synthesis of alkyne 3.47, using methods reported in the 

literature.205,206 .......................................................................................................................... 115 

Figure 88. Synthesis of N-alkylated indoles (3.49, 3.51 and 3.52) using methods reported in 

literature.207–209 a Indole 3.50 was made by Dr James Donald in prior work.210 ....................... 116 

Figure 89. Successful formation of vinyl indole 3.28, from the gold(I)-catalysed coupling of 

indole 3.16 and ynone 3.27. ..................................................................................................... 119 

Figure 90. Proposed mechanism for the gold(I)-catalysed coupling of indole 3.16 and ynone 

3.27. .......................................................................................................................................... 120 

Figure 91. Indole variation scope of the gold(I)-catalysed coupling with phenyl-substituted 

ynone 3.27. a 2 hour reaction time. b 18 hour reaction time. c 21 hour reaction time at room 

temperature. d 24 hour reaction time. e 19 hour reaction time. f 3 hour reaction time. ......... 122 

Figure 92. Alkyne variation scope of the gold(I)-catalysed coupling with indole 3.16. a 2 hour 

reaction time. b 24 hour reaction time. .................................................................................... 124 

Figure 93. Structure of (E)-3.74, with the key stereochemical assignment highlighted, as 

reported by Godoi et al.213 ........................................................................................................ 125 

Figure 94. NOESY spectrum of 3.73 recorded at 500 MHz in CDCl3, with the key assignment 

highlighted. Parameters - D1 = 2 s, D8 = 0.5 s. ......................................................................... 126 

Figure 95. NOESY spectrum of 3.77 recorded at 500 MHz in CDCl3, with the key assignments 

highlighted. Parameters - D1 = 2 s, D8 = 0.5 s. ......................................................................... 127 

Figure 96. Proposed formation of C-2 vinylated product 3.78 from the gold(I)-catalysed 

coupling of skatole 3.48 and ynone 3.27. ................................................................................. 128 

Figure 97. The formation of 9H-pyrrolo[1,2-a]indole compound 3.79 observed during the 

gold(I)-catalysed coupling of skatole 3.48 and ynone 3.27. ..................................................... 128 



 

xviii 
 

Figure 98. a) Formation of 9H-pyrrolo[1,2-a]indole compounds 3.82 using Brønsted acid 

catalysis, as reported by Tian et al.214 b) Mechanism proposed by the authors for the formation 

of 3.88. ...................................................................................................................................... 129 

Figure 99. Successful formation of vinyl indole 3.89, from the gold(I)-catalysed coupling of 1,3-

dimethyl indole 3.49 and ynone 3.27. ...................................................................................... 130 

Figure 100. C-3 substituted indole 3.90 and alkyne 3.91 variation scope of the gold(I)-catalysed 

coupling reaction. a 27 hour reaction time. b 24 hour reaction time. c 48 hour reaction time. 131 

Figure 101. XRD data of 3.92, solved by Dr Adrian Whitwood (see CCDC 2116351). Hydrogens 

atoms removed for clarity. ORTEPS at 50% probability level. .................................................. 131 

Figure 102. DFT-calculated energies of gold(I) coordination to the indole 3.16 and skatole 3.48, 

against the ketone and alkyne of ynone 3.27. Energies are Gibbs energies at 298.15 K at the 

D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in 

toluene. ..................................................................................................................................... 133 

Figure 103. DFT-calculated energies comparing species with varied [Au(PPh3)]+ and triflimide 

anion coordination. All energies are Gibbs energies at 298.15 K at the D3(BJ)-PBE0/def2-

TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in CH2Cl2 (top value) and 

toluene (bottom value). ............................................................................................................ 135 

Figure 104. 31P{1H} NMR spectra recorded at 162 MHz in CD2Cl2. A 1:1 gold:substrate ratio was 

used. .......................................................................................................................................... 136 

Figure 105. 31P{1H} NMR spectra recorded at 162 MHz in CD2Cl2, titrated with indole 3.16 in 

various ratios of gold:substrate. ............................................................................................... 137 

Figure 106. 31P{1H} NMR spectra recorded at 162 MHz in CD2Cl2, titrated with skatole 3.48 in 

various ratios of gold:substrate. ............................................................................................... 138 

Figure 107. 31P{1H} NMR spectra recorded at 162 MHz in CD2Cl2, titrated with ynone 3.27 in 

various ratios of gold:substrate. ............................................................................................... 139 

Figure 108. DFT-calculated changes in energy for the C-3 and C-2 products arising from the 

addition of indole 3.16 and skatole 3.48 into ynone 3.27. Energies are Gibbs energies at 298.15 

K at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) with COSMO solvent correction in toluene. . 140 

Figure 109. DFT-calculated pathways for the addition of indole 3.16 or skatole 3.48 to gold(I) 

coordinated alkyne complex 3.P27. Energies are Gibbs energies in kJ mol−1 at 298.15 K at the 



 

xix 
 

D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in 

toluene. ..................................................................................................................................... 142 

Figure 110. a) DFT-calculated pathway for the addition of indole 3.16 to 1(O) gold(I) ketone 

coordinated ynone complex 3.O27. Energies are Gibbs energies in kJ mol−1 at 298.15 K at the 

D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in 

toluene. b) Attempted transition state 3.TSNAD, for the addition of ynone 3.27 to indole-

coordinated gold(I) complex 3.N16. ........................................................................................... 143 

Figure 111. Comparison of the a) intermolecular and b) intramolecular indole addition to 

ynones. ...................................................................................................................................... 144 

Figure 112. DFT-calculated energy for the formation of bisindole compounds 3.29 and 3.18. 

Energies are Gibbs energies at 298.15 K at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of 

theory with COSMO solvent correction in toluene. ................................................................. 145 

Figure 113. DFT-calculated pathways for the acid-catalysed addition of indole 3.16 to a) ynone 

derived vinyl indole 3.28 and b) acetylene derived vinyl indole 3.17. Energies are Gibbs 

energies at 298.15 K at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory with COSMO 

solvent correction in toluene. ................................................................................................... 147 

Figure 114. 31P{1H} NMR spectra recorded at 242 MHz in CD2Cl2, with a 2:1 substrate:gold ratio. 

Proposed 1() and 2() gold(I) coordination modes of DMF and alkyne 3.47 respectively. 150 

Figure 115. Potential pyrylium-type complexes 3.99 and 3.100 formed by dimerisation of 4-

NMe2 substituted ester and amide compounds 3.44 and 3.41 respectively. Ar = C6H4-4-NMe2.

 .................................................................................................................................................. 151 

Figure 116. a) Isodesmic reaction used to calculate affinity of alkynes for gold. Energies are 

Gibbs energies at 298.15 K at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level with COSMO 

solvation in CH2Cl2. b) Linear free energy relationship between the calculated change in free 

energy against Hammett parameter σp. Dashed line shows fit to a least mean squares linear 

regression (R2 = 0.92). ............................................................................................................... 152 

Figure 117. 31P{1H} NMR spectra recorded at 162 MHz in CD2Cl2, with various ynones (3.27, 

3.33, 3.34 and 3.37) in a 10:1 ratio of substrate:gold. ............................................................. 153 

Figure 118. 13C{1H} NMR spectra recorded at 100 MHz in CD2Cl2, of the dimer complex formed 

from ynone 3.34 and gold triflimide. Note that toluene is present due to its inclusion in the 

crystal structure of gold triflimide. ........................................................................................... 154 



 

xx 
 

Figure 119. a) Formation of pyrylium complex 3.102. b) Plausible mechanism for the formation 

of 3.102. Triflimide anion omitted for clarity. Ar = C6H4-4-NMe2. ............................................ 155 

Figure 120. 13C{1H} NMR spectra recorded at 100 MHz in CD2Cl2 of pyrylium complex 3.101. 

Selected assignments are highlighted. ..................................................................................... 156 

Figure 121. a) Gold(I)-catalysed ynone transposition, reported by Gevorgyan et al.220 b) A likely 

mechanism for the gold(I)-catalysed transposition of ynones, identified by Burés et al.153 [Au] = 

IPrAu+ ........................................................................................................................................ 157 

Figure 122. DFT-calculated pathway for the dimerisation of ynone 3.34. Energies are Gibbs 

energies at 298.15 K in kJ mol-1 at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory 

with COSMO solvent correction in CH2Cl2. ............................................................................... 158 

Figure 123. Resonance structures of η2(π) gold(I) ynone complex 3.P34. ................................. 159 

Figure 124. Formation of benzopyrylium complex 3.111, from o-alkynyl benzaldehydes 3.109.

 .................................................................................................................................................. 161 

Figure 125. a) Attempted reaction with ethyl vinyl ether 3.112, as reported by Hammond and 

co-workers.222 b) Proposed mechanism for the formation of 3.113. c) Proposed formation for 

the formation of 3.114. Ar = C6H4-4-NMe2. .............................................................................. 162 

Figure 126. Attempted reaction of ynone 3.34 (via pyrylium complex 3.102) with phenyl 

acetylene 3.13, as reported by Asao et al.223 Ar = C6H4-4-NMe2. ............................................. 163 

Figure 127. Attempted reduction of pyrylium complex 3.102 with HEH, as reported by Michelet 

and co-workers.224 Ar = C6H4-4-NMe2. ...................................................................................... 163 

Figure 128. Select examples of medium-ring containing and macrocyclic molecules, with the 

macrocyclic core highlighted in blue. ....................................................................................... 166 

Figure 129. a) General representation of the end-to-end cyclisation to form 6-membered ring 

4.10. b) Undesired dimerisation during the cyclisation of 11-membered linear starting material 

4.11. .......................................................................................................................................... 167 

Figure 130. Eschenmoser fragmentation reported by Reese et al. resulting in 10-membered 

cyclic alkyne 4.18.253 ................................................................................................................. 169 

Figure 131. Sidechain ring expansion using a radical addition pathway as reported by Dowd et 

al.256 ........................................................................................................................................... 170 

Figure 132. Ring contraction of cyclodecanone 4.25 reported by Beckwith et al.257 ............... 170 



 

xxi 
 

Figure 133. Iterative ring expansion via [2,3]-sigmatropic rearrangements of cyclic thioether 

reported by Schmid et al.263 ...................................................................................................... 171 

Figure 134. Representation of the transamidation equilibrium exploited by Hesse et al. ...... 171 

Figure 135. Transamidation "zip" reactions for ring expansion as reported by Hesse et al.264 172 

Figure 136. a) Unsuccessful 3-atom ring expansion of 7-membered lactam 4.46 reported by 

Hesse et al.268 b) Successful “zip” reaction of barbiturate derivate 4.48, to yield 14-membered 

product 4.50, reported by Hesse et al.270 ................................................................................. 173 

Figure 137. Ring size dependence in transesterification ring expansion reactions of lactones, as 

reported by Corey et al.271 ........................................................................................................ 174 

Figure 138. Ring expansion of lactams 4.57 using β-amino acids as proposed by Yudin et al.272

 .................................................................................................................................................. 175 

Figure 139. Attempted ring expansion reactions using N-Boc protected α- and β-amino acids, 

as reported by Yudin et al.272 R = p-NO2-Bn. ............................................................................. 175 

Figure 140. Hydrolytic imidazoline ring expansion (HIRE) concept reported by Krasavin et al.273

 .................................................................................................................................................. 177 

Figure 141. An example of a HIRE reaction as reported by Krasavin et al.273 ........................... 177 

Figure 142. Sidechain insertion development of HIRE reactions reported by Krasavin et al. .. 178 

Figure 143. HIRE ring expansions resulting in larger ring sizes as reported by Krasavin et al.275 

The times in brackets refer to the required time of base treatment. ...................................... 178 

Figure 144. Examples of successful SuRE reactions reported by Unsworth et al.276,278,279 ....... 180 

Figure 145. Proposed mechanism for the SuRE reactions of lactams. ..................................... 181 

Figure 146. Ring-size dependence on the scope of SuRE reactions using α- and β-hydroxyacids.

 .................................................................................................................................................. 182 

Figure 147. SuRE reactions resulting in equilibrium mixtures. Ratios were determined by 1H 

NMR spectroscopy. ................................................................................................................... 183 

Figure 148. The three isomers considered in the DFT calculations. ......................................... 183 

Figure 149. SuRE reactions to be studied by DFT calculations. ................................................ 186 

Figure 150. Previous example of an α-amino acid SuRE reaction as reported by Stephens et 

al.278 ........................................................................................................................................... 187 



 

xxii 
 

Figure 151. Structures used for evaluating the lactam ring-size dependence with sarcosine. m = 

1–4. ........................................................................................................................................... 187 

Figure 152. Synthetic experiments exploring the ring-size requirements of SuRE reactions using 

α-amino acids, as performed by various co-workers................................................................ 189 

Figure 153. Cyclic β-ketoester SuRE reactions that were studied using DFT. Yields for lactams 

4.129RE–4.131RE were taken from previous studies276 The other reactions were performed by 

various co-workers. ................................................................................................................... 198 

Figure 154. New SuRE reactions that were studied by DFT. Yields as reported by various co-

workers.287 ................................................................................................................................ 200 

Figure 155. Biologically active normal sized thiolactones. ....................................................... 203 

Figure 156. Proposed thiolactone SuRE reactions. ................................................................... 203 

Figure 157. Thiolactone SuRE reaction of 13-membered lactam 4.121, optimised by Dr Palate.

 .................................................................................................................................................. 205 

Figure 158. Ring-size screen of thiolactone forming SuRE reactions performed by Dr Palate. 206 

Figure 159. Side-products isolated or observed in thiolactone forming SuRE reactions 

performed by Dr Palate. ........................................................................................................... 207 

Figure 160. a) Attempted thiolactone SuRE reaction using Fm-protected imide 4.178 

performed by Dr Palate. b) Proposed degradation pathway. .................................................. 208 

Figure 161. Conjugate addition/ring expansion (CARE) reaction reported by Palate et al.299 . 208 

Figure 162. Dihydroxylation of acryloyl imide 4.181 resulting in 4-atom ring expansion product 

4.184β-RE as performed by Balazs Pogranyi. ............................................................................. 209 

Figure 163. Dihydroxylation of acryloyl imide 4.188 resulting in 4-atom ring expansion product 

4.186β-RE as performed by Balazs Pogranyi. .............................................................................. 211 

Figure 164. Proposed acyl migration SuRE reactions. .............................................................. 213 

Figure 165. a) Proposed scheme for the insertion of a linear fragment into peptide chains. b) 

Native chemical ligation reactions used in protein synthesis. .................................................. 214 

Figure 166. Selected examples of attempted acyl transfer reactions, performed by Dr Lawer.304

 .................................................................................................................................................. 215 

Figure 167. Isomers with which the energies were to be compared using DFT. ...................... 216 



 

xxiii 
 

Figure 168. Proposed strategy for S → N acyl transfer for imide formation. ........................... 218 

Figure 169. Synthesis of alcohol 5.18 from L-lysine methyl ester dihydrochloride 5.36, using the 

methods reported by Angle et al.317 ......................................................................................... 219 

Figure 170. Mitsunobu reaction of alcohol 5.18, adapted from a patent.318 ........................... 220 

Figure 171. Hydrolysis of thioacetate 5.41. .............................................................................. 220 

Figure 172. Synthesis of 5-membered thioacetate 5.46. Using methods reported in the 

literature.318,320,321 ..................................................................................................................... 221 

Figure 173. Synthesis of ethyl-substituted lactam 5.48 as reported by Chen et al.322 ............. 221 

Figure 174. Synthesis of exocyclic maleimide 5.50, as reported by Yan et al.324 ...................... 222 

Figure 175. Synthesis of terminal ynone 5.52, as reported in literature.326,327 ........................ 222 

Figure 176. Methylation of N-Boc β-alanine 5.53, as reported in the literature.328 ................. 223 

Figure 177. HATU coupling procedure of thiol 5.21 with N-benzyl N-Fmoc β-alanine 5.55. a 

Determined by 1H NMR spectroscopy. ..................................................................................... 223 

Figure 178. T3P coupling procedure of thiol 5.21 with N-benzyl N-Fmoc β-alanine 5.56. ....... 224 

Figure 179. T3P coupling procedure of thiol 5.21 with N-Boc N-methyl β-alanine 5.54 and Bn-

protected β-hydroxyacid 5.58. .................................................................................................. 224 

Figure 180. Proposed process for iterative acyl migration and SuRE ring expansion reactions.

 .................................................................................................................................................. 225 

Figure 181. Proposed acyl transfer reaction of thioester 5.41, trapping with propionyl chloride 

5.67. .......................................................................................................................................... 226 

Figure 182. Cations observed in the crude mass spectrum in the attempted acyl transfer 

reaction of 5.41 using triethylamine. Structures given are examples only, and no 

characterisation was done. ....................................................................................................... 226 

Figure 183. Mechanism highlighting a proposed enolisation and substitution pathway. ........ 227 

Figure 184. Reaction of thioacetate 5.41 with propionyl chloride 5.67 and pyridine. ............. 227 

Figure 185. HMBC data with selected assignments used to determine the structure of 5.74. 

NMR data recorded on 400 MHz spectrometer, in CDCl3. ....................................................... 228 

Figure 186. Reaction of thioacetate 5.46 with propionyl chloride 5.67 and pyridine. ............. 228 



 

xxiv 
 

Figure 187. Representation of the Michael acceptor study. .................................................... 229 

Figure 188. Trial reaction between isobutyl mercaptan 5.77 and N-ethyl maleimide 5.49. .... 230 

Figure 189. Unsuccessful reaction of ethyl-substituted lactam 5.48 and N-ethyl maleimide 5.49.

 .................................................................................................................................................. 230 

Figure 190. Unsuccessful reaction of thiol 5.79 and 5.48 with phenyl-substituted exocyclic 

maleimide 5.50. ........................................................................................................................ 231 

Figure 191. Reactions of thiol 5.77 and lactam 5.48 with phenyl-substituted ynone 3.27. a) 

Stereochemistry assigned by comparison of an analogous compound, reported by Nishio et 

al.339 ........................................................................................................................................... 232 

Figure 192. Reactions of thioester 5.41 with phenyl-substituted ynone 3.27. a) Stereochemistry 

assigned by comparison of an analogous compound, reported by Nishio et al.339 .................. 232 

Figure 193. Proposed mechanisms for bis(acetate) 5.85 formation. ....................................... 233 

Figure 194. Unsuccessful reactions of thioester 5.41 with phenyl-substituted ynone 3.27 with 

no base added. .......................................................................................................................... 233 

Figure 195. Unsuccessful reactions of thioester 5.41 with phenyl-substituted ynone 3.27 with 

triethylamine or pyridine added. .............................................................................................. 234 

Figure 196. Reactions of thioester 5.46 with phenyl-substituted ynone 3.27. a) Stereochemistry 

assigned by comparison of an analogous compound, reported by Nishio et al.339 .................. 236 

Figure 197. Reactions of thioester 5.41 with terminal ynone 5.52. a) Stereochemistry was 

assigned by analysis of the 3J alkene coupling constant (15.0 Hz for the E-isomer, and 9.5 Hz for 

the Z-isomer). ............................................................................................................................ 236 

Figure 198. Unsuccessful acyl migration of thioester 5.56 with terminal ynone 5.52. ............ 237 

Figure 199. Proposed mechanism of thioester cleavage, for the formation of 5.92 from 5.56.

 .................................................................................................................................................. 238 

Figure 200. Base-mediated acyl migration of Boc-protected thioester 5.57.a Stereochemistry 

assigned by comparison of an analogous compound, reported by Nishio et al.339 .................. 238 

Figure 201. Attempted ring expansion reaction of 5.98. a Stereochemistry assigned by 

comparison of the 13C and 1H NMR resonances for the enone moiety, with 5.98. .................. 239 



 

xxv 
 

Figure 202. HMBC data with selected assignments used to determine the structure of 5.99. 

NMR data recorded on 600 MHz spectrometer, in CDCl3. ....................................................... 240 

Figure 203. Base-mediated acyl migration of benzyl-protected thioester 5.59. ...................... 241 

Figure 204. Attempted hydrogenation reactions of imide 5.100. ............................................ 241 

Figure 205. Successful acyl transfer reactions of thioacetate compounds 5.41 and 5.46, using 

phenyl-substituted ynone 3.27. ................................................................................................ 243 

Figure 206. Successful ring expansion process with an acyl-migration step, starting from thiol 

5.21. .......................................................................................................................................... 244 

Figure 207. Overview of the substrate scope performed for the LHMDS-mediated quinoline 

rearrangement of spirocyclic indolenines. ............................................................................... 245 

Figure 208. Comparison of the silver triflate catalysed cyclisation of a) indolyl-tethered ynones 

2.6 and b) indolyl-tethered propargyl alcohols 3.24.173,200 ....................................................... 246 

Figure 209. Summary of the substrate scopes performed for the gold(I)-catalysed vinylation of 

a) indoles 3.56 and b) C-3 substituted indoles 3.90. ................................................................ 247 

Figure 210. DFT-calculated energy for the formation of bisindole compounds 3.29 and 3.18. 

Energies are Gibbs energies at 298.15 K at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of 

theory with COSMO solvent correction in toluene. ................................................................. 248 

Figure 211. Formation of pyrylium complex 3.102, from electron-rich ynone 3.34. Ar = C6H4-4-

NMe2. ........................................................................................................................................ 248 

Figure 212. The three isomers considered in the DFT calculations. ......................................... 249 

Figure 213. Successful ring expansion process with an acyl-migration step, starting from thiol 

5.21. .......................................................................................................................................... 250 

 



 

xxvi 
 

Acknowledgements 

I would first like to thank both my supervisors, Will Unsworth and Jason Lynam, who put their 

faith in me, and gave me the opportunity to complete my PhD here at York. I don’t think I could 

ask for a better pair of supervisors, who have motivated and encouraged me throughout the last 

four years. I will never hear the words “sure” or “nice” the same way ever again. I can also safely 

say that whilst my chemistry has (hopefully) improved, I can’t say the same about my pop culture 

references! 

I also need to thank Heather Fish and Alex Heyam, for making me feel like a welcome member 

of the NMR team. Your support and kind words have helped me greatly throughout the years, 

and I have always enjoyed our chats, which made the helium fills feel that much shorter.  

Additional thanks must go to the all the technical staff within the Department of Chemistry, 

particularly with the challenges that COVID brought. My research has benefitted greatly from all 

your work. 

To the members of the WPU and SLUG groups, both past and present, I have thoroughly enjoyed 

the time spent working alongside each of you. There’s far too many of you to mention by name 

but thank you all for making it a joy to come in every day. A particular thanks does have to go to 

Aimee Clarke, for getting me on my feet at the start of my degree, and to Chris Goult for your 

assistance throughout. 

To Rosalind Booth, Katie Huxley and Catherine Russell – who would’ve thought when we first 

met four years ago, that we would be such good friends at the other end. Board games, escape 

rooms, brunches, copious amounts of gin and your friendship have been a much-needed 

comfort throughout my time here. 

To my parents, I can’t express enough my gratitude for the encouragement, love and support 

that you have given me throughout my entire life that has allowed me to grow as a person, and 

without which, I would never have gotten where I am today.  

Finally, to my long-suffering partner, Oliver Ribchester, a special thank you for your love and 

understanding throughout my PhD, I really couldn’t have done this without you. Your ability to 

smile and nod through my chemistry ramblings must be commended, as well as your patience 

during many a late-night working. Now I don’t know about you, but I think it’s time for a holiday?



 

xxvii 
 

Author Declaration 

I declare that this thesis is a presentation of original work, to the best of my knowledge, except 

where due reference has been made to other workers. The research presented in this Thesis 

was carried out at the University of York between October 2018 and September 2022.  

This work has not previously been presented for an award at this, or any other, University. All 

sources are acknowledged as references.  

This work has been reported in a number of recent publications, which can be found in the 

Appendices, ordered by publication date. Additional publications which I have co-authored, but 

not discussed in this thesis, are also included. 

Ryan G. Epton 

 



 

xxviii 
 

Abbreviations  
ACE angiotensin converting enzyme 

ACP alkylidenecyclopropanes 

AD asymmetric dihydroxylation 

AIBN 2,2-azobis(2-methylpropionitrile) 

Ac acetyl 

Alk alkyl 

Aq. aqueous 

Ar aryl 

app. apparent 

BJ Becke–Johnson 

Bn benzyl 

Boc tert-butyloxycarbonyl 

Bpin pinacolborane 

br broad 

Bu butyl 

CARE conjugate addition/ring expansion 

CCDC Cambridge Crystallographic Data Centre 

CCSD coupled-cluster singles and doubles 

CCSD(T) coupled-cluster singles and doubles plus perturbative triples 

CDI 1,1'-carbonyldiimidazole 

COSMO conductor-like screening model 

COSY correlated spectroscopy 

CPCM conductor-like polarizable continuum model 

Catcat trans-bromo(N-succinimidyl)bis(triphenylphosphine)palladium(II) 

Conv. conversion 

CyJohnPhos 2-(dicyclohexylphosphino)biphenyl 

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

DCE 1,2-dichloroethane 

DCM dichloromethane 

DEPT distortionless enhancement by polarization transfer 

DFT density functional theory 

DIAD diisopropyl azodicarboxylate 



 

xxix 
 

DIPEA N,N-diisopropylethylamine 

DMAP 4-(dimethylamino)pyridine 

DME 1,2-dimethoxyethane 

DMF N,N-dimethylformamide 

DMSO dimethyl sulfoxide 

DRC dynamic reaction coordinate 

DenV Dengue virus 

d doublet 

d.r. diastereomeric ratio 

ECP electrostatic core potential 

ESI electrospray ionisation 

Et ethyl 

eq equivalent(s) 

Fm 9-fluorenylmethyl 

Fmoc 9-fluorenylmethyloxycarbonyl 

GGA general gradient approximation 

GCPII glutamate carboxypeptidase II 

GTO gaussian-type orbital 

HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-

oxid hexafluorophosphate 

HEH Hantzsch ester hydride 

(diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate) 

HF Hartree–Fock 

HIRE hydrolytic imidazoline ring expansion 

HMBC heteronuclear multiple bond correlation 

HRMS high-resolution mass spectroscopy 

HSQC heteronuclear single quantum coherence 

h hour(s) 

IEF integral equation formalism 

IPr 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene 

IRC Intrinsic reaction coordinate 

JohnPhos 2-(di-tert-butylphosphino)-1,1'-biphenyl 

KAPA potassium 3-aminopropylamide 

KS Kohn–Sham 



 

xxx 
 

LCAO linear combination of atomic orbitals 

LDA local density approximation 

lithium diisopropylamide 

LHMDS lithium hexamethyldisilazane 

LSDA local spin density approximation 

M mol dm-3 

MM molecular mechanics 

MMFF Merck molecular force field 

MP2 Møller–Plesset perturbation theory of the second order 

Me methyl 

Mes mesityl 

Ms methylsullfonyl 

m multiplet 

mins minutes 

mp melting point 

NCL native chemical ligation 

NHC N-heterocyclic carbene 

NIS N-iodosuccinimide 

NMR nuclear magnetic resonance 

NOESY nuclear Overhauser effect spectroscopy 

NPA natural population analysis 

non. nonet 

ORTEP Oak Ridge thermal ellipsoid plot 

PCM polarisable continuum model 

PES potential energy surface 

PG protecting group 

pent. pentet 

Ph phenyl 

Pr propyl 

q quartet 

RC ring-closed 

RE ring expanded 

RI resolution of identity 

RO ring opened 



 

xxxi 
 

RT room temperature 

Rf  retention factor 

SCF self-consistent field 

SDD Stuttgart/Dresden ECPs 

SMD solvation model based on density 

STO Slater-type orbital 

SuRE successive ring expansion 

s singlet 

sat. saturated 

sex. sextet 

TBS tert-butyldimethylsilyl 

TDO tryptophan-2,3-dioxygenase 

TFA trifluoroacetic acid 

TFE 2,2,2-trifluoroethanol 

THF tetrahydrofuran 

TLC thin layer chromatography 

TMEDA tetramethylethylenediamine 

TOF turnover frequency 

TS transition state 

Tf trifluoromethylsulfonyl 

Tol toluene 

TrixiePhos rac-2-(di-tert-butylphosphino)-1,1′-binaphthyl 

Ts toluenesulfonyl 

T3P propylphosphonic anhydride 

t triplet 

UATR universal attenuated total reflectance 

XRD X-ray diffraction 

ZPE zero-point energy 

ZORA zeroth-order regular approximation to the Dirac equation 

μW microwave 

  

 

 



 

1 
 

Chapter 1. Introduction 

1.1 Computational Theory 

1.1.1 Introduction 

Density functional theory (DFT) is a computational method which was used extensively during 

the research described in this thesis as a method to calculate the energies and properties of 

molecules based on their electronic structure. The calculated relative energies of different 

molecules (assuming the same number and identity of atoms are present) can then be used to 

study chemical processes, and provide information regarding the thermodynamics of a reaction 

(e.g. the change in Gibbs free energy), or the transition state energies, which can then be 

compared to experimental data when available (e.g. transition state energies can be compared 

with experimental kinetic data). Other properties, such as NMR chemical shifts, may also be 

calculated, however these methods were not used in this thesis. 

To explain certain aspects and considerations of DFT (e.g. functionals and basis sets) which have 

been used within this thesis, a brief overview of the necessary quantum mechanics is needed, 

starting with the Schrödinger equation and its application to the hydrogen atom, leading to more 

complex atomic and molecular systems. This is then followed by a discussion of Hartree–Fock 

theory and its application to DFT. 

The original publications for the theories and developments within are cited as necessary, and 

other resources which were insightful are cited here.1–6 

 

1.1.2 The Schrödinger Equation 

The proposed structure of atoms has undergone several iterations and refinements. In 1911, 

experiments were performed by Rutherford in which a beam of α-particles were directed at a 

gold foil.7 A small proportion of α-particles were deflected by the foil, rather than passing 

through, which suggested the presence of a dense, highly charged core, which later became 

referred to as the nucleus. It was proposed that the area surrounding the nucleus was 

surrounded by electrons, and it was suggested that this might take the form of a circular orbit 

(Figure 1), however, classical mechanics would suggest that due to the attraction of the electron 

to the nucleus, its orbit would decay. 
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Figure 1. Representation of the Rutherford model of an atom. 

Work by Bohr further refined the Rutherford model of the atom. It was assumed that the 

electrons exist in stable orbits around the nucleus which do not decay, and that the electron 

could be excited into an orbit further away from the nucleus by photons with the correct, specific 

energy. Bohr calculated that the angular momentum (L) of the allowed stable orbits were 

integers of the reduced Planck’s constant (ħ, Equation 1), and using this, Bohr was able to derive 

the Rydberg constant (R) and accurately predict the observed emission spectrum of the 

hydrogen atom (Equation 2, where n1 and n2 are both integers).8–10 

 

Figure 2. Representation of the Bohr model of the atom. 

𝐿 = 𝑛ℏ Equation 1 

Δ𝐸 = 𝑅 (
1

𝑛1
2 −

1

𝑛2
2) Equation 2 

In 1925, de Broglie hypothesised that matter could be treated as both a particle and a wave, and 

that the momentum (p) of the particle could be related to its wavelength (Equation 3, where h 

is the Planck constant and λ is the wavelength of the particle).11 Experiments performed by 

Davisson, Germer and Thomson,12–14 demonstrated that electrons were able to be diffracted by 

a crystal of nickel metal, which confirmed that electrons can be treated as waves. The quantised 
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energy of the electron orbits from the Bohr model, and the wave-particle nature of the electrons 

led to the further development of quantum theory. 

𝑝 =
ℎ

𝜆
 Equation 3 

The wave form of electrons in a theoretically circular orbit around a nucleus must be treated as 

a standing wave, since these types of waves terminate at the boundary of the available space 

they occupy. Therefore, an electron can be considered to have a discrete set of wavelengths 

(e.g. nλ, where n is an integer) that can exist in a circular orbit of length, r (Equation 4).9 

𝑛𝜆 = 2𝜋𝑟 Equation 4 

The angular wavenumber (k, the number of complete waves per unit 2π) can then be related to 

the wavelength of the electron (Equation 5), and substitution of Equation 5 into Equation 3 then 

relates the angular wavenumber with the momentum of the particle (Equation 6). 

𝑘 =
2𝜋

𝜆
 Equation 5 

𝑝 = ℏ𝑘 Equation 6 

Schrödinger used a modified wave equation to develop an equation for describing the energy of 

an atom.15 Here, some definitions are required. In one-dimensional space, the general function 

of a wavefunction ψ, can be expressed as in Equation 7. It can therefore be seen that the second 

derivative of this wavefunction returns the original function, multiplied by a constant (Equation 

8). Here, the second derivative is considered the operator, which acts upon the given 

eigenfunction (ψ), with the constant (−k2) being referred to as the eigenvalue. 

𝜓 = ⅇⅈ𝑘𝑥 Equation 7 

ⅆ2𝜓

ⅆ𝑥2
= −𝑘2𝜓 Equation 8 
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The kinetic energy of a particle (T) can be expressed in terms of its momentum (Equation 9), 

which can therefore be related to the angular wavenumber via substitution of the de Broglie 

relationship shown in Equation 6 (Equation 10).  

𝑇 =
1

2
𝑚𝑣2 =

𝑝2

2𝑚
 Equation 9 

𝑇 =
(ℏ𝑘)2

2𝑚
 Equation 10 

Further substitution of Equation 8 and Equation 10, results in Equation 11. Here, the left side of 

equation is the operator, and acts upon a wavefunction to return the kinetic energy (T) as the 

eigenvalue. Equation 11 can be further expanded to describe the energy of a hydrogenic system 

(e.g. a system containing one nucleus and one electron), with the inclusion of a potential energy 

term, V (Equation 12, Z is the nuclear charge and ε0 is the permittivity of a vacuum), to describe 

the electronic attraction between the nucleus and the electron. Combining both the kinetic 

energy (T) and potential energy (V) terms (Equation 13) now gives a representation of the total 

energy and is often written in the form shown in Equation 14, where Ĥ is referred to as the 

Hamiltonian operator. 

−
ℏ2

2𝑚

ⅆ2𝛹

ⅆ𝑥2
= 𝑇𝜓 Equation 11 

𝑉 = −
𝑍2

4𝜋휀0𝑟
 Equation 12 

(−
ℏ2

2𝑚

ⅆ2𝜓

ⅆ𝑥2
 −

𝑍2

4𝜋휀0𝑟
) 𝜓 = 𝐸𝜓 Equation 13 

�̂�𝜓 = 𝐸𝜓 Equation 14 

The Schrödinger equation (Equation 13) provides a suitable description for so called hydrogenic 

systems (e.g. in which there is only one nucleus and one electron considered, as in H, He+ and 

Li2+), with analytical solutions available. However, for more complex atomic and molecular 

systems, the Schrödinger can no longer be solved exactly, but approximations are used to 

provide reasonable estimates, which will be discussed further in Section 1.1.3. 
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Until now, the wavefunction (ψ) has only been considered in one-dimension, however it is 

possible to expand this into three-dimensions by using the Laplacian operator, ∇2 (Equation 15). 

Whilst it is possible to express this in terms of Cartesian coordinates, for atomic systems it is 

more relevant to express the Laplacian as spherical coordinates (Equation 16), in which r is the 

radius of sphere, and Λ2 is a shorthand for representing two spherical angles, θ and φ (Equation 

17). The coordinate system is represented in Figure 3. 

(−
ℏ2

2𝑚
∇2  −

𝑍2

4𝜋휀0𝑟
) 𝜓 = 𝐸𝜓 Equation 15 

𝛻2 =
1

𝑟2 [
ⅆ

ⅆ𝑟
(𝑟2

ⅆ

ⅆ𝑟
) + 𝛬2] Equation 16 

Λ 2 =
1

sin 𝜃

ⅆ

ⅆ𝜃
(sin 𝜃

ⅆ

ⅆ𝜃
) +

1

sin2 𝜃

1

ⅆ𝜙2
 Equation 17 

 

Figure 3. Representation of polar spherical coordinates. 

It is important to note that it is possible to derive information on the probability of locating a 

particle in a particular position within the wavefunction, by taking the square of the 

wavefunction.16 It therefore follows that the integral of the square of the wavefunction, in all 

space (dV), must equal 1 (Equation 18), and therefore a normalisation constant (commonly 

denoted as N) can be calculated and applied to the wavefunction to ensure this condition is met. 

Whilst the normalisation condition will not always be referred to, it should be considered that 

all wavefunctions mentioned here within are normalised.  
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∫ 𝜓∗𝜓 ⅆ𝑉 = 1
+∞

−∞

 Equation 18 

 

1.1.3 The many-body Schrödinger Equation and the Hartree method 

Atoms and molecules containing more than one electron and/or nucleus are referred to as 

many-body systems. Figure 4 shows a representation of a molecule containing two nuclei 

(denoted as A and B), and two electrons (denoted as i and j). Now, rather than only the kinetic 

energy contribution from the single electron in the hydrogenic system (Equation 15), the kinetic 

energy of both nuclei (TN) and all the electrons (Te) must be considered. Furthermore, the 

potential energy must now include each electrons attraction to all nuclei (VNe), and the repulsion 

between the electrons (Vee) and between the nuclei (VNN). The Hamiltonian of these many body 

systems can therefore be generalised as shown in Equation 19, with a simplified representation 

shown in Equation 20. 

 

Figure 4. Diagrammatic representation of the diatomic molecule with two electrons (e.g. H2). 

�̂� = −
ℏ2

2
∑

1

𝑚𝐴
∇𝐴

2

𝐴

−
ℏ2

2𝑚𝑒
∑ ∇ⅈ

2

ⅈ

+ ∑ ∑
𝑍𝐴𝑍𝐵ⅇ2

𝑟𝐴𝐵
𝐴>𝐵𝐴

− ∑ ∑
𝑍𝐴ⅇ2

𝑟ⅈ𝐴
+ ∑ ∑

ⅇ2

𝑟ⅈ𝑗
ⅈ>𝑗ⅈⅈ𝐴

 

Equation 19 

�̂� = −𝑇𝑁 − 𝑇𝑒 + 𝑉𝑁𝑁 − 𝑉𝑁𝑒 + 𝑉𝑒𝑒  Equation 20 

The Born–Oppenheimer approximation simplifies the many-body Schrödinger equation.17 Due 

to the large difference in mass of the electrons and nuclei, it can be assumed that given the same 
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momentum, the electrons will move much faster than the nuclei. This allows the Hamiltonian to 

be separated into nuclear and electronic contributions, with the electronic Hamiltonian given in 

Equation 21. 

�̂�𝑒𝑙𝑒𝑐 = −
ℏ2

2𝑚𝑒
∑ ∇ⅈ

2

ⅈ

− ∑ ∑
𝑍𝐴ⅇ2

𝑟ⅈ𝐴
+ ∑ ∑

ⅇ2

𝑟ⅈ𝑗
ⅈ>𝑗ⅈⅈ𝐴

 Equation 21 

Whilst the Hamiltonian has been simplified greatly, the electron-electron repulsion term (Vee) 

remains problematic, since the coordinates of each electron must be solved simultaneously. As 

the system under consideration becomes larger, this quickly becomes too complex to compute, 

and even for systems containing only two electrons, there is no analytical solution. 

Hartree developed a method to approximate the electronic wavefunction of a many-body 

system.18–21 Consider the wavefunction of a system which consists of two electrons (ψij), Hartree 

showed that the wavefunction can be treated as a product of the wavefunction for each 

individual electron, φi and φj (Equation 22), which is referred to as the independent electron 

approximation. 

𝛹ⅈ𝑗 = 𝜙ⅈ𝜙𝑗 Equation 22 

The energy of the wavefunction of each individual electron can now be represented by Equation 

23. The potential energy term (Vi, Equation 24) contains both the nuclear-electron attraction 

(VNe, shown in Equation 25), and also includes the electron-electron repulsion (Vee, shown in 

Equation 26) by considering the other electrons as a mean-field (e.g. the average potential acting 

upon electron i). 

(−
ℏ2

2𝑚𝑒
∇2  − 𝑉ⅈ) 𝜙ⅈ = 𝐸ⅈ𝜙ⅈ Equation 23 

𝑉ⅈ =  ∑
𝑍𝐴ⅇ2

𝑟ⅈ𝐴
𝐴

+ ⅇ2 ∑ ∫
∑ |𝜙𝑗

2(𝑟𝑗)|𝑗

|𝑟ⅈ − 𝑟𝑗|
ⅈ ≠𝑗

ⅆ𝑟ⅈ Equation 24 

𝑉𝑁𝑒 = ∑
𝑍𝐴ⅇ2

𝑟ⅈ𝐴
𝐴

 Equation 25 
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𝑉𝑒𝑒 = ⅇ2 ∑ ∫
∑ |𝜙𝑗

2(𝑟𝑗)|𝑗

|𝑟ⅈ − 𝑟𝑗|
ⅈ ≠𝑗

ⅆ𝑟ⅈ Equation 26 

Whilst the electron-electron repulsion term (Vee) in Equation 24, makes solving the one-electron 

wavefunction possible, there are some associated problems. Firstly, to calculate the potential 

energy of the one-electron wavefunction, the other one-electron wavefunctions (e.g. φj) are 

required. To solve this cyclic problem, Hartree developed a method known as the self-consistent 

field (SCF) theory, in which the one-electron wavefunctions for each electron are initially 

guessed. The guessed wavefunctions are then used to solve the Schrödinger equation, and in 

turn, generate an improved set of wavefunctions. This process iterates until the energy no longer 

changes within the convergence criteria. At this point, it is said that the wavefunction is self-

consistent and converged. 

An additional problem with the Hartree method arises due to neglecting the spin of the 

electrons,22,23 which therefore doesn’t accurately represent that electrons with the same spin 

would repel each other more than electrons with the opposite spin. This is referred to as the 

‘exchange interaction’. 

 

1.1.4 Electron spin and Hartree–Fock Theory 

The spin of an electron is an intrinsic property which results in it having angular momentum. The 

spin of an electron is quantised, and the spin magnetic quantum number (ms) can only take the 

values +½ or −½. The spin of an electron can also be referred to as “spin up” or “spin down”, or 

given the symbols α and β. 

The Pauli exclusion principle states that no two electrons of an atom can have the same four 

quantum numbers to describe it,24 that is, the principal (n), the angular (l), the magnetic (ml) and 

spin magnetic (ms) quantum numbers must be different. The consequence of this is any spatial 

orbital (e.g. a 1s orbital), can only be occupied by two electrons with opposite spin. 

Consider the helium atom, which in its ground state contains two electrons in the 1s orbital, the 

electron configuration for the two electrons can be written as in Equation 27 or Equation 28 – 

we don’t know which electron is which due to the Heisenberg uncertainty principle and 

therefore both options must be considered.25 
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𝛼(1)𝛽(2) Equation 27 

𝛽(1)𝛼(2) Equation 28 

Another aspect of the Pauli exclusion principles states that for electrons (a fermion), the total 

wavefunction must be antisymmetric; if any particles are exchanged, the wavefunction changes 

sign. Consider Equation 27 and Equation 28, assuming that the spatial wavefunction of both 

electrons in the 1s orbital are the same, these equations could be equated, and the 

antisymmetric condition isn’t satisfied. This can be overcome using Equation 29 (where 
1

√2
 is the 

normalisation constant), now when the electrons are exchanged, the sign of the wavefunction 

changes. 

1

√2
[𝛼(1)𝛽(2) − 𝛼(2)𝛽(1)] Equation 29 

The two electron wavefunction for the helium atom can therefore be represented as given in 

Equation 30, where each electron has both a spatial wavefunction (ψ) and a spin function (α or 

β). This notation can also be represented in a matrix (Equation 31), in which a key property of 

matrices forces the sign of the wavefunction to be swapped when the rows are exchanged.26 

Ψ𝐻𝑒(1,2) = 𝜓(1)𝜓(2)
1

√2
[𝛼(1)𝛽(2) − 𝛼(2)𝛽(1)] Equation 30 

Ψ𝐻𝑒(1,2) =
1

√2
|
𝜓(1)𝛼(1) 𝜓(1)𝛽(1)

𝜓(2)𝛼(2) 𝜓(2)𝛽(2)
| Equation 31 

The Hartree method was modified by Fock in 1930 to take into consideration electron spin,23 

with Hartree later further refining the method.27 The wavefunction is now represented as a 

general matrix, known as the Slater determinant (Equation 32, where N is the number of 

electrons), in which one-electron orbitals are a product of a spatial orbital component (χ) and a 

spin function (x). 
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𝜓 =  
1

√𝑁!
|

𝜒1(�⃗�1) 𝜒2(�⃗�1) ⋯ 𝜒𝑁(�⃗�1)

𝜒1(�⃗�2) 𝜒2(�⃗�2) ⋯ 𝜒𝑁(�⃗�2)
⋮ ⋮ ⋱ ⋮

𝜒1(�⃗�𝑁) 𝜒2(�⃗�𝑁) ⋯ 𝜒𝑁(�⃗�𝑁)

| Equation 32 

Now, rather than the Hamiltonian acting upon the wavefunction (in the form of the Slater 

determinant, Equation 32) to calculate the energy, the Fock operator (F) is used (Equation 33), 

which is composed of the electron kinetic energy and the nuclear-electron attraction potential 

(combined in the term ĥ), and a Hartree–Fock potential term (VHF, Equation 34). 

𝐹�̂�𝜓ⅈ =  𝐸ⅈ𝜓ⅈ Equation 33 

𝐹�̂� =  ℎ�̂� + 𝑉𝐻𝐹 Equation 34 

The Hartree–Fock potential is itself the sum of the coulombic (J) and exchange (K) terms 

(Equation 35). The coulombic term, J (Equation 36), is responsible for calculating the electron-

electron repulsion as in the Hartree method, however the exchange term, K (Equation 37), 

accounts for the antisymmetric requirement of the wavefunction, when electrons χi and χj are 

exchanged. This has the effect of ensuring that electrons which have the same spin repel each 

other more than those with the opposite spin. The Hartree–Fock equations are then solved using 

the same SCF method as previously described for the Hartree method. 

𝑉𝐻𝐹 =  ∑(2

𝑁
2⁄

𝑗

𝐽�̂� − 𝐾�̂�) Equation 35 

𝐽�̂� = ⅇ2 ∑ ∫
|𝜒ⅈ(𝑥ⅈ)|2|𝜒𝑗(𝑥𝑗)|

2

|𝑟ⅈ − 𝑟𝑗|
ⅈ ≠𝑗

ⅆ𝑟ⅈⅆ𝑟𝑗 Equation 36 

𝐾�̂� = ⅇ2 ∑ ∫
𝜒ⅈ(𝑥ⅈ)𝜒𝑗(𝑥𝑗)𝜒ⅈ(𝑥𝑗)𝜒𝑗(𝑥ⅈ)

|𝑟ⅈ − 𝑟𝑗|
ⅈ ≠𝑗

ⅆ𝑟ⅈⅆ𝑟𝑗 Equation 37 

An additional key principle when solving these equations, is the variational principle. When 

solving the Schrödinger equation, if the true wavefunction (ψexact) is known, then the lowest 

calculated energy is referred to as the ground-state energy (E0). It can be shown that the average 
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energy of a trial wavefunction (ψtrial), referred to as the expectation energy (⟨E⟩, Equation 35) is 

always higher than or equal to that of the true ground-state energy (Equation 36). 

〈𝐸〉 =  
∫ 𝜓𝑡𝑟ⅈ𝑎𝑙

∗ �̂�𝑡𝑟ⅈ𝑎𝑙𝜓𝑡𝑟ⅈ𝑎𝑙ⅆ3𝑟

∫ 𝜓𝑡𝑟ⅈ𝑎𝑙
∗ 𝜓𝑡𝑟ⅈ𝑎𝑙ⅆ3𝑟

 Equation 38 

𝐸0 ≤  〈𝐸〉 Equation 39 

Therefore, whilst Hartree–Fock theory was the first method which was able to provide a solution 

for the many-body Schrödinger equation, there were still problems associated with the method. 

Namely, since the electrons are treated in the mean-field approximation as an averaged 

potential, spontaneous electron interactions are not accounted for. Due to the approximations 

to the wavefunction, and the variational principle described above, the calculated Hartree–Fock 

energy (EHF) is always higher than the true energy of the system (Eexact). This difference is known 

as the correlation energy (Ec, Equation 40) and computational methods such as Møller–Plesset 

theory (not used or presented in this thesis) and DFT theory have been developed to reduce this. 

𝐸𝑐 = 𝐸𝑒𝑥𝑎𝑐𝑡 − 𝐸𝐻𝐹 Equation 40 

 

1.1.5 Density Functional Theory 

The central idea behind density functional theory, is that the energy of a system can be obtained 

purely by using the electron density. In 1927, Thomas proposed the theory that the electronic 

state of a uniform electron gas can be a valid solution of the Schrödinger equation based on 

electron density.28 An equation for the kinetic energy functional was proposed by both Thomas 

and Fermi, which later became known as the Thomas–Fermi method,29 however this model was 

very limited in its application. 

In 1964, the Hohenberg–Kohn theorems were published to expand and account for deficiencies 

of the Thomas–Fermi method.30 Two theories were proved that were essential for the 

development of DFT. First, it was shown that the external potential (νext[r]) of a system is a 

unique functional (a function of a function) of the electron density (ρ[r]), and hence the 

Hamiltonian of the system can be related to the electron density itself. Therefore, the energy of 

a system can be expressed as a sum of the electron kinetic energy term (T) and both electron-

electron (Vee) and nuclear-electron (VNe) potential energy terms (Equation 41). 
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𝐸0[𝜌] = 𝑇[𝜌] + 𝑉𝑒𝑒[𝜌] + 𝑉𝑁𝑒[𝜌] Equation 41 

The external potential of an isolated N-electron system is fixed by the positions and charges of 

the nuclei, and therefore the energy can be represented as in Equation 42, where FHK
 is an 

unknown functional which combines the electron kinetic (T) and electron-electron interaction 

(Vee) terms. 

𝐸0[𝜌] = 𝐹𝐻𝐾[𝜌] + ∫ 𝜌[𝑟]𝜈[𝑟]ⅆ𝑟 Equation 42 

The second of the Hohenberg–Kohn theorems demonstrates that the variational principle is able 

to be used in conjunction with the electron density, as with the Hartree–Fock method, and it 

follows that for any trial electron density, the calculated energy will be higher than or equal to 

the real energy. 

Further work by Kohn and Sham sought to provide insight into the nature of the unknown 

functional (FHK).31 They assumed that the system contains non-interacting electrons in an 

averaged potential of all the other electrons, and that the electron density of this system is the 

same as if the electrons did interact. The electrons were then treated in a similar method to 

Hartree–Fock theory, with the wavefunction represented as single electron spin orbitals (ψ) and 

electrons (r), with a Slater determinant (Equation 43) used to ensure the antisymmetric principle 

for the electron spin is maintained. 

Ψ =  
1

√𝑁!
|

𝜓1(𝑟1) 𝜓2(𝑟1) ⋯ 𝜓𝑁(𝑟1)

𝜓1(𝑟2) 𝜓2(𝑟2) ⋯ 𝜓𝑁(𝑟2)
⋮ ⋮ ⋱ ⋮

𝜓1(𝑟𝑁) 𝜓2(𝑟𝑁) ⋯ 𝜓𝑁(𝑟𝑁)

| Equation 43 

The authors then further assumed that FHK can be separated (Equation 44), where Ts is the sum 

of the kinetic energy from all the single electron kinetic energies, J is the coulombic electron-

electron repulsion term (these two terms were initially combined into FHK), and EXC is a self-

defined term, which contains any remaining undefined energies (referred to as the exchange 

and correlation energy). 

𝐹𝐻𝐾[𝜌] = 𝑇𝑠[𝜌] + 𝐽[𝜌] + 𝐸𝑋𝐶[𝜌] Equation 44 
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The kinetic energy, Ts, can be represented as Equation 45, however this itself is a result of the 

approximation of non-interacting electrons and the single electron spin orbitals. Therefore, it 

can be shown that the difference between the true kinetic energy (T, Equation 41) and Ts, can 

be represented as Tc (Equation 46). 

𝑇𝑠[𝜌] = −
1

2
∑⟨𝜓ⅈ|∇2|𝜓ⅈ⟩

𝑁

ⅈ

 Equation 45 

𝑇𝑐[𝜌] = 𝑇[𝜌] − 𝑇𝑠[𝜌] Equation 46 

Furthermore, the coulombic electron-electron interaction term, J, is similar to that in Hartree–

Fock theory (Equation 47), which utilises the mean-field approximation. Therefore, the electron-

electron potential energy can again be shown to differ from the true value (Eee, Equation 41), 

which is represented as Encl (Equation 48). 

𝐽[𝜌] =  
1

2
∬

𝜌[𝑟ⅈ]𝜌[𝑟𝑗]

𝑟ⅈ𝑗
ⅆ𝑟ⅈⅆ𝑟𝑗 Equation 47 

𝐸𝑛𝑐𝑙[𝜌] = 𝐸𝑒𝑒[𝜌] − 𝐽[𝜌] Equation 48 

The exchange and correlation energy functional (EXC) can therefore be shown to be the sum of 

the deviations from the true value for both the kinetic energy, and electron-electron repulsion 

(Equation 49). This functional remains unknown and the different functionals used within DFT 

calculations are used to provide approximations for EXC. 

𝐸𝑋𝐶[𝜌] = 𝑇𝑐[𝜌] + 𝐸𝑛𝑐𝑙[𝜌] Equation 49 

 

1.1.6 Approximate Exchange-Correlation Functionals 

The accuracy of DFT calculations depends on how successfully the exchange-correlation 

functional function is approximated. There are three main methods that are used to model this 

energy, with varied success. 

The first is known as the Local Density Approximation (LDA). LDA functionals model the electron 

density using the assumption that the electron density exists as a uniform electron gas (as in the 



 

14 
 

Thomas–Fermi theory), and the LDA form of the exchange-correlation energy can be written as 

in Equation 50. 

𝐸𝑋𝐶
𝐿𝐷𝐴[𝜌] = ∫ 𝜌[𝑟]𝜖𝑋𝐶(𝜌[𝑟])ⅆ𝑟 Equation 50 

The term, εXC, refers to the exchange-correlation energy per particle in a uniform electron 

density, and can be further broken down into exchange (εX) and correlation (εC) components 

(Equation 51), and approximations have been made for these terms. The LDA approach can also 

be modified to take spin into consideration, using the Local Spin Density Approximation (LSDA, 

Equation 52). Due to the LDA model assuming that the electron density is uniform throughout a 

system, these functionals mostly perform well only when considering systems such as metal 

bonding.  

𝜖𝑋𝐶(𝜌[𝑟]) =  𝜖𝑋(𝜌[𝑟]) + 𝜖𝐶(𝜌[𝑟]) Equation 51 

𝐸𝑋𝐶
𝐿𝑆𝐷𝐴[𝜌𝛼 , 𝜌𝛽] = ∫ 𝜌[𝑟]𝜖𝑋𝐶(𝜌𝛼[𝑟], 𝜌𝛽[𝑟])ⅆ𝑟 Equation 52 

For molecular systems, the electron density will change throughout the system, therefore it is 

more appropriate to consider how the electron density changes (∇ρ), which is referred to as the 

General Gradient Approximation (GGA). The exchange-correlation energy functional for the GGA 

approach takes the form Equation 53, with the gradient approximation typically applied to LDA 

functionals. The BP86 functional used throughout this thesis is a GGA functional,32,33 which has 

shown to be successful at generating accurate geometries, particularly for transition metal 

complexes. 

𝐸𝑋𝐶
𝐺𝐺𝐴[𝜌𝛼, 𝜌𝛽] = ∫ 𝜌[𝑟]𝜖𝑋𝐶(𝜌𝛼[𝑟], 𝜌𝛽[𝑟], ∇𝜌𝛼 , ∇𝜌𝛽)ⅆ𝑟 Equation 53 

Hybrid functionals are a further class of functionals which incorporates a certain proportion of 

the Hartree–Fock exchange (EHF) into the exchange-correlation energy. For example, the PBE0 

hybrid functional,34–36 which has been used throughout this thesis, can be represented as shown 

in Equation 54, in which the exchange energy from the PBE GGA functional (𝐸𝑋
𝑃𝐵𝐸) and Hartree–

Fock exchange energies (𝐸𝑋
𝐻𝐹) are used in a 3:1 ratio, in conjunction with the PBE correlation 

energy (𝐸𝐶
𝑃𝐵𝐸). Other hybrid functionals used within this thesis are the B3LYP functional,37–40 the 
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Minnesota M06 and M06-2X functionals,41 and the ωB97XD funcntional.42 The authors of the 

Minnesota functionals refer to these as meta-hybrid GGA functionals, however they do contain 

Hartree–Fock exchange.  

𝐸𝑋𝐶
𝑃𝐵𝐸0 =  

3

4
𝐸𝑋

𝑃𝐵𝐸 +
1

4
𝐸𝑋

𝐻𝐹 + 𝐸𝐶
𝑃𝐵𝐸 Equation 54 

 

1.1.7 Molecular Orbitals and Basis Sets 

Throughout the previous discussion regarding Hartree–Fock theory and DFT, the concept of 

orbitals has been used. However, in molecules the molecular orbitals can span multiple atoms, 

and both bonding and anti-bonding orbitals must be considered.  

The molecular orbitals are therefore approximated using the Linear Combination of Atomic 

Orbitals (LCAO) approach. This is represented in Equation 55, where in this example, the total 

wavefunction is considered as the constructive or destructive overlap of the atomic orbitals from 

differing nuclei, with the coefficient, c, determining the contribution of each atomic orbital. 

𝜓 = 𝑐𝐴𝜓𝐴 ± 𝑐𝐵𝜓𝐵 Equation 55 

Consider the overlap of two 1s orbitals, with atoms A and B, having an internuclear distance of 

R. If the orbitals are in the same phase (Figure 5a, left), constructive overlap occurs (Figure 5a, 

right). Likewise, if the orbitals phase is different (Figure 5b, left), destructive overlap occurs 

(Figure 5b, right). 
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Figure 5. Representation of two 1s orbitals combining a) constructively and b) destructively. 

As previously mentioned in Section 1.1.2, the probability of finding an electron is given by the 

square of the wavefunction. If we therefore consider the same orbital arrangements as in Figure 

5, the electron probability can be shown as in Figure 6. These figures demonstrate bonding (σ) 

and anti-bonding (σ*) orbitals respectively, where either electron density or a node can be seen 

between the two nuclei.  

 

Figure 6. Representation of squared wavefunctions for bonding (left) and anti-bonding (right) orbitals. 

In the examples shown in Figure 6, the molecular orbitals only consist of one orbital per atom. 

In real systems, it can be considered that the molecular orbitals consist of the sum of many 

atomic orbital wavefunctions (ψf, Equation 56). These atomic orbitals are referred to as a basis 

set. 
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Ψ = ∑ 𝑐𝜓𝑓 Equation 56 

Slater proposed that the atomic orbitals take the form shown in Equation 57,43 where N is the 

normalisation constant, n is the principal quantum number, r is the distance from the nucleus 

and ζ is the effective nuclear charge (which controls how quickly the electron density decays 

from the nucleus). The final term, Ylm, is the spherical harmonic for the angular contribution and 

determines the shape of the orbital. These orbitals are referred to as Slater-type orbitals (STOs). 

𝜓𝑓
𝑆𝑇𝑂 = 𝑁𝑟𝑛−1ⅇ−𝜁𝑟𝑌𝑙𝑚(𝜃, 𝜙) Equation 57 

A more computationally efficient method for generating the orbitals, is the use of Gaussian-type 

orbitals (GTOs).44 The form of the GTO is similar to that of the STO (Equation 58), however, now 

the radial distribution depends on r2 rather than r. 

𝜓𝑓
𝐺𝑇𝑂 = 𝑁𝑟𝑛−1ⅇ−𝜁𝑟2

𝑌𝑙𝑚(𝜃, 𝜙) Equation 58 

Whilst GTOs are more computationally efficient, STO’s perform better in their modelling of the 

orbital shape. Consider Figure 7, which shows a representation of the STO (in black) and GTO (in 

red) for the 1s orbital of the hydrogen atom. The shape of the STO and the GTO differ largely at 

the nucleus. 
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Figure 7. A representation of the 1s STO and GTO orbitals. The image was produced using an Excel 
program provided by Magalhães.45 

To overcome the deficiencies of the GTOs, the idea of a contracted basis set was formed 

(Equation 59). For example, in Figure 8, the red line shows the result of the addition of 3 different 

GTOs (the orange, blue and green lines), which is termed as STO-3G. Each GTO has varied orbital 

coefficients (c) and exponents (the e−ζr2 term), that were mathematically fit to provide the best 

approximation of the STO. Whilst the STO-3G basis set still doesn’t model the shape of the 

orbital at the nucleus correctly, it is better than a single GTO (Figure 7), and it more accurately 

follows the shape of the STO as the orbital moves further from the nucleus. 

Ψ𝑆𝑇𝑂−3𝐺 = 𝑐1𝜓1
𝐺𝑇𝑂 + 𝑐2𝜓2

𝐺𝑇𝑂 + 𝑐3𝜓3
𝐺𝑇𝑂 Equation 59 
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Figure 8. A representation of the 1s, using 3 GTO’s (STO-3G). The image was produced using an Excel 
program provided by Magalhães.45 

The STO-3G basis set is now rarely used, with larger, more complicated basis sets now readily 

available. Basis sets are typically referred to by the ζ-type, which describes the number of sets 

of contracted orbitals that are used. The more functions that are available, the larger the basis 

set is said to be, with more variational freedom in the basis set variables. 

The 6-31G*,46–50 and 6-31+G*,46–52 Pople basis sets have been used within this thesis. These are 

both split-valence double-ζ basis sets, with the core orbitals described by 6 functions, and the 

valence orbitals each described by a contracted set which contains 3 functions, and an 

additional, uncontracted function. The 6-311+G* basis set has also been used,52,53 which is a 

triple-ζ basis set similar to those previously described, however the valence electrons contain an 

additional uncontracted function. In the Pople basis sets, a single “*” refers to an additional 

polarisation function on the heavy atoms (e.g. not hydrogen), which gives the atom an additional 

orbital not considered occupied at the ground-state (e.g. a d-orbital for carbon atoms) which 

allows the electron density to be modelled in an unsymmetrical fashion round the nucleus. The 

single “+” denotes an additional diffuse function on the heavy atoms. These are larger orbitals 
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which allows for electron density to be located further away from the nucleus, which can be 

important when modelling anions. 

The Ahlrichs def-SV(P),54–56 and def2-TZVPP,56–58 basis sets have also been used in the following 

studies in this thesis. These are both split-valence basis sets of double- and triple-ζ quality 

respectively. Here, the (P) of the def-SV(P) basis set denotes that heavy atoms contain 

polarisation functions (similar to the “*” of the Pople basis sets). The def2-TZVPP is a large basis 

set which contains 2 sets of polarisation functions, which gives hydrogen atoms both p- and d-

orbitals, and heavy atoms, such as carbon, d- and f- orbitals, which results in a high degree of 

freedom within the basis set. 

Finally, an electrostatic core potential (ECP) has been used to describe the core electrons of the 

gold atom used in Chapter 3.56 ECP’s are commonly used to describe the core electrons of large 

atoms such as transition metals by treating these electrons as a pseudopotential which then acts 

upon the valence electrons. This takes into consideration nuclear shielding and relativistic 

effects, whilst reducing the overall cost of modelling the transition metal element. 

 

1.1.8 DFT Calculation Procedure 

DFT calculations are formulated similarly to Hartree–Fock calculations. The one electron Kohn–

Sham (KS) operator (fKS) operates on the single-electron orbitals (ψ) contained within the Slater 

determinant (Equation 43, repeated here as Equation 60) to return the energies (ε) of the 

orbitals (Equation 61). 

Ψ =  
1

√𝑁!
|

𝜓1(𝑟1) 𝜓2(𝑟1) ⋯ 𝜓𝑁(𝑟1)

𝜓1(𝑟2) 𝜓2(𝑟2) ⋯ 𝜓𝑁(𝑟2)
⋮ ⋮ ⋱ ⋮

𝜓1(𝑟𝑁) 𝜓2(𝑟𝑁) ⋯ 𝜓𝑁(𝑟𝑁)

| Equation 60 

𝑓ⅈ
𝐾𝑆

𝜓ⅈ = 𝜖ⅈ𝜓ⅈ 
Equation 61 

The KS operator is separated into kinetic energy, electron-nuclear attraction potential, electron-

electron repulsion potential, and the exchange-correlation potential (VXC) operator terms 

(Equation 62). Here, the exchange-correlation operator (Equation 63) is the first derivative of 

the exchange-correlation energy (EXC), which is defined by the choice of functional. 
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(−
1

2𝑚
∇2 − ∑

𝑍𝐴

𝑟1𝐴
+ ∑

|𝜓𝑗(𝑟2)|

𝑟12

𝑁

𝑗

𝑀

𝐴

ⅆ𝑟2 + 𝑉𝑋𝐶(𝑟1)) 𝜓ⅈ = 𝜖ⅈ𝜓ⅈ Equation 62 

𝑉𝑋𝐶(𝑟) =
𝜕𝐸𝑋𝐶[𝜌(𝑟)]

𝛿𝜌(𝑟)
 Equation 63 

The single-electron molecular orbitals (ψ) in the Slater determinant are described using the 

LCAO approach as discussed in Section 1.1.7 and can therefore be represented as in Equation 

64, in which a number (L) of basis set functions (φ), with the respective coefficient (c), describes 

the molecular orbital. 

𝜓 = ∑ 𝑐ⅈ𝜇𝜙ⅈ

𝐿

𝜇=1

 Equation 64 

Equation 64 can be substituted into Equation 61, in place of the single electron wavefunction 

(Equation 65). The equation can then be multiplied by another wavefunction (φj) and integrated 

over all space (Equation 66) to set up a matrix equation (Equation 67), where FKS  is the Kohn–

Sham matrix and S is the overlap matrix. Additionally, now the coefficients (C) and the energies 

(ε) are also represented in matrices.  

𝑓ⅈ
𝐾𝑆

(𝑟) ∑ 𝑐ⅈ𝜇𝜙ⅈ(𝑟)

𝐿

𝜇=1

= 𝜖ⅈ ∑ 𝑐ⅈ𝜇𝜙ⅈ(𝑟)

𝐿

𝜇=1

 Equation 65 

∑ 𝑐ⅈ𝜇 ∫ 𝜙𝑗(𝑟)𝑓ⅈ
𝐾𝑆

(𝑟) 𝜙ⅈ(𝑟)ⅆ𝑟

𝐿

𝜇=1

= 𝜖ⅈ ∑ 𝑐ⅈ𝜇 ∫ 𝜙𝑗(𝑟) 𝜙ⅈ(𝑟)ⅆ𝑟

𝐿

𝜇=1

 Equation 66 

𝑭𝑲𝑺𝑪 = 𝑺𝑪𝝐 Equation 67 

The electron-electron coulombic repulsion term, J (Equation 47, repeated here in Equation 68), 

requires the electron density. The electron density can now be represented as an expanded set 

of all basis functions and their respective coefficients (Equation 69). The coefficients, c, can be 

represented together in density matrix, P, and the coulombic repulsion term, J, can now be given 

in terms of substituent basis functions (Equation 70). 
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𝐽[𝜌] =  
1

2
∬

𝜌[𝑟ⅈ]𝜌[𝑟𝑗]

𝑟ⅈ𝑗
ⅆ𝑟ⅈⅆ𝑟𝑗 Equation 68 

𝜌(𝑟) =  ∑ ∑ ∑ 𝑐𝜇ⅈ𝜙ⅈ(𝑟)𝑐𝜈𝑗𝜙𝑗(𝑟)

𝐿

𝜈

𝐿

𝜇

𝑁

ⅈ

 Equation 69 

𝐽[𝜌] =  ∑ ∑ 𝑷𝜆𝜎  ∬
𝜙𝜇(𝑟1)𝜙𝜈(𝑟1)𝜙𝜇(𝑟2)𝜙𝜈(𝑟2)

𝑟12
ⅆ𝑟1ⅆ𝑟2

𝐿

𝜎

𝐿

𝜆

 Equation 70 

To calculate the potential energy J, L4 integrals (where L is the number of basis set functions, 

Equation 64) are required to be calculated. However, the resolution of identity approximation 

(RI-J), can be used, which states that the electron density can be approximately equal (�̃�(𝑟)) to 

a separate set of basis functions (Equation 71). The coulombic potential can therefore be 

represented as Equation 72, with the calculation now requiring the solutions to L2K integrals, a 

large reduction in the number of integrals computed, without a significant decrease in the 

accuracy of the calculation. This approximation, as implemented in TURBOMOLE, was used 

throughout Chapter 3.59 

𝜌(𝑟) ≈  �̃�(𝑟) =  ∑ 𝑐𝜅𝜔𝜅

𝐾

𝜅

 Equation 71 

𝐽[𝜌] =  ∑  ∬
𝜙𝜇(𝑟1)𝜙𝜈(𝑟1)𝜔𝜅(𝑟2)

𝑟12
ⅆ𝑟1ⅆ𝑟2

𝐾

𝜅

 Equation 72 
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The overall procedure can be summarised in a simplified scheme (Figure 9). 

 

Figure 9. Representation of the DFT calculation procedure. Modified from a diagram produced by 
Cramer.3 
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1.1.9 Frequency Calculations and Thermodynamic Corrections 

The procedure for the DFT calculations described in Section 1.1.8 results in the electronic energy 

of the molecule, however this doesn’t take into consideration important enthalpic and entropic 

effects. To calculate these, frequency calculations are required, which also generates a 

vibrational spectrum. The vibrational spectrum is also useful and has primarily been used within 

this thesis to ensure that the calculated geometry of a molecule is a true minimum, or a 

transition state, by ensuring that there are either 0 or 1 imaginary (negative) frequencies 

respectively, the reasons for this are discussed shortly. 

The frequency calculations use the assumption that molecules can be treated with the classical 

harmonic oscillator model (Figure 10), which assumes that the bond between two atoms acts as 

a spring, with a force constant, k. The potential energy of the bond therefore increases when 

the internuclear distance, R, is both extended or compressed from the equilibrium geometry, 

Re. The vibrational energy levels are then evenly distributed throughout this curve. 

 

Figure 10. Representation of the harmonic oscillator model. 

The energy of a vibrational level is given by Equation 73, where v is the vibrational quantum 

number, and ν (Equation 74) is related to the reduced mass of the atoms (μ) and the force 

constant (k). To satisfy the Heisenberg uncertainty principle,25 the molecule must always be in 

vibration (otherwise both the location and velocity of the atoms is known), and the lowest 
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energy vibration is given when v = 0. The difference in energy between this state, and the energy 

at Re is known as the zero-point energy (ZPE). 

𝐸𝑣 = (𝑣 +
1

2
) ℎ𝜈 Equation 73 

𝜈 =
1

2𝜋
√

𝑘

𝜇
 Equation 74 

Both the Gaussian and TURBOMOLE software packages calculate the vibrational spectra by 

forming a square matrix of size 3N (where N is the number of atoms in the molecule) referred 

to as the Hessian matrix. The Hessian matrix is an analogue of the second derivative for functions 

in multiple dimensions (e.g the potential energy surface (PES) of a molecule) and it describes the 

curvature of the function. The elements of the Hessian matrix contain the second derivative of 

the energy, with respect to each Cartesian coordinate, which is then transformed to mass-

weighted coordinates.59,60 The diagonal of the mass-weighted Hessian matrix defines the 

mutually orthogonal directions on the PES (the eigenvectors), and also gives the eigenvalues (λ) 

which describes the curvature in the direction of the eigenvector. If all the eigenvalues are 

positive, the geometry is said to be a true minimum, and is a requirement for intermediates on 

the PES. At a transition state, one eigenvalue is negative, which corresponds to the energy 

increasing in the direction of its corresponding eigenvector. The eigenvalues (λ) are then used 

to give the vibrational frequency (ν, in cm-1) as shown in Equation 75 (where c is the speed of 

light and is used to convert frequency units to wavenumbers), using the harmonic oscillator 

model.61 

𝜈ⅈ =
√𝜆ⅈ

2𝜋𝑐
 Equation 75 

With the vibrational frequencies (νi) calculated, it is now possible to calculate the ZPE (E0, 

Equation 76) and the thermodynamic quantities using statistical thermodynamics. It is assumed 

that the molecules of the system are non-interacting and therefore are treated as an ideal gas. 

Then, the partition function, qtot (Equation 77), is given as the sum of the translational (qt), 

rotational (qr), vibrational (qv) and electronic (qe) partition functions.60 
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𝐸0 = ∑
1

2
𝜈ⅈ

ⅈ

 Equation 76 

𝑞𝑡𝑜𝑡 = 𝑞𝑡 + 𝑞𝑟 + 𝑞𝑣 + 𝑞𝑒 Equation 77 

The translational partition function (qt) is given in Equation 78, where m is the mass of the 

molecule, kB is the Boltzmann constant, T is the temperature, P is the pressure and h is Plancks’s 

constant. The rotational partition function (qr) for a nonlinear, polyatomic molecule is shown in 

Equation 79, where σr is the symmetry number for rotation and θr is the rotational temperature 

(defined in Equation 80, where I is the moment of inertia). 

𝑞𝑡 = (
2𝜋𝑚𝑘𝐵𝑇

ℎ2
)

3
2 𝑘𝐵𝑇

𝑃
 

Equation 78 

𝑞𝑟 =  
√𝜋

𝜎𝑟
(

𝑇
3
2

√𝜃𝑟,𝑥𝜃𝑟,𝑦𝜃𝑟,𝑧

)  Equation 79 

𝜃𝑟 =
ℎ2

8𝜋2𝐼𝑘𝐵
 Equation 80 

To calculate the vibrational partition function (qv), the contribution to the energy from each 

vibrational mode, K, must be considered (Equation 81). Here, θv is the vibrational temperature 

of each mode and is calculated as shown in Equation 82 for each vibrational mode, K. It should 

be noted that the contributions from imaginary frequencies (e.g. in transition states) are 

neglected in these calculations. To calculate the electronic partition function (qe), Gaussian 

assumes that all electronically excited states are thermally inaccessible, and therefore the 

partition function is given as Equation 83, where ω0 is the degeneracy of the ground state. 

𝑞𝑣 = ∏ (
ⅇ

−𝜃𝑣,𝐾
2𝑇

1 − ⅇ
−𝜃𝑣,𝐾

𝑇

)

𝐾

 Equation 81 

𝜃𝑣,𝐾 =
ℎ𝜈𝐾

𝑘𝐵
 Equation 82 
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𝑞𝑒 = 𝜔0 Equation 83 

The Gaussian software then uses Equation 84 and Equation 85 as the general forms for the 

entropy (S) and internal energy (E) respectively for each type of motion,60 where R is the ideal 

gas constant, V is the volume, N is the number of molecules and qx refers to the relevant partition 

function. The total entropic and internal energies can then be used to calculate the 

thermodynamic corrections. 

𝑆𝑥 = 𝑅(ln(𝑞𝑥) + 𝑇 (
𝜕 ln(𝑞𝑥)

𝜕𝑇
)

𝑉

 Equation 84 

𝐸𝑥 = 𝑁𝑘𝐵𝑇2 (
𝜕 ln(𝑞𝑥)

𝜕𝑇
)

𝑉

 Equation 85 

The Gaussian software package reports the thermodynamic corrections as follows, with the 

corresponding formulae (Equation 86–Equation 90). The energies reported in Chapters 2, 4 and 

5 are all Gibbs energies, calculated by the addition of the Thermal correction to Gibbs Free 

Energy (Equation 89), to the calculated electronic energy, with the thermodynamic corrections 

calculated at T = 298.15 K. The contributions to the entropy Scorr (Equation 90), are calculated 

from the derivatisation of the partition function for each mode of motion, with Equation 84. 

Zero-point correction = 𝐸0 = ∑
1

2
𝜈ⅈ

ⅈ

 Equation 86 

Thermal correction to Energy = 
𝐸𝑡𝑜𝑡 = 𝐸𝑡 + 𝐸𝑟 + 𝐸𝑣 + 𝐸𝑒 

Equation 87 

Thermal correction to Enthalpy = 
𝐻𝑐𝑜𝑟𝑟 = 𝐸𝑡𝑜𝑡 + 𝑘𝐵𝑇 

Equation 88 

Thermal correction to Gibbs Free Energy = 
𝐺𝑐𝑜𝑟𝑟 = 𝐻𝑐𝑜𝑟𝑟 − 𝑇𝑆𝑐𝑜𝑟𝑟  

Equation 89 

 
𝑆𝑐𝑜𝑟𝑟 = 𝑆𝑡 + 𝑆𝑟 + 𝑆𝑣 + 𝑆𝑒 

Equation 90 

The TURBOMOLE software calculates the energies using a similar methodology,59 with different 

nomenclature. Here, the chemical potential (Chem. pot., Equation 91) is calculated using 

partition functions. The Gibbs energy is then calculated with the addition of the chemical 
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potential to the electronic energy. The energies reported in Chapter 3 are all Gibbs energies, 

calculated at T = 298.15 K. 

𝐶ℎⅇ𝑚. 𝑝𝑜𝑡. = 𝑍𝑃𝐸 − 𝑅𝑇. ln (𝑞𝑡𝑞𝑟𝑞𝑣𝑞𝑒) Equation 91 

 

1.1.10 Solvent Corrections 

Until now, the calculations presented assumed that the molecules are in the gas phase, 

however, in systems such as charged species, it is often more appropriate to consider the energy 

of the system with a solvent correction applied.  

There are two main methods to model the solvent interaction. The first method is known as 

explicit solvation, which directly includes solvent molecules in the calculations.62 These methods 

cannot usually be used to model bulk solution in quantum mechanical methods, since the 

number of electrons (and therefore, the number of basis set functions) is too large. Instead, 

explicit solvation is commonly used with less-computationally expensive models, such as 

molecular mechanics (MM). For DFT calculations, implicit solvation is usually included, which 

treats the solvent as a continuous medium.63 

Where used, the solvent models in this thesis were applied using the polarisable continuum 

model (PCM),64 in Chapters 2,4 and 5 for the Gaussian calculations, or the conductor-like 

screening model (COSMO) used within TURBOMOLE,65,66 for Chapter 3. Both methods build a 

cavity surrounding the molecules being studied (Figure 11). Spheres corresponding to the van 

der Waals radii (defined by the software) of the atoms are constructed around the molecules, 

defining the solvent excluded surface. Additional spheres, the radii of which is determined by 

the solvent (referred to as a solvent probe), are then built around the solvent excluded surface, 

the centre points of these defines the solvent accessible surface.  
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Figure 11. Visual representation of the cavity built during the PCM and COSMO solvent models. 

Outside the cavity, the solvent is considered as its dielectric constant, with the solvent correction 

calculated depending on the molecular interaction with the solvent accessible surface, which is 

where the COSMO and PCM models differ in their approach. 

 

1.1.11 Dispersion Corrections 

London dispersion interactions are a type of stabilising van der Waals force, which occurs over 

long distances,67 with the energy calculated as in Equation 92 (for non-identical atoms or 

molecules), where I is the first ionisation energy, α is the polarizability, and r is the internuclear 

distance. 

𝑉 = −
3

2

𝐼1𝐼2

𝐼1 + 𝐼2

𝛼1𝛼2

𝑟6
 Equation 92 

Due to the dependence on r-6 for the energy of the interaction, these long-range interactions 

are often considered weak. However, since London interactions are additive, the overall 

contribution to the energy of large molecules can be considered significant,68 and examples have 

been found where increasing steric bulk have increased the stability of a molecule, both 

computationally and experimentally.69,70 

Since DFT theory calculates the energy of a system based on the local electron density, or its 

gradient, DFT calculations fail to adequately account for the long-range London interactions. 

Establishing methods to account for this energy has therefore been the subject of study for the 

improvement of DFT accuracy. 
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Two methods for accounting for London dispersion have been used within this thesis. The first 

method, used the Minnesota functionals, M06 and M06-2X.41 These functionals were specifically 

highly parametrised to account for non-covalent interactions, by using a training set of data, 

with which various coefficients could then be optimised to produce the best fit to the available 

data. The M06 and M06-2X functionals do perform well in benchmarking, with the M06 

functional described as a general functional, whereas the M06-2X is more specific to organic 

molecules. 

The second method used in this thesis, is the inclusion of Grimme’s D3 correction,71 with Becke–

Johnson damping (D3(BJ)).72–75 In 2010, Grimme and co-workers published the D3 dispersion 

method (also referred to as DFT-D3), which takes the general form shown in Equation 93, where 

CAB denotes the average nth order dispersion correction, for each atom pair, RAB is the 

internuclear distance, s is a functional dependant scaling factor, and fdamp is a damping function. 

The damping function is used to define the cut-off for the dispersion corrections to ensure that 

close-range interactions aren’t overestimated. Overall, the D3 method has advantages over 

using the Minnesota functionals, since the energy is calculated using formulae derived from the 

electron density, rather than from fitting to test data. 

𝐸𝑑ⅈ𝑠𝑝
𝐷𝐹𝑇−𝐷 = −

1

2
∑ ∑ 𝑠𝑛

𝐶𝑛
𝐴𝐵

𝑅𝐴𝐵
𝑛 𝑓𝑑𝑎𝑚𝑝(𝑅𝐴𝐵)

𝑛=6,8,10,…𝐴≠𝐵

 Equation 93 

Becke and Johnson published an alternative method for calculating the dispersion, with a 

different approach to better model the effects of spatially close atoms (Equation 94). The Becke–

Johnson (BJ) damping model was then included in a revised DFT-D3 method (Equation 95), and 

referred to as D3(BJ), where α1 and α2 are parameters established experimentally. Overall, the 

D3(BJ) method was shown to more accurately model the short-range behaviour for dispersion,75 

and is now often considered a standard addition in DFT calculations.  

 

𝐸𝑑ⅈ𝑠𝑝 = −
1

2
∑

𝐶𝑛
𝐴𝐵

𝑅𝐴𝐵
𝑛 + 𝑐𝑜𝑛𝑠𝑡.

𝐴≠𝐵

 Equation 94 
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𝐸𝑑ⅈ𝑠𝑝
𝐷3(𝐵𝐽)

= −
1

2
∑ 𝑠6

𝐶6
𝐴𝐵

𝑅𝐴𝐵
6 + [𝑓(𝑅𝐴𝐵

0 )]6
+ 𝑠8

𝐶8
𝐴𝐵

𝑅𝐴𝐵
8 + [𝑓(𝑅𝐴𝐵

0 )]8
𝐴≠𝐵

 Equation 95 

𝑓(𝑅𝐴𝐵
0 ) = 𝛼1𝑅𝐴𝐵

0 + 𝛼2 Equation 96 

𝑅𝐴𝐵
0 = √

𝐶8
𝐴𝐵

𝐶6
𝐴𝐵 Equation 97 

 

1.1.12 Summary 

This section has summarised the background theory of computational chemistry, with a focus 

on DFT calculations, which are used throughout the work described in this thesis, since they 

provide a good balance between accuracy,76–79 whilst also scaling favourably, such that 

calculations for systems containing more than 100 atoms are possible within a reasonable time 

frame (Table 1).3 In performing DFT calculations the choice of functional and basis set is an 

important consideration, which can have an impact on the calculated energies. This is 

particularly important when changing from LDA to GGA and hybrid functionals, where the 

method of calculating the exchange-correlation energy is significantly different. 

Table 1. Scaling factors of common computational methods, where N is the size of the system. Note that 
whilst DFT scales to N3, the overall calculation time might be longer than the equivalent HF calculation. 

Method Scaling Factor 

Hartree–Fock (HF) N4 

DFT N3 

MP2 N5 

CCSD N6 

CCSD(T) N8 

 

Other considerations must be made to consider how accurately the DFT model compares to the 

reaction conditions. Solvent corrections can have a significant effect, particularly when 

modelling charged species, although intramolecular reactions don’t necessarily need the solvent 

effects to be considered. 
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It is advised when first performing DFT calculations, to benchmark the computational method 

used. This can be done by comparison with reported literature which uses similar compounds, 

or by comparing the results of DFT calculations using different methods, with relevant 

experimental data. Calculated transition state energies at different methods could be compared 

with kinetic data, or by comparing the regio- or stereochemical outcomes. 

With these considerations in mind, DFT can be a powerful tool to explore different aspects of 

chemistry and provide insight to experimental data. 
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1.2 DFT studies of Au(I) catalysed reactions: anion effects and reaction 

selectivity 

1.2.1 Introduction 

Whilst DFT calculations have been used throughout the work described in this thesis, one of the 

most significant applications is within Chapter 3, in which the gold(I) coordination chemistry of 

alkynes substituted with electron-withdrawing groups was studied in detail. It was therefore 

considered appropriate to review the application of DFT with gold(I) catalysis, to highlight 

factors that were important to consider, such as solvation effects and a suitable choice of basis 

set and functional. The work presented in this section is the subject of a published review 

article.80 

Interest in gold catalysis has increased exponentially over the last 20 years.81 Primarily, the 

catalytic applications of gold(I) are based on its ability to act as a π-acid. Au(I) complexes are 

able to coordinate to and activate unsaturated C–C bonds, particularly alkynes,82,83 although 

similar reactivity has also been observed with alkenes84,85 and allenes.86,87 The typical mechanism 

proposed for gold(I)-catalysed reactions involves the coordination of the gold(I) complex to the 

unsaturated C–C bond, forming an η2(π) complex, which activates the π-system to undergo 

attack by a nucleophile (1.1 → 1.2). Protiodemetallation then occurs (1.2 → 1.3), regenerating 

the Au(I) catalyst and allowing further reactions to take place (Figure 12).88–90 

 

Figure 12. Typical scheme for alkyne activation by gold(I) cations. 

The nature of the gold catalyst used, and its coordination environment, can have a significant 

effect on reaction outcomes. This may be by simply increasing the reaction yield, but in many 

cases, it can also alter the reaction selectivity and change the ratio of products that are formed. 

The ligand used can also influence the reaction outcomes, with phosphine or N-heterocyclic 

carbene (NHC) ligands being the most common, and the counterion used is also often altered 

during reaction optimisation.91,92 

Computational chemistry utilising density-functional theory (DFT) is frequently used in studies 

of catalytic reactions.93–95 DFT offers a good balance of calculation time versus accuracy and is, 
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therefore, often the method of choice to explore the mechanism of transition metal catalysed 

reactions.  

Papers benchmarking the success of DFT calculations to study gold(I) complexes have been 

published, which provide recommendations on the level of theory best employed for studying 

reactions using gold(I) catalysis.96–100 The double-hybrid B2PLYP functional performed well 

across multiple studies, with BP86,97,99 PBE0,98 wB97X98 and M0696,97 functionals also shown to 

be successful at modelling the energies and geometries of gold(I) complexes. Ahlrichs’ def2 basis 

sets generally performed well, with a triple-ζ type basis set with polarisation recommended.99 

Electrostatic core potentials (ECPs) such as LANL2DZ or SDD are commonly used on the gold 

atom to account for relativistic effects. 

In this section, recent examples of the use of DFT to explore reaction processes are provided, 

focused on the effects of including the anions used in the reaction, and studying how DFT can 

be used to explore the selectivity of gold(I)-catalysed reactions. A wide range of literature was 

available, and it was not possible to review them all, however other papers which were 

instructive are highlighted.101–108 

Throughout this section, numbers are used to indicate compounds (e.g. 1.1), whereas DFT 

calculated states are denoted by letters (e.g. 1.A), with transition states labelled specifically as 

‘TS’ (e.g. 1.TSCD, which refers to the transition state connecting state 1.C and 1.D). 

 

1.2.2 Using DFT to explain the effects of the anion on the reaction 

mechanism 

In reactions utilising gold(I) catalysts, typically a ligated gold(I) chloride (LAuCl) precatalyst is 

used, which is then activated by a metal salt containing a weakly coordinating anion. This results 

in salt metathesis, enabling the formation of an active Lewis acidic cationic gold(I) species (LAu+) 

in solution which is catalytically active.109–111 Other activation methods, such as protonolysis of 

an alkylgold and hydroxide species,112–114 or via sonication and centrifugation,115 have been used 

to avoid any competing “silver effects”.115,116 

Many studies utilising DFT methods have successfully captured the experimental reaction 

outcomes by focussing solely on the cationic gold-based component of the catalyst system 

without consideration of the counteranion.117–124 However, recent papers have detailed 



 

35 
 

instances where optimising the counterion has been important for the course of the 

reaction.91,92,125–127 

In 2009, Zuccaccia et al. studied ion pairing in cationic olefin-gold(I) complexes.128 Two 4-Me-

styryl gold(I) complexes were synthesised with either a triphenylphosphine (1.4PPh3) or NHC 

ligand (1.4NHC, NHC = 1,3-bis(di-iso-propylphenyl)-imidazol-2-ylidene) (Figure 13). Both 

complexes had a tetrafluoroborate anion which enabled the use of 19F,1H-HOESY NMR 

experiments to study the preferred orientation of the anion with respect to the gold complex 

under low temperature conditions. 

 

Figure 13. 4-Me-styrlyl gold(I) complexes studied by Zuccaccia et al.128 

These NMR studies showed that the choice of ligand influenced the ion-pairing (Figure 14), with 

strong contacts observed between the olefinic protons and the tetrafluoroborate anion in 

complex 1.4PPh3. In contrast, for complex 1.4NHC, contacts were observed primarily with the 

imidazole protons furthest away from the styrene. 
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Figure 14. Low temperature 19F,1H-HOESY spectra of 1.44PPh3 (left) and 1.4NHC (right). Key ion-pairing 
contacts have been highlighted with assignments made by Zuccaccia et al. Reprinted with permission 

from American Chemical Society, Copyright 2009.128 

The observed NMR data were further supported by DFT calculations. Geometry optimisations 

(at the BLYP/ZORA/TZ2P level of theory) of varying configurations were performed, and these 

confirmed that the lowest energy arrangement of the complexes agreed with the NMR 

experiments (Figure 15). 
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Figure 15. Lowest energy arrangements of 1.4PPh3 (left) and 1.4NHC (right) as calculated by DFT by 
Zuccaccia et al., calculated at the BLYP/ZORA/TZ2P level of theory. Structures reproduced using 

coordinates located in the original paper’s ESI.128 

This effect was rationalised by analysing the charge distribution and the Coulomb potential of 

both the styrene cationic complexes (Figure 16). The olefinic protons of the coordinated styrene 

and, in the case of complex 1.4NHC, the imidazolium protons at the back of the complex were 

shown to have the greatest positive charge within the complex (denoted as a blue colour on the 

isodensity surface), and therefore are the most attractive points for counterion coordination. 

 

Figure 16. Side (left) and back (right) views of the DFT calculated structures of 1.4PPh3 (top) and 1.4NHC 
(bottom), without counterion. Coulomb potential is mapped on an electronic isodensity surface (ρ = 
0.007 e/Å3. Coulomb potential in au). Reprinted with permission from American Chemical Society, 

Copyright 2009.128 
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Further studies examined the effects of changing both the ligand and the unsaturated 

hydrocarbon coordinated to the gold(I) cation, which highlighted that the anion coordination 

depends greatly on the ligands in the cationic unit, with coordination most likely observed 

around the most acidic protons, rather than the gold centre.129–131 

This body of work has demonstrated that the location of the anion with respect to the 

catalytically active cation can be predicted and is often near the most positively charged sites 

within the complex, providing a starting point for other researchers to consider when including 

the counterion in their DFT calculations. 

In 2021, an extensive report by Sorbelli et al. on the gold(I)-catalysed Meyer–Schuster 

rearrangement of 1-phenyl-2-propyn-1-ol 1.5 was published, particularly focused upon the 

effects of both the solvent and the counteranion on the turnover frequency (TOF) of the 

reaction.132 Experimentally, clear trends were found in the turnover frequency (TOF) of the 

reaction, with the efficiency of the reaction decreasing with increasing polarity of the solvent, 

and the specific counterion used (TfO− > TsO− > BF4
− > TFA−). Selected optimisation results are 

shown in Table 2. 
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Table 2. NHCAuX catalysed Meyer–Schuster rearrangement of 1-phenyl-2-propyn-1-ol 1.5 to 
cinnamaldehyde 1.6 at 50 °C. 

 

Entry Solvent Catalytic System[a] Conv. 

[b] / % 

TOF[c] / h-1 

1 p-Cymene NHCAuOTf 91 394 

2 p-Cymene NHCAuCl/ 

AgOTs[d] 

11 44 

3 p-Cymene NHCAuCl/ 

AgTFA[d] 

0.4 2 

4 p-Cymene NHCAuCl/ 

AgBF4
[d] 

7 28 

5 p-Cymene NHCAuCl/ 

AgOTf[d] 

30 115 

6 γ-Valerolactone NHCAuOTf 23 105 

     

[a] NHCAuOTf (0.0025mmol), 1.5 (0.5 mmol), solvent (200 μL). [b] Determined by the average 

value of three measurements after 30 minutes by 1H NMR. [c] TOF = (molproduct/molcatalyst)/t 

calculated after 30 minutes. [d] 1.1 eq of silver salt used. NHC = 1,3-bis(di-iso-propylphenyl)-

imidazol-2-ylidene 

The authors used DFT studies to rationalise these data. Formation of η2(π)-alkyne complex 1.B 

from the uncoordinated species (1.5 and 1.7) was considered. Intermediates involved during de-

coordination of the counterion demonstrated that the anion interacts with both the gold atom 

and the hydrogen of the terminal alkyne (Figure 17). 
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Figure 17. Proposed intermediate structures calculated for the formation of η2(π)-alkyne complex 1.B 
from the uncoordinated species 1.5 and 1.7. 

Whereas both the tosylate and triflate anions (X− = TsO− and TfO−, Figure 17) were predicted to 

be able to form complex 1.B, a low-lying transition state (+4.2 kcal mol-1 from 1.5 and 1.7 at the 

BP86/ZORA//B2PLYP/CPCM level of theory) was found when trifluoroacetate was calculated as 

the anion (X = TFA, Figure 17), in which the alkyne was deprotonated, resulting in σ-bonded gold 

alkynyl complex 1.8 (Figure 18). It was postulated that this was the reason behind the poorest 

efficiency observed in the experiments using AgTFA as the co-catalyst. 

 

Figure 18. σ-Bonded gold alkynyl complex 1.8 with the formation of acid 1.9, calculated by DFT when 
trifluoroacetate was the counterion. 

The proposed mechanism for the Meyer–Schuster rearrangement, and the intermediates 

studied, are shown in Figure 19. To explain the difference in reactivity when using the other 

anions (namely OTf−, OTs− and BF4
−), the energies of the proposed transition states and 

intermediates involved in the catalytic cycle were calculated (BP86/ZORA/D3//B2PLYP/CPCM), 

with the anion proposed to coordinate to the alcohol of the starting material via hydrogen 

bonding. The authors found that the first transition state (1.TSCD), corresponding to attack of the 

alcohol into the gold-coordinated alkyne, was the highest energy, and the relative energies for 
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the three counterions were consistent with the experimental data, in which the triflate was 

fastest (+32.6 kcal mol-1 relative to C), followed by the tosylate (+34.3 kcal mol-1) and then the 

tetrafluoroborate (+36.9 kcal mol-1). The authors proposed that the main factors in the energy 

of transition state (1.TSCD) were the hydrogen bonding ability of the anion, and how well the 

anion coordinates to the gold atom. 

 

Figure 19. Intermediates studied in the Meyer–Schuster rearrangement of 1.5. X = OTs, OTf or BF4. A 
simplified NHC was used in the calculations (R = Me). 

Finally, the effect of solvent polarity was considered. In low polarity media it is understood that 

an ion pair is formed due to the solvent’s inability to strongly coordinate the cation and anion. 

In more polar solvents, solvation of the cation and anion is efficient, separating the ions.133,134 

This effect was studied by explicitly modelling a molecule of γ-valerolactone to coordinate to 

the alcohol. Whilst a structure for the equivalent oxetene intermediate (1.D, Figure 19) couldn’t 

be found, the transition state for a one-step process was calculated (1.F, Figure 20) which 

showed a higher energy than the triflate-assisted process (+33.4 vs +31.6 kcal mol-1 in the gas 

phase at the BP86/ZORA/D3//B2PLYP level of theory), which is consistent with the experimental 

observations. 
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Figure 20. DFT-calculated transition state structure for the Meyer–Schuster rearrangement, in which γ-
valerolactone is modelled coordinating to the hydroxyl group. Structures reproduced using coordinates 

located in the original paper’s ESI. 

Overall, the study demonstrates how DFT enables the rationalisation of the reaction rates with 

different anions, in both the formation of the active catalytic species, and then also in the key 

intramolecular cyclisation step of the catalytic cycle. Insight from computational chemistry was 

also able to rationalise the solvent effects, in that higher polarity solvents restrict the ability for 

the anion to participate, with higher energy transition states observed. 

In 2021, Ma et al. described the impact of different ring-sized NHC ligands on the gold(I)-

catalysed cyclisation of propargylic amide 1.10 to give methylene-3-oxazoline 1.11 (Figure 

21a).135 As part of this work, DFT was used to study the mechanism of the reaction, to address 

the role of the counterion in the reaction. It was proposed that the reaction occurs via 

nucleophilic attack of the amide carbonyl, aided by the lone pair of the adjacent nitrogen (Figure 

21b).136–138 
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Figure 21. a) Reaction studied by Ma et al.,135 the cyclisation of propargylic amide 1.10, resulting in 
methylene-3-oxazoline 1.11, first reported by Hashmi et al. and then used as a standard reaction when 
comparing different NHC ligands. 135–138 b) Mechanism proposed by Hashmi et al. for the formation of 

1.11. 136–138 

The authors first considered different coordination binding modes, both with and without the 

anion. The η2(π) alkyne gold(I) complex with hydrogen bonding of the triflimide anion (1.H, 

Figure 22a) was found to be the lowest energy bound complex at +9.6 kcal mol-1 energy higher 

than the separate species, at the SMD(CHCl3)-PBE0-D3BJ/def2-TZVP,6-311+G(d,p)//PBE0-D3BJ/ 

SDD,6-31G(d) level of theory. Other coordination modes were studied, including O-coordinated 

gold species, both with (1.I, Figure 22b) and without deprotonation of the amide nitrogen (1.J 

and 1.K, Figure 22b), however these complexes were much higher in energy. 
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Figure 22. DFT-calculated structures at the SMD(CHCl3)-PBE0-D3BJ/def2-TZVP,6-311+G(d,p)//PBE0-
D3BJ/ SDD,6-31G(d) level of theory. Energies are Gibbs energies in kcal mol-1. [Au] = IPrAu+. a) Preferred 

configuration of gold(I)-coordination to 1.10. b) Other calculated configurations of higher energy. [a] 
States resulting from loss of HNTf2 from 1.I. 

Considering again the gold(I) alkyne complex with hydrogen bonding anion (1.H), transition 

states for the possible cyclisations were found (Figure 23). 5-exo-dig cyclisation (1.L) was 

calculated to be energetically preferred over 6-endo-dig cyclisation (1.M) by 4.6 kcal mol-1 (+16.1 

vs +20.7 kcal mol-1), which was consistent with the experimentally observed outcome. 

 

Figure 23. DFT-calculated energies for the transition states of 5-exo-dig (1.L) and 6-endo-dig (1.M) 
cyclisations of 1.H. Energies are Gibbs energies at the SMD(CHCl3)-PBE0-D3BJ/def2-TZVP,6-

311+G(d,p)//PBE0-D3BJ/ SDD,6-31G(d) level of theory in kcal mol-1 with G as the reference point. [Au] = 
IPrAu+. PMP = p-methoxyphenyl. 

When gold(I)-coordination was considered without the anion, the energy of the intermediate 

was greatly increased at +16.7 kcal mol-1 (1.N, Figure 24). Transition states for the cyclisation of 

1.N, however, were higher in energy than the equivalent triflimide-coordinated transition 

states, at +25.5 and +27.2 kcal mol-1 for the 5-exo- (1.O) and 6-endo-dig (1.P) cyclisations 
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respectively, strongly suggesting that the triflimide anion does indeed play an active role in the 

reaction. 

 

Figure 24. DFT-calculated structures at the SMD(CHCl3)-PBE0-D3BJ/def2-TZVP,6-311+G(d,p)//PBE0-
D3BJ/ SDD,6-31G(d) level of theory. Energies are Gibbs energies in kcal mol-1. [Au] = IPrAu+. a) Ion-

separated-coordination of Au(I) to 1.10. b) Transition states energies of 5-exo-dig (1.O) and 6-endo-dig 
(1.P) cyclisations of 1.N. 

Whilst the cyclised oxazoline intermediate (1.Q, Figure 25a) is calculated to be lower in energy 

than 1.H, the calculated energies when neutral triflimide has dissociated (1.R) are significantly 

higher at +19 kcal mol-1, prompting further DFT studies on the possible proton-migration 

processes. 

 

Figure 25. DFT-calculated structures at the SMD(CHCl3)-PBE0-D3BJ/def2-TZVP,6-311+G(d,p)//PBE0-
D3BJ/ SDD,6-31G(d) level of theory. Energies are Gibbs energies in kcal mol-1. [Au] = IPrAu+. Energies of 

the intermediate gold(I)-oxazoline species, before and after the removal of triflimide. 

Following reports that water clusters can aid in proton transfer,139,140 the possibility of a water-

assisted mechanism was considered for the protiodemetallation, however, the calculations 
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predicted this to be higher in energy. Generation of the protonated product 1.T and vinyl-gold 

species 1.S by participation of the basic nitrogen in the oxazole ring in the product was therefore 

also considered (Figure 26). Transition state 1.TSQS (+10.4 kcal mol-1) was found at a much lower 

energy than the triflimide-promoted pathway. The transition state of protiodemetallation was 

then calculated as 1.TSS1.11 (+13.7 kcal mol-1) resulting in two units of the product 1.11. Overall, 

this process was calculated to be lower in energy than the equivalent triflimide anion-assisted 

process, with the rate-limiting step predicted to be the initial cyclisation (1.L) at 16.1 kcal mol-1 

in energy. 

 

Figure 26. DFT-calculated pathway for oxazoline-assisted proton-migration of 1.Q. Energies are Gibbs 
energies at the SMD(CHCl3)-PBE0-D3BJ/def2-TZVP,6-311+G(d,p)//PBE0-D3BJ/ SDD,6-31G(d) level of 

theory in kcal mol-1. [Au] = IPrAu+. 

The DFT data enabled a catalytic cycle to be proposed (Figure 27). First, an initiation cycle, in 

which cyclisation occurs via a 5-exo-dig cyclisation (1.L) promoted by the initial coordination of 

the gold(I) NHC complex to propargylic amide 1.10, with hydrogen bonding of the triflimide 

anion to the amide nitrogen (1.H). A triflimide-assisted proton-migration then occurs resulting 

in the product (1.11). After initiation, an iterative cycle is predicted to take place, where the 
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oxazole product (1.11) deprotonates intermediate 1.Q: this was calculated to be a lower energy 

pathway than deprotonation by -NTf2. 

 

Figure 27. Catalytic cycle proposed by Ma et al. for propargylic amide cyclisation. The anion plays a role 
in the reaction process throughout.  

The authors demonstrated that coordination of the anion can be important when discussing 

reaction mechanisms, potentially changing the viability of a predicted mechanism. In this 

reaction the product itself is predicted to take part in the catalysis. Product participation in this 

manner could have a pronounced effect on the observed kinetics, and without considering the 

anion effects, the rationale for this could be missed. 

The handful of papers discussed here only shows a small subset of the studies within the field of 

gold(I) chemistry where anion effects have been studied by computational chemistry. These 

recent examples highlighted the importance of considering the anion when beginning to study 

a process theoretically. Ligand, substrate, anion, and solvent all should be considered, with the 

studies herein demonstrating that ion pairing is more notable in less polar solvents, with 
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coordination then present often in areas of greater positive charge density, and through 

hydrogen bonding of substrates. 

 

1.2.3 Using DFT to explore the regioselectivity and coordination in gold(I) 

catalysis 

DFT has been used extensively to provide evidence and understanding to observed experimental 

results, with a view that by understanding reaction mechanism, then improvements or further 

development can then take place. This has been useful in gold chemistry, in the study of reaction 

regioselectivity, due to either carbon atom of the gold-coordinated unsaturated C–C bond being 

potential options for nucleophilic attack. 

Amongst the simplest gold-catalysed reactions of alkenes and alkynes, are their hydration and 

hydroamination reactions, which typically progress via Markovnikov addition. However, 

methodologies are being published which accomplish the less-common anti-Markovnikov 

addition. 

Timmerman et al. reported a gold(I)-catalysed hydroamination reaction of 

alkylidenecyclopropanes 1.13 (ACP) derivatives which resulted in the anti-Markovnikov addition 

of imidazolidone 1.14 (Figure 28), with the diastereoselectivity of the reaction arising from the 

gold(I) catalyst coordinating preferentially to the least hindered face of the ACP derivative.141 

Further work by Couce-Rios et al. used DFT to explore the origins of the observed 

regioselectivity.142 

 

Figure 28. Gold(I)-catalysed hydroamination of ACP derivatives 1.13 with 1-methyl-imidazolidin-2-one 
1.14 as reported by Timmerman et al.141 
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First, DFT was used to calculate the energies of the intermediates and transition states for the 

proposed mechanism, using the η2(π) gold(I)-coordinated benzyl-substituted ACP derivative 

(1.U) as the reference compound. Energies (calculated at the M06/6-31G(d,p)&SDD(f) level of 

theory) of +21.7 and +21.0 kcal mol-1, were calculated for the transition states of Markovnikov 

(1.TSUW) and anti-Markovnikov (1.TSUV) addition respectively (Figure 29).  

 

Figure 29. DFT-calculated transition state energies for Markovnikov and anti-Markovnikov addition into 
gold(I)-coordinated ACP 1.U. Energies are Gibbs energies in kcal mol-1 at 298 K, calculated at the M06/6-

31G(d,p)&SDD(f) level of theory with SMD solvent correction in 1,4-dioxane. 

When considering the relative energy difference between pathways, it is important to note that 

due to the logarithmic relationship between the calculated energy and both the equilibrium and 

rate constants, a small difference in energy can contribute to a significant difference in the 

predicted outcome.143 In this instance, whilst the calculated energies of the transition states are 

similar, and a mixture of products might be predicted, the formation of 1.15 was seen 

predominantly via lower energy transition state 1.TSUV, highlighting the need to consider both 

the experiments and calculations together.  

The energies for the possible protiodemetallation pathways were also calculated, which 

suggested that the initial nucleophilic addition was the rate-determining step. The height of the 

energy barriers is consistent with the elevated temperature required for these reactions to 

occur. 
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Next, alkenes bearing various substituents were considered to compare the geometries of the 

η2(π)-alkene gold(I) complex and the transition state energies for Markovnikov and anti-

Markovnikov addition (Table 3). These data were then compared to the experimental results 

where available. It should be noted that all the calculations use CyJohnPhos (L1) as the ligand, 

however the experimental results of ethylene, styrene and isobutene were only available for 

TrixiePhos (L2).144
 Most of the experimental results match the predicted outcomes.141,144 Alkenes 

1.16a, 1.16e, 1.16g and 1.16h proceeded with Markovnikov addition, and alkene 1.16f is the 

previously discussed benzyl-substituted ACP derivative, which occurred with anti-Markovnikov 

addition. Styrene (1.16e) was the only example which the experimental outcome doesn’t match 

the predicted outcome. 
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Table 3. Transition state energies for Markovnikov (ΔGM
‡) and anti-Markovnikov (ΔGaM

‡) addition of 1.14 
catalysed by (L1)Au+, and geometrical parameters for the initial η2(π)-alkene gold(I) complexes. All data 

were computed at the M06/6-31G(d,p)&SDD(f) level of theory. 

 

Substrate ΔGM
‡

 / 

kcal mol-1 

ΔGaM
‡ / 

kcal mol-1 

ΔΔG‡ / 

kcal mol-1 

d1 – d2 [a]/ Å 1.17: 1.18 

Ratio 

 

+15.4 - −0.002 100:0[c] 

 

+23.2 +8.1 +15.1 0.007 - 

 

+19.0 +10.6 +8.4 −0.002 - 

 

+23.5 +16.1 +7.4 −0.105 - 

 

+21.4 +19.4 +2.0 −0.154 100:0[c] 

 

+21.7 +21.0 +0.7 −0.119 0:100[b] 

 

+20.4 +27.4 −7.0 −0.257 100:0[c] 

 

+20.0 +27.3 −7.3 −0.256 100:0[d] 

[a] d1 = Au–Cterminal distance; d2 = Au–Cinternal distance. [b] Conditions 1 were used. [c] Conditions 

2 were used. [d] Conditions 1 were used at 100 °C
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A trend was observed in which the energy difference between the Markovnikov and anti-

Markovnikov addition could be related to the degree that the gold(I) catalyst has slipped across 

the alkene (Figure 30). Additional work by the group showed that strain from the disfavoured 

addition was significantly higher than the favoured addition, which further highlighted the 

importance of the initial geometry of the gold-coordinated alkene. 

 

Figure 30. Plot of the difference in transition state energy between Markovnikov and anti-Markovnikov 
addition (ΔΔG‡) against the difference in distance of the gold centre from the terminal (d1) and internal 
(d2) carbons. Values refer to the entries in Table 3. Adapted with permission from American Chemical 

Society, Copyright 2019.142 

A similar substituent-directed effect was studied in the gold(I)-catalysed cyclisation of β-yne 

furans, reported by Dong et al, as a method to make cyclohexafuran and cycloheptafuran 

derivatives.145 The cycloheptafuran skeleton is found in natural products,146–148 but their 

synthesis is challenging using conventional methods. 

With β-yne furans (e.g. 1.19), nucleophilic attack can take place into the η2(π)-alkyne gold(I)-

coordinated complex (Figure 31), either through a 6-exo cyclisation (1.19 → 1.22) resulting in 

cyclohexafuran species 1.23, or alternatively, attack can occur on the other carbon via a 7-endo 

cyclisation (1.19 → 1.20), giving cycloheptafuran derivatives 1.21. 
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Figure 31. Proposed 6-exo and 7-endo cyclisations of β-yne furan derivative 1.19. 

Typically, cyclohexafuran analogues are formed when reacting β-yne furans with transition 

metal catalysts (Figure 32a).149–152 However, it was proposed by Dong et al. that tuning the 

electronic properties of the alkyne may allow for better control of the regioselectivity. Using 

internal alkyne 1.26, it was possible to optimise for the formation of the desired cycloheptafuran 

product 1.27 using gold(I) catalysis (Figure 32b). 

 

Figure 32. Synthesis of cyclohexafuran 1.20 as reported by Menon et al. in their total synthesis of 
furansesquiterpenes.152 b) Optimised conditions for the 7-endo-dig cyclisation of β-yne furan 1.21. 

To explore the mechanism using DFT (at the B3LYP/SDD-6-31G(d) level of theory), transition 

states for the 7-endo (1.TSXY) and 6-exo (1.TSXZ) pathways were calculated (Figure 33), from 
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η2(π)-alkyne gold(I) complex 1.X, for different substituents. This was successful at matching the 

experimental outcomes, with the terminal alkyne favouring the 6-exo transition state by 2.3 kcal 

mol-1, and the methyl- and phenyl-substituted pathways favouring the 7-endo transition state 

by 3.1 and 4.8 kcal mol-1 respectively. 

 

Figure 33. DFT-calculated energies for 6-exo and 7-endo cyclisation of β-yne furans. Energies are Gibbs 
energies at 298 K in kcal mol-1 at the B3LYP/SDD-6-31G(d) level of theory. Calculated NPA charges for 

the alkyne carbons of 1.X are given. L = PMe3. 

To determine the reasons between the difference in reaction outcome, natural population 

analysis (NPA) was used to compare the charges of the alkyne carbon atoms. This demonstrated 

that the different alkyne substituents affected the charge density of the alkyne, with nucleophilic 

attack then occurring onto the most ‘positively’ charged carbon of the alkyne. This then 

highlighted further ways the scope of the reaction could be expanded (Figure 34). 

Firstly, introduction of a ketone on the tether to make an internal ynone moiety 1.28 still 

resulted in formation of the cycloheptafuran product 1.29, which was proposed to be due to the 

synergistic effects of the substituents. Secondly, the calculations highlighted that substituting 
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the alkyne with an ester functionality (1.30) would promote formation of the 6-exo products, 

which was observed experimentally (1.31). Finally, by extending the tether (1.32), 7-exo 

cyclisation could be achieved with terminal alkynes (1.33). This highlights well the power of DFT 

to inform new directions for synthesis. 

 

Figure 34. Additional reactions to explore the substrate scope following the DFT analysis. 

In 2018, Aikonen and co-workers studied the gold-catalysed 1,3-O-transpoisition of ynones 

(Figure 35).153 Initial kinetic studies highlighted that there was an order in 1.34 of 1.5 and a small 

order of 0.15 for 1.35, thus two ynone molecules are required in the rate-determining step. 

 

Figure 35. Gold-catalysed transposition reaction of ynone 1.34. 

An intermolecular mechanism was therefore proposed, with the energies calculated using DFT 

(at the TPSS-D3/def2-TZVP//TPSS-D3/def2-SVP level of theory, Figure 36), in which O-attack of 

the carbonyl of one ynone, into the η2(π)-coordinated alkyne of another ynone occurs with a 
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calculated energy of +13.5 kcal mol-1 (1.TSABAC), followed by a low energy transition state of +7.3 

kcal mol-1 for intramolecular cyclisation (1.TSACAD) to form cyclic acetal complex 1.AD. This 

process then happens in reverse, with the overall reaction yielding an unchanged ynone, and 

one in which the position of the carbonyl has changed.
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Figure 36. DFT-calculated energies for the gold-catalysed 1,3 transposition of ynone 1.34. Energies are Gibbs energies at the TPSS-D3/def2-TZVP//TPSS-D3/def2-SVP 
level of theory in kcal mol-1 with COSMO solvent correction in CH2Cl2. 
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It was noted that the carbonyl of the uncoordinated ynone acts as a nucleophile, so studies were 

performed to see if using an electron-rich aldehyde can increase the rate of reaction. A range of 

substituted aldehydes (Figure 37) were tested experimentally, and it was shown that the 

aldehyde did have a marked effect on the reaction rate, with benzaldehydes bearing electron-

donating functionalities in conjugation with the aldehyde showing the greatest increase in 

reaction rate. 

 

Figure 37. Aldehydes used in the further studies. 

The DFT-calculated energies of the highest transition state barriers (1.TSABAC and 1.TSAEAF) were 

compared to the η2(π)-coordinated alkyne 1.AB and the cyclic acetal complex 1.AD, for the 

different additives (Table 4). This showed a difference in the transition state energies that 

correlated with the experimental rate differences, with aldehyde 1.40 showing the largest 

energy decrease for transition state 1.TSABAC. 
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Table 4. DFT-calculated energies for the key transition states and intermediates of the gold-catalysed 
transposition reaction of ynones with different additives. Energies are Gibbs energies at the TPSS-

D3/def2-TZVP//TPSS-D3/def2-SVP level of theory with COSMO solvent correction in CH2Cl2.  

 

Entry Additive ΔG 

(1.TSABAC−1.AB) 

/ kcal mol-1 

ΔG 

(1.AD−1.AB) 

/ kcal mol-1 

ΔG 

(1.TSAEAF−1.AD) 

/ kcal mol-1 

1 1.34 +13.5 +1.5 +8.9 

2 1.35 +14.4 +2.1 +8.5 

3 1.36 +14.9 −4.7 +18.7 

4 1.37 +12.8 −2.3 +13.4 

5 1.38 +14.1 −4.4 +17.1 

6 1.39 +11.3 −1.3 +9.0 

7 1.40 +10.5 −2.4 +11.3 

8 1.41 +15.3 −9.9 +22.0 

 

Furthermore, the energy of the transition state for loss of aldehyde (1.TSAEAF), was calculated to 

be higher when pivaldehyde 1.41 was used (+22 kcal mol-1) suggesting a greater kinetic stability 

for the cyclic acetal intermediate. When the transposition reaction was done with 1.41 at 15 °C, 

characterisation of the cyclic acetal intermediate was possible by recording 1H and 2D NMR 

spectra at 15 °C and 0 °C respectively. 
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Additionally, using this improved methodology allowed for a challenging transposition reaction 

with terminal alkyne 1.42 (Figure 38). A marked improvement in the NMR yield of 1.43 was 

observed, from 11% to 69%, with fewer side products. 

 

Figure 38. Transposition reaction using challenging substrate 1.42. 

Recent work published by Kreuzahler and Haberhauer,154 explored the mechanism of the gold(I)-

catalysed 1,2-haloalkynylation reactions of haloalkynes,155 alkynes156 and alkenes157,158 (Figure 

39) using DFT and 13C-labelling, to compare previously proposed mechanisms.  
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Figure 39. Gold(I)-catalysed 1,2-haloalkynylation reactions of haloalkynes, alkynes and alkenes. 

13C-labelling experiments (Figure 40) determined that in the 1,2-haloalkynylation of internal 

alkyne 1.55, the 13C-labelled atom was heavily biased to be closest to the aryl group in both 

alkyne products 1.56 (with chlorophenylacetylene 1.54) and 1.58 (with bromophenylacetylene 

1.57). Further work which studied the dimerisation reactions of 1.54 and 1.57 showed a much 

less biased distribution of 13C-labelled atoms, and the 1,2-haloalkykylation reaction with alkene 

1.61 showed a single product (1.62). It was proposed that the selectivity was determined during 

the initial step and the observed distribution was related to the relative transition state energies. 
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Figure 40. 13C-labelling experiments of 1,2-haloalkynylation reactions. The red circled atoms denote 13C-labelled atoms. [Au]+ = [(JohnPhos)AuNCMe]+.
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Initially, the energies of the transition states from both sites of possible nucleophilic attack of an 

alkyne into the η2(π)-alkyne gold(I) complex were calculated (Figure 41). A range of alkynes were 

considered, and in each case, route B was significantly lower in energy than route A (7.0–7.4 kcal 

mol-1), corresponding to preferential attack adjacent to the aryl group of the gold(I)-coordinated 

alkyne (1.TSAHAI). Due to the large difference in energies between the two transition states, only 

a single product isomer of 1.56, 1.58, 1.59 and 1.60 would be expected, if the initial nucleophilic 

step was key as initially proposed, therefore, the reactivity of carbocation 1.AI and 1.AJ was 

considered. Only carbocation 1.AI, from the lowest energy pathway will be discussed. 

 

Figure 41. DFT-calculated energies for the initial nucleophilic attack in gold(I)-coordinated alkyne. 
Energies are Gibbs energies in kcal mol-1 at the B3LYP-D3BJ//6-311++G(d,p),def2TZVP//B3LYP-D3BJ/6-

31G(d),def2-TZVP level of theory with SMD solvent correction in DCE. [Au] = (JohnPhos)Au+. 

Considering vinyl cation 1.AI (Figure 42), a transition state for the formation of bicyclic indene 

complex 1.AN was found, however this pathway was predicted to be 8.3 kcal mol-1 in energy 

higher than the formation of chloronium complex 1.AK. This complex can then form enyne 1.AL′ 

via direct phenyl migration TSAKAL’, or alternatively, via unusual cyclopropenylmethyl cation 
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1.AM (discussed further in the paper), which facilitates an alkyl-migration via transition state 

1.TSAMAL to also yield enyne 1.AL, with the 13C-labelled carbon in a different position. These two 

pathways are predicted to differ only by an energy of 1.0 kcal mol-1 and therefore both pathways 

could be expected to be followed. It should be highlighted here that no direct experimental 

outcome can be compared as 1-phenyl-1-propyne was used as a model substrate. 
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Figure 42. DFT-calculated energies of possible reaction routes from 1.AI. Energies are Gibbs energies in kcal mol-1 at the B3LYP-D3BJ//6-311++G(d,p),def2TZVP//B3LYP-
D3BJ/6-31G(d),def2-TZVP level of theory with SMD solvent correction in DCE. [Au] = (JohnPhos)Au+ 
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A similar series of calculations were performed for the addition of isobutene into 

chlorophenylacetylene 1.54. Again, both possible transition states were considered for the initial 

nucleophilic attack in to the η2(π)-alkyne gold(I)-coordinated complex (Figure 43), with addition 

into the alkyne directly next to the aryl group predicted to be favoured by 6.3 kcal mol-1 via 

transition state 1.TSAOAP. The authors considered the reactivity of carbocation 1.AP and 1.AQ, 

however, only carbocation 1.AP, from the lowest energy pathway will be discussed here. 

 

Figure 43. DFT-calculated energies for the initial nucleophilic attack in gold(I)-coordinated alkyne with 
isobutene. Energies are Gibbs energies in kcal mol-1 at the B3LYP-D3BJ//6-

311++G(d,p),def2TZVP//B3LYP-D3BJ/6-31G(d),def2-TZVP level of theory with SMD solvent correction in 
DCE. [Au] = (JohnPhos)Au+. 

The fate of carbocation 1.AP was considered (Figure 44). A transition state for a cyclisation was 

found (1.TSAPBU) but this was calculated to be 18.1 kcal mol-1 higher in energy than the transition 

state for chlorine migration (1.TSAPAR). The resulting chloronium cation (1.AR) can then further 

migrate to gold(I)-vinylidene complex 1.AS via low-lying transition state 1.TSARAS (−0.3 kcal mol-

1) from carbocation 1.AR. From vinylidene complex 1.AS, either an aryl (1.TSARAS’) or alkyl 

(1.TSARAS) migration can take place, but the transition state energy for aryl migration is lower by 

7.1 kcal mol-1, so it was proposed that this was the only accessible pathway. This results in alkyne 

product 1.AS’ which matches the experimentally observed position of the 13C-labelled atom.
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Figure 44. DFT-calculated energies of possible reaction routes from 1.AP. Energies are Gibbs energies in kcal mol-1 at the B3LYP-D3BJ//6-311++G(d,p),def2TZVP//B3LYP-
D3BJ/6-31G(d),def2-TZVP level of theory with SMD solvent correction in DCE. [Au] = (JohnPhos)Au+.
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With key transition states that control the position of 13C-labelled atom of the haloalkynylation 

reaction postulated, substituent effects were then considered (Figure 45). The transition states 

1.TSAKAL’d and 1.TSAMALd were found to only have a 0.6 kcal mol-1 difference in energy when the 

p-methoxy-substituted alkyne (d in Figure 45) was investigated. This alkyne was selected as an 

analogue of 1.55 to directly compare the experimental outcome (Figure 40) more accurately. 

The gold(I)-catalysed dimerisation of chlorophenylacetylene 1.54 was considered, and a 1.9 kcal 

mol-1 energy difference between routes B2 and B1, in favour of route B1, was found, which 

matches the experimentally observed outcome for the 13C-labelled position, with a slight excess 

(57%) of β-aryl labelled product 1.59 formed. When the dimerisation of bromophenylacetylene 

1.57 was considered, route B1 was again predicted to be lower in energy by 2.4 kcal mol-1. Whilst 

it might be expected that experimentally the ratio of β-aryl labelled product 1.60 should 

increase, instead a 60% yield of α-aryl labelled product 1.60′ was achieved, further highlighting 

that care must be taken when working with calculated relative energy differences which are 

small, with experimental benchmarking required. 
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Figure 45. DFT-calculated energies of possible reaction routes from 1.AK, with different reactants. 
Energies are Gibbs energies in kcal mol-1 at the B3LYP-D3BJ//6-311++G(d,p),def2TZVP//B3LYP-D3BJ/6-

31G(d),def2-TZVP level of theory with SMD solvent correction in DCE. [Au] = (JohnPhos)Au+. 

A more significant selectivity effect was observed when comparing the effect of different ligands 

on the haloalkynylation reaction (Figure 46). Using trimethylphosphine instead of JohnPhos as 

the gold ligand in the calculations showed a significant change in the predicted selectivity. For 

the reaction of chlorophenylacetylene 1.54 and 1-methoxy-4-(prop-1-yn-1-yl)benzene (d and g), 

the transition state energy for route B1 using trimethylphosphine (1.TSAKAMg) was increased to 

be above that of route B2 (1.TSAKAL’g) by 1.4 kcal mol-1, Experimentally (Figure 47), an increased 

yield of the α-aryl labelled product 1.56′ was observed, more closely matching the DFT-predicted 

outcome. 



 

70 
 

 

Figure 46. DFT-calculated energies of possible reaction routes from 1.AK, with different ligands. Energies 
are Gibbs energies in kcal mol-1 at the B3LYP-D3BJ//6-311++G(d,p),def2TZVP//B3LYP-D3BJ/6-
31G(d),def2-TZVP level of theory with SMD solvent correction in DCE. [Au] = (JohnPhos)Au+. 

Furthermore, a similar effect was observed with the dimerisation of chlorophenylacetylene 1.54. 

Instead of an energy difference of 1.9 kcal mol-1 in favour of route B1 (1.TSAKAMc) with JohnPhos, 

the selectivity was reversed and route B2 (1.TSAKAL’f) was favoured by an energy difference of 

1.6 kcal mol-1. Experimentally (Figure 47), rather than a 57:43 ratio of products, a 7:93 ratio was 

observed, with a higher amount of 13C-labelling being next to the alkene (1.59′), matching the 

DFT-predicted outcome. 
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Figure 47. Reactions comparing the 13C-labelling of 1,2-haloalkynylation reactions using (JohnPhos)Au+ 
and (Me3P)Au+. Ar = C6H4-4-OMe. 

 

1.2.4 Summary 

Computational chemistry can be an extremely useful tool to better understand reactions when 

used correctly, with the examples detailed herein demonstrating some such uses in gold(I) 

catalysis. However, as well as considering the level of theory used, care must also be taken that 

what is being modelled is an accurate description of the experimental conditions. This includes 

factors such as using a reasonable conformation of the molecules, factoring solvation into the 

calculations and whether to include the anion in the reaction. 

The question of whether to include the anion from the gold(I) precatalyst in the calculation 

appears to be best answered on a case-by-case basis. In non-polar solvents, ion separation is 

not as pronounced, so a consideration of anion effects is particularly important – typically 

locating this in areas where a positive charge is localised or in positions that hydrogen-bonding 

can occur. If the reaction modelled directly involves groups where hydrogen-bonding is possible, 

alcohols or amines for example, then the anion could potentially have a pronounced effect on 

the observed energies calculated. In these cases, then it is proposed that the anion should be 

modelled explicitly, especially if the DFT model does not agree with experiment. In the case of 

close-contact ion-pairs, then additional evidence may need to be gathered to determine the 

topology of the ensemble. 
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Using DFT to explore the selectivity of gold(I)-catalysed reactions is a natural fit due to the often-

unsymmetrical nature of the unsaturated C–C bonds which gold chemistry is famed for 

activating. The regioselectivity can often be accurately predicted by DFT, which can then lead to 

the development of new substrates or different ligands to see if the selectivity can be improved 

or altered. Therefore, care must be taken to ensure that over-analysis of small-energy 

differences does not contradict the experimental outcomes. 

Benchmarking the DFT results with comparison to the experiment is key to ensure that the 

model used is an accurate description. Utilising methods such as NMR spectroscopy and in situ 

IR to monitor reactions in progress could provide the evidence which helps verify the model 

used. Additionally, exploring the kinetic profile of the reaction and comparing with the 

calculated transition-state energies is also important. 
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1.3 Project Aims and Thesis Structure 

The overall aim of the work presented in this thesis, was to use DFT calculations to better 

understand chemistry developed within the Unsworth group and Lynam groups, and to then use 

the insight gained from the calculations to improve the work or inspire new methods. 

In Chapter 2, work exploring an acid- and base-mediated quinoline rearrangement from 

spirocyclic indolenines is presented. The rearrangement was already established when acidic 

conditions were used (see Section 2.1 for further details), however the reaction under basic 

conditions presented an opportunity for further study. Additionally, the temperatures required 

to afford the rearrangement varied greatly depending on the conditions used, and DFT was used 

to study this in greater detail. 

In Chapter 3, an intermolecular gold(I)-catalysed coupling reaction between an indole and 

alkyne was developed. This represents further progression from the silver(I)- or gold(I)-catalysed 

intramolecular spirocyclisation reactions which were developed within the Taylor and Unsworth 

groups and presented an opportunity to overcome the challenges of 3-vinyl indole formation 

(see Section 3.1 for further details). During this work, the intermolecular reaction was found to 

be less efficient than the intramolecular analogue, and this was studied further using DFT and 

NMR techniques, providing insight into the speciation and coordination chemistry of gold(I) 

catalysts. 

Chapters 4 and 5 focus primarily on the Successive Ring Expansion (SuRE) chemistry developed 

previously within the Unsworth group (see Section 4.1.5 for further details). Chapter 4 provides 

a thorough benchmarking of DFT methods, with comparison to data from ring expansion 

reactions performed by members of the Unsworth group, to establish an accurate method to 

aid in the development of further SuRE reactions.  

Chapter 5 focuses on work to further the scope of the SuRE reactions, using an acyl-transfer 

reaction to acylate the nitrogen atom of a lactam, rather than a direct N-acylation which is used 

currently (see Section 5.1.1 for further details). DFT calculations were used to determine a 

method to achieve the acyl-transfer reaction, with experiments then performed to validate the 

approach. 
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Chapter 2. Synthetic and Mechanistic Studies into the 

Rearrangement of Spirocyclic Indolenines into Quinolines 

2.1 Introduction 

2.1.1 Quinolines 

The quinoline moiety is a bicyclic, heteroaromatic framework consisting of two 6-membered 

rings, one of which contains a basic nitrogen atom. They have shown to have a diverse range of 

biological activities, demonstrating antimalarial,159 anti-bacterial,160 anti-fungal,161 anti-viral,162 

and anti-cancer163 properties to name a few.164,165 Selected examples (2.1–2.5) are shown in 

Figure 48, with the quinoline moiety highlighted in blue. 

 

Figure 48. Select examples of quinoline-containing molecules (2.1–2.5) which display biological activity, 
with the quinoline moiety highlighted. 

Many named reactions have been reported for the synthesis of quinolines.166 Commonly simple 

anilines are used, such as in the Skraup,167 Doebner-von Miller,168 and Conrad-Limpach 

reactions.169 However, other syntheses are available which use specifically substituted anilines, 

or closely related compounds, such as the Friedländer,170,171 and Pftizinger reactions.172 
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2.1.2 Rearrangement of spirocyclic indolenines to quinolines 

In 2016, Liddon et al. reported the synthetic utility of indolyl-tethered ynones 2.6 in divergent 

catalysis, with a range of structurally diverse compounds available from a common starting 

material (Figure 49),173 including carbazoles (2.9), spirocyclic indolenines (2.8) and tricyclic-fused 

quinolines (2.8). 

 

Figure 49. Divergent synthesis of spirocyclic indolenines 2.7, quinolines 2.8 and carbazoles 2.9 from 
indolyl-tethered ynones 2.9, as reported by Liddon et al.173 

The formation of quinoline compounds (2.8) from spirocyclic indolenine species (2.7) constitutes 

an unusual one-atom ring expansion. It was proposed that AlCl3.6H2O acts as a Lewis acid 

catalyst, and upon coordination to the imine and carbonyl of 2.7, tautomerisation occurs (2.7 → 

2.10). The resultant enol species 2.10 then cyclises to form 2.11, which contains a cyclopropyl 

ring. The fragmentation and ring expansion of 2.11, followed by aromatisation, results in the 

quinoline product 2.8 (Figure 50).  
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Figure 50. Mechanism for the quinoline rearrangement proposed by Liddon et al. to form quinoline 2.8 
from 2.7.173 X = Cl or iPrO. 

A series of control experiments were used to provide evidence for the proposed mechanism. 

Cyclopentanol-containing spirocyclic indolenine 2.13 was heated with AlCl3.6H2O (the standard 

quinoline rearrangement conditions), however, no quinoline product 2.14 was isolated (Figure 

51a). Instead carbazole 2.15 was formed from an acid-catalysed 1,2-migration of the alkenyl 

group. Furthermore, the addition of LHMDS to spirocyclic indolenine 2.7a to promote enolate 

formation, resulted in the desired quinoline 2.8a (Figure 51b). These experiments reinforced the 

idea that enol or enolate formation is a key part of the rearrangement. 
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Figure 51. Control experiments performed by Liddon et al. a) The reaction of cyclopentanol spirocyclic 
indolenine 2.13 with AlCl3.6H2O. b) The reaction of spirocyclic indolenine 2.7a with LHMDS. 

Fedoseev et al. expanded on the reported work by Liddon et al., publishing metal-free variants 

of the spirocyclisation and quinoline rearrangement reactions of the indolyl-tethered indoles 

(2.6).174 The authors were able to achieve a temperature-switchable synthesis of spirocycle 2.7 

or quinoline 2.8 using Brønsted acids (Figure 52). A range of acids and temperatures were 

screened using indolyl-tethered ynone 2.6a as a model substrate. The optimal conditions are 

shown in Figure 52, with spirocyclic indolenine 2.7a formed at room temperature, and quinoline 

2.8a formed when high temperatures were used. 

 

Figure 52. Temperature-switchable TFA mediated synthesis of 2.7a and 2.8a from indolyl-tethered 
ynone 2.6a, as reported by Fedoseev et al.174 

 

2.1.3 Project aims 

Whilst a mechanism was proposed for the AlCl3.6H2O-mediated quinoline rearrangement, there 

is no indication as to why a high temperature is required to afford the transformation, when the 
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LHMDS control reaction occurs readily at room temperature. Indeed, the TFA-mediated reaction 

reported by Fedoseev et al. forms spirocyclic indolenines 2.7 selectively at room temperature.174  

Therefore, the aims of this project were to use DFT calculations to explore the reasons why the 

quinoline rearrangement reaction occurs readily at room temperature with LHMDS, yet under 

acidic conditions, heating is needed. Furthermore, the scope of the LHMDS-mediated 

rearrangement was relatively unexplored. Therefore, the scope of the quinoline rearrangement 

under basic conditions was tested, to provide a milder and complementary approach to 

synthesise the quinoline products. 

Throughout this section, numbers are used to indicate compounds (e.g. 2.1), whereas DFT 

calculated states are denoted by letters (e.g. 2.A), with transition states labelled specifically as 

‘TS’ (e.g. 2.TSCD, which refers to the transition state connecting state 2.C and 2.D). 

  



 

79 
 

2.2 Synthetic and Mechanistic Studies into the Rearrangement of 

Spirocyclic Indolenines into Quinolines 

2.2.1 Starting Material Synthesis 

Throughout the project, a number of spirocyclic indolenines were required to be synthesised to 

be used as substrates for the quinoline rearrangement. This section discusses the synthesis of 

these molecules, and is broken up into Weinreb amide synthesis, indolyl-tethered ynone 

synthesis and spirocyclic indolenine synthesis. 

Weinreb amide synthesis 

Following the general procedure used within the Unsworth group,173 Weinreb amides 2.16a–c 

were made in high yields via an amide coupling reaction using commercially available indole-3-

acetic acid derivatives (2.17a–c, Figure 53).  

 

Figure 53. Synthesis of Weinreb amides 2.16a–c using CDI amide coupling with indole-3-acetic acid 
derivates 2.17 using the method reported by Liddon et al.173 

The synthesis of α-benzyl substituted amide 2.16d was more challenging. Indole-3-acetic acid 

(2.17a) was treated with an excess of LDA to form a trianionic enolate species, which was 

reacted with benzyl chloride to introduce the benzyl group. After 16 hours, the reaction was 

worked-up, and the crude mixture was subjected to amide coupling using T3P and N,O-

dimethylhydroxylamine hydrochloride, to afford the desired Weinreb amide (2.16d). A low yield 

of 21% was achieved over the two steps, which was similar to the 31% yield previously 

reported.175  
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Figure 54. Synthesis of benzyl-substituted Weinreb amide 2.16d, as reported by James et al.175 

Indolyl-tethered ynone synthesis 

Next, the Weinreb amides (2.16a–d) were converted into indolyl-tethered ynones (2.6a–f), 

following a literature procedure (Figure 54).175 Here, n-BuLi was used to deprotonate terminal 

acetylenes (2.18a–c) to form an excess of a lithiated acetylide species in situ, which was then 

transferred to a cooled solution of the previously synthesised Weinreb amides (2.16a–d). The 

resulting indolyl-tethered ynones (2.6a–f) were isolated in moderate to good yields. 
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Figure 55. Synthesis of indolyl-tethered ynones 2.6a–f using acetylenes 2.18a–c, as reported by James et 
al.175 

Spirocyclic indolenine synthesis 

Sprirocylisation of the indolyl-tethered ynones (2.6a–f) was then performed using silver triflate 

as a catalyst to activate the alkyne to nucleophilic attack from the indole moiety (Figure 56).175 

After purification, high yields of spirocyclic indolenines (2.7a–h) were isolated. 



 

82 
 

 

Figure 56. Synthesis of spirocycles 2.7a–h, as reported by James et al.175 a Reaction time of 1 hour. b
 

Reaction time of 3.5 hours. c
 Reaction time of 2 hours. d

 Reaction time of 1.5 hours. e The indolyl-
tethered ynones required for 2.7g and 2.7h were made by Dr Aimee Clarke and Dr Hon Eong Ho 

respectively. 

Tetrasubstituted-alkene spirocycles were also synthesised, using a one-pot spirocyclisation and 

palladium cross-coupling procedure, reported by Ho et al.176 Spirocyclic indolenines 2.7i and 2.7j 

were able to be successfully synthesised in modest to good yields respectively.  
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Figure 57. Palladium-catalysed synthesis of spirocycles 2.7i and 2.7j, as reported by Ho et al.176 

 

2.2.2 Temperature Screening 

The conditions reported for the quinoline rearrangement as reported by Liddon et al. (using 

AlCl3.6H2O) and Fedoseev et al. (using TFA), both utilised microwave heating at high 

temperatures of 100 °C.173,174 Before starting the DFT studies it was decided to explore if the 

reactions needed such harsh conditions, due to the implications this would have on the viability 

of the DFT-calculated energies for the predicted transition states. 

Phenyl-substituted spirocyclic indolenine 2.7a was chosen as the model compound since high 

yields have been achieved using both acidic conditions to be studied. The acidic rearrangement 

reactions were performed under the standard reaction conditions, using conventional heating. 

The reactions were left for 24 hours before an aliquot was taken from the mixture, and a crude 

1H NMR spectrum was recorded to assess if the reaction was complete. 

The reactions using AlCl3.6H2O (Entries 1–4, Table 5) demonstrated that whilst heating is 

required, 100% conversion can still be achieved at 80 °C. Partial conversion of 38% was seen at 

50 °C, however upon lowering the reaction temperature to 40 °C, no conversion was seen, with 

only unreacted 2.7a observed in the crude 1H NMR spectra. 

The reactions utilising TFA were similar in that the reactions tolerated lower temperatures than 

the optimal conditions reported by Fedoseev et al. at 100 °C (Entries 5–8, Table 5).174 Full 

conversion was seen as low as 40 °C, albeit with unidentified side products becoming more 

prominent. Additionally, at room temperature 54% conversion was still achieved. It is possible 



 

84 
 

that the much larger amount of acid present in the TFA conditions (than the AlCl3.6H2O 

reactions) facilitated the increase in conversion. 

Table 5. Temperature scope of the rearrangement of spirocyclic indolenine 2.7a into quinoline 2.8a in 
acidic conditions.  

 

Entry 
Temp / 

°C 
Time / h Conditions Conversion[a]  

1 40 

24 
AlCl3.6H2O (5 mol%) 

i-PrOH (0.1 M) 

0% 

2 50 38% 

3 80 100%  

4 100 100% 

5 RT 

24 
1:1 TFA/CHCl3  

(0.1 M, 60 eq of TFA) 

54% 

6 40 100%[b] 

7 50 100% 

8 60 100% 

[a] Calculated by the ratio of 2.7a to 2.8a in the crude 1H NMR spectra. [b] All starting material was 

consumed, however unidentified products were also formed. 

Whilst LHMDS was used to afford the quinoline rearrangement in the initial screening reported 

by Liddon et al.,173 the scope of the reaction hadn’t been explored. Therefore, the temperature 

required for the rearrangement of 2.7a into quinoline 2.8a using LHMDS was also evaluated. A 

solution of 2.7a in THF was cooled to −78 °C for the addition of LHMDS. After 5 minutes the 

reaction was then transferred to an ice bath of the required temperature. After the chosen 

reaction time, a work-up was performed and a crude 1H NMR spectra was recorded to determine 

the reaction conversion. 

The results showed that the LHMDS-mediated quinoline rearrangement can be performed at 

much lower temperatures than under the acidic conditions (Table 6), with 58% conversion still 

seen at −46 °C in 3 hours. This demonstrated that the quinoline rearrangement of spirocyclic 
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indolenines can be performed under milder and complementary conditions, to potentially 

support a different range of functional groups to that of the acidic conditions. 

Table 6. Temperature scope of the rearrangement of spirocyclic indolenine 2.7a into quinoline 2.8a in 
basic conditions.  

 

Entry Temp / °C Time / h Conversion[a] 

1 RT 0.5 100% 

2 0 0.5 100%  

3 −20 1.5 100% 

4 −46 3.0 58% 

[a] Calculated by the ratio of 2.7a to 2.8a in the crude 1H NMR spectra. 

 

2.2.3 Substrate Scope 

The scope of the LHMDS-mediated quinoline rearrangement was tested using the previously 

synthesised spirocyclic indolenine species 2.7a–j, to compare its utility against the reported 

acidic-mediated reactions (Figure 58).173,174 In a minor change from the conditions previously 

used, a slight excess of LHMDS was used. 

Generally, the LHMDS-mediated quinoline rearrangement was tolerant to a range of 

substitution patterns on the indolenine, with both substitution in the C-2 position, and electron-

withdrawing groups tolerated. The quinoline rearrangement was successful with both alkyl and 

aromatic functionalities present on the cyclopentenone alkene. The TBS-protected alcohol 

present in quinoline 2.8k also withstood the reaction, highlighting the synthetic utility of this 

additional approach, as TFA has been reported for the selective deprotection of primary TBS-

protected alcohols.177,178 
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Figure 58. Successful synthesis of quinolines 2.8a–k using LHMDS. a Reaction time of 30 minutes. b 
Reaction time of 1 hour. c Reaction time of 1.5 hours. d Quinoline 2.8h was made by Dr Aimee Clarke. e 

The spirocyclic indolenine required for 2.8k was synthesised during a previous study. 173 

Tolyl-substituted quinoline 2.8j was formed as diastereoisomers in a 70:30 ratio. Comparison of 

the J values for 2.8j with data reported previously for 2,3-disubstituted indanone species,179 

suggested that the major product is the trans-isomer, due to a small 3J coupling constant of 1.5 

Hz; whilst the minor isomer has a larger 3J coupling constant of 7.0 Hz. When structurally related 

spirocyclic indolenine 2.7i was used in the LHMDS-mediated reaction (Figure 59), the desired 

quinoline product 2.8i was formed as a single diastereoisomer, which was assigned as the trans 
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configuration due to its small 3J coupling of 3.5 Hz.179 Additionally, a low yield of oxidised 

quinoline 2.19 was also formed. It was proposed that the additional conjugation present in the 

product (2.19) made 2.8i more susceptible to oxidation under the reaction conditions. 

 

Figure 59. Formation of quinoline 2.8i and oxidised quinoline 2.19 from the LHMDS-mediated reaction 
of 2.7i. 

The only substrate tested that failed to deliver the quinoline upon reaction with LHMDS was 

spirocyclic indolenine 2.7b. Some spirocyclic indolenines are well documented to trimerise in 

solution, and this was the case for this system (2.20, Figure 60a). It was demonstrated by Jackson 

et al. that the addition of an acid such as TFA can break the trimer compound in situ.180 However, 

upon addition of LHMDS to a solution of 2.7b, an intractable mixture was formed, with no 

formation of the desired quinoline 2.8b detected (Figure 60b). Therefore it is proposed that 

spirocyclic indolenines which display an equilibrium with a trimer species require the use of 

acidic conditions, with successful syntheses of this type previously reported.173,174 
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Figure 60. a) Trimer species 2.20 formed from n-butyl substituted spirocyclic indolenine 2.7b. b) 
Unsuccessful quinoline formation from spirocyclic indolenine 2.7b. 

Overall, the scope of the LHMDS-mediated rearrangement is complementary to that of the acid-

mediated rearrangement. Broadly, similar functionalities are tolerated, although the reactions 

using LHMDS are successful at lower temperatures, which should provide scope for compounds 

which are heat or acid sensitive. 

 

2.2.4 DFT Calculations 

The rearrangement of spirocyclic indolenines to quinolines was modelled using DFT methods. 

The procedure was as follows. Geometries were optimised at the BP86/SV(P) level of theory. 

Frequency calculations demonstrated that states were either minima on the potential energy 

surface (no imaginary frequencies) or transition states (one imaginary frequency). The frequency 

calculations were also used to provide the thermodynamic corrections. The electronic energies 

of the structures were then re-evaluated at the D3(BJ)-PBE0/def2-TZVPP level. Solvent effects 

were modelled using a PCM model in THF or chloroform for the basic and acidic conditions 

respectively. 

The overall free energy change for the rearrangement were considered, using spirocyclic 

indolenine 2.7a as the model compound (Figure 63). The reaction was calculated to be exergonic 
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by −89 kJ mol-1, likely due to rearomatisation with the formation of the quinoline core. The 

mechanism of the rearrangement was then considered under both the base- and acid-mediated 

pathways. 

 

Figure 61. DFT-calculated energy for the formation of quinoline 2.7a from spirocyclic indolenine 2.8a. 
Energies are Gibbs free energies calculated at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory 

with PCM solvent correction in THF. 

Base-mediated pathway 

The pathway of the LHMDS-mediated reaction was considered first. It was proposed that a 

lithium enolate species would form by deprotonation of the most acidic protons, α to the 

carbonyl. To determine if the lithium ions are important to the reaction mechanism, a control 

reaction was performed in which 2 equivalents of TMEDA were added to chelate to and 

sequester the lithium ions. No change in the conversion of 2.7a was seen by 1H NMR 

spectroscopy, and therefore the lithium ion was believed not to be playing a significant role in 

the reaction and therefore omitted during the subsequent DFT calculations. 

 

Figure 62. TMEDA control reaction of the rearrangement of spirocyclic indolenine 2.7a using LHMDS. a 
Calculated by the ratio of 2.7a to 2.8a in the crude 1H NMR spectra. 

The pathway for ring-opening was then modelled assuming that deprotonation of 2.7a had 

occurred to form enolate 2.A, which was then used as the reference point for the calculations 

(Figure 63). A low-lying transition state (2.TSAB) was found at +19 kJ mol-1 to result in tetracyclic 

amide anion 2.B. Fragmentation of the cyclopropyl group then occurs via 2.TSBC at +16 kJ mol-1 

to result in enolate 2.C. From 2.C, a series of 1,5-hydride migration steps would result in anions 

2.D, 2.E, 2.F and 2.G. Migration through 2.TSCD was calculated to be most accessible at +33 kJ 
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mol-1 (as opposed to 2.TSCG at +77 kJ mol-1) which corresponds to hydride migration in the 

“anticlockwise” direction as drawn. After a second migration from 2.D through 2.TSDE (+16 kJ 

mol-1), enolate 2.E was identified as the resting state of the reaction, at −119 kJ mol-1. 

Protonation of 2.E during an acid work-up would result in the desired quinoline product 2.8a.
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Figure 63. DFT-calculated pathway for the base-promoted rearrangement of 2.7a to 2.8a. Energies are Gibbs free energies at 298.15 K in kJ mol-1 at the D3(BJ)-
PBE0/def2-TZVPP//BP86/SV(P) level with PCM solvent correction in THF.
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The effect of using different DFT methods were determined for the base-mediated pathway. 

First, the effects of the ωB97XD and M06-2X functionals were tested by performing a single-

point calculation on the BP86/SV(P) geometries. Additionally, the energies taken from only the 

BP86/SV(P) calculations were compared. Finally, when using the Pople basis sets, it is preferable 

to include diffuse functions when modelling anions, therefore the energies were evaluated at 

the D3(BJ)-PBE0/6-311+G*//BP86/6-31+G* level of theory.  

The collated energies at the different levels of theory used are shown in Table 7. The energies 

at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory, and those calculated from the 

D3(BJ)-PBE0/6-311+G*//BP86/6-31+G* level of theory, are very similar, which therefore 

demonstrates that using the Ahlrichs def2-TZVPP basis set is suitable for modelling the anions 

without requiring diffuse functions. When different functionals were used, the energies of the 

intermediate species were largely unaffected. The BP86 functional was found to lower the 

transition state energies, whereas both the ωB97XD and M06-2X functionals increased the 

energies. Overall, the shape of the potential energy surface remains the same as when the PBE0 

functional was used, with no significant change in the conclusion. 
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Table 7. DFT-calculated energies of the basic pathway PES (referring to Figure 63), at various levels of theory. Energies are Gibbs energies at 298.15 K in kJ·mol–1 at 
various levels of theory, with PCM solvent correction in THF. 

Level of theory 2.A 2.TSAB 2.B 2.TSBC 2.C 2.TSCD 2.TSCG 2.D 2.TSDE 2.E 2.TSEF 2.F 2.TSFG 2.G 

ωB97XD/def2-TZVPP//BP86/SV(P) 0 +34 +29 +39 −35 +56 +103 +14 +33 −108 +48 −95 +40 −61 

M06-2X/def2-TZVPP//BP86/SV(P) 0 +32 +24 +35 −38 +49 +96 +12 +29 −112 +42 −95 +36 −62 

D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) 0 +19 +11 +16 −46 +33 +77 +8 +16 −119 +25 −89 +23 −66 

BP86/SV(P) 0 +13 +2 +5 −60 +25 +65 +11 +10 −138 +12 −96 +11 −76 

D3(BJ)-PBE0/6-311+G*//BP86/6-31+G* 0 +20 +13 +18 −44 +39 +83 +1 +20 −117 +31 −88 +24 −66 
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As an aside, the reaction of α-benzyl substituted spirocyclic indolenine 2.7f, resulted in the 

formation of quinoline compound 2.21, rather than the expected product 2.8f (Figure 64a). It 

was proposed that 2.21 was formed from the migration of the benzyl group in an ‘anticlockwise’ 

fashion after ring expansion, analogous to the hydride migration through 2.TSCD as calculated in 

the DFT calculations (Figure 63). It should be noted that Liddon et al. reported the isolation of 

quinoline 2.8l as a single diastereoisomer from indolyl-ynone 2.7l (Figure 64b).173 It is proposed 

that the higher temperature used in the acidic reactions is required for continued migration.  

 

Figure 64. a) Reaction of spirocyclic indolenine 2.7f with LHMDS. b) Reaction of indolyl-tethered ynone 
2.7l using the one-pot quinoline rearrangement procedure as reported by Liddon et al.,173 resulting in 

quinoline 2.8l. 

Acid-mediated pathway 

The acid-mediated pathway was also considered. However before starting the DFT calculations 

for the acid-mediated pathway, the catalytically active species had to be determined. It was 

proposed that in the quinoline rearrangement reactions using AlCl3.6H2O, ligand exchange could 

occur between the chloride anions and the iso-propanol solvent, which would form aluminium 

iso-propoxide (Al(OiPr)3) and HCl.  

Control reactions were performed in which either a catalytic amount of aluminium iso-

propoxide was used as a Lewis acid (Figure 65a), or 15 mol% of HCl was used (Figure 65b). Only 

7% conversion of spirocyclic indolenine 2.7a was achieved when aluminium iso-propoxide was 
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used, whereas full conversion of 2.7a was achieved using catalytic HCl. Therefore, it was 

proposed that the conditions reported by Liddon et al. were Brønsted acid catalysed, and hence 

only this pathway was considered in the DFT calculations. 

 

Figure 65. Control reactions of 2.7a with a) aluminium iso-propoxide and b) conc. HCl. 

It was considered that the indolenine nitrogen would be the most basic site and protonated first, 

therefore cation 2.H was considered as the starting point and reference state for the acid-

mediated quinoline rearrangement (Figure 66). Protonation on the carbonyl oxygen was also 

considered (2.H’) however this had an energy of +37 kJ mol-1 corroborating the idea that 

protonation on the nitrogen is preferred. 

A transition state to form the cyclopropyl ring from 2.H was not located, however when the enol 

tautomer 2.I (+40 kJ mol-1) was considered (Figure 66), a low-lying transition state for ring-

closing (2.TSIJ) was found at +46 kJ mol-1, to form cation 2.J at +38 kJ mol-1. Fragmentation of 

cation 2.J through 2.TSJK (+60 kJ mol-1) can then occur to give intermediate 2.K (+26 kJ mol-1). By 

analogy with the base-mediated pathway, a series of 1,5-hydride shifts can occur to give 

intermediates 2.L, 2.M, 2.N and 2.O. All the resulting cations are at a lower energy than H, with 

a small bias towards cation 2.M (−64 kJ mol-1). Tautomerisation and deprotonation can then 

occur, to yield the observed product 2.8a. 
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Figure 66. DFT-calculated pathway for the acid-promoted rearrangement of 2.7a to 2.8a. Energies are Gibbs free energies at 298.15 K in kJ mol-1 at the D3(BJ)-
PBE0/def2-TZVPP//BP86/SV(P) level with PCM solvent correction in chloroform.
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Due to the strongly acidic conditions employed in the reactions using TFA, double protonation 

of 2.7a could be envisioned to give state 2.P (Figure 67), however, attempts to find a transition 

state were unsuccessful, a relaxed scan of the cyclopropanation C–C bond forming step 

(equivalent to 2.TSIJ) was performed, and the electronic energy greatly increased (+284                   

kJ mol-1) until a sudden rearrangement of the carbon framework occurred during the geometry 

optimisation. Likewise, attempts starting from the neutral species 2.7a were also unsuccessful, 

with a relaxed scan of the cyclopropanation C–C bond forming step (equivalent to 2.TSIJ) showing 

a greatly increased electronic energy (+240 kJ mol-1 at the BP86/SV(P) level of theory), with no 

energy maximum observed. These data demonstrates that a reactive intermediate must be 

formed initially. 

 

Figure 67. Dication 2.P formed from the double-protonation of 2.7a. 

Under acidic conditions, a possible side reaction that might be seen with spirocyclic indolenine 

species is a rearrangement via a 1,2-migration pathway to form carbazole species, which are not 

observed during the quinoline rearrangement reactions.181 A transition state (2.TSKR) was found 

for the C-3 to C-2 alkenyl migration from enol 2.I. Transition state 2.TSKR had a DFT-calculated 

energy of +82 kJ mol-1 which is much higher than the initial ring-closing step of the quinoline 

rearrangement (2.TSIJ, +46 kJ mol-1), which is in line with the lack of carbazole products formed 

in the synthetic reactions. 
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Figure 68. DFT-calculated energies for the 1,2-migration of enol 2.I. Energies are Gibbs free energies at 
298.15 K in kJ mol-1 at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level with PCM solvent correction in 

chloroform. 
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Pathway comparisons 

The energetic spans of both the base- and acid-mediated pathways are +79 kJ mol-1 (between 

2.C and 2.TSCD) and +91 kJ mol-1 (between 2.N and 2.TSMN) respectively. An energetic span of 

+79 kJ mol-1 is consistent with conversion at the low temperatures (58% at −46 °C) observed with 

the LHMDS-mediated reactions (Table 6). However, the quinoline rearrangements performed 

under acidic conditions would be predicted to be occur readily at room temperatures, which is 

only seen when a large excess of acid is used in the TFA-mediated reactions (Table 5). However, 

the nature of the keto-enol tautomerisation (between 2.H and 2.I) wasn’t modelled as it was 

presumed to be complex and likely bimolecular. Therefore, it is suggested that in the acid cases, 

keto-enol tautomerisation is rate-limiting, and the reason that much harsher conditions are 

required when performing the quinoline rearrangement under acidic conditions. 

 

2.2.5 Concluding Remarks 

DFT calculations were used to explore the basic and acidic mediated pathways for the 

rearrangement spirocyclic indolenines 2.7 to quinolines 2.8, to determine the reasons for the 

large difference in temperature required. Both pathways were calculated to have energetic 

spans that would enable the reaction to occur at room temperature. It is therefore proposed 

that the unmodelled keto-enol tautomerisation under acidic conditions is the primary factor in 

the reactions requiring harsher conditions. 

In addition, a substrate scope has been performed with the LHMDS-mediated rearrangement, 

which was previously used as a control reaction in previous work. The reaction demonstrates 

tolerance for functional groups and substitution patterns and would likely be useful as a 

complementary procedure where the spirocyclic indolenine might not tolerate acidic conditions 

or harsh heating. 

The work described within this section is the subject of a publication.182 

  



 
 

100 
 

Chapter 3. Selectivity, Speciation, and Substrate Control in the 

Gold-Catalysed Coupling of Indoles and Alkynes 

3.1 Introduction 

3.1.1 3-vinylindoles 

The indole moiety is a bicyclic, heteroaromatic structure which can be considered to consist of 

both a benzene and pyrrole ring. Indoles are therefore electron-rich, with their chemistry 

dominated by C-3 substitution reactions (the C-3 position is labelled in 3.1, Figure 69).183 3-vinyl 

substituted indoles have displayed a range of biological activities,184,185 such as acting as 

anticancer agents,186,187 or as enzyme inhibitors.188,189 Selected examples (3.1–3.5) are shown in 

Figure 69, with the 3-vinylindole moiety highlighted in blue. 

 

Figure 69. Select examples of 3-vinylindole-containing molecules (3.1–3.5) which display biological 
activity, with the 3-vinylindole moiety highlighted. 
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3.1.2 Gold-catalysed synthesis of 3-vinylindoles 

The gold-catalysed synthesis of 3-vinylindoles from indoles and alkynes is challenging. In 2007, 

Echavarren and co-workers reported the synthesis of bisindolemethane products 3.8 from the 

gold(I) catalysed reaction between indoles 3.6 and terminal acetylenes 3.7 (Figure 70a).190 The 

authors proposed that the formation of the bisindolemethane products 3.8 are formed via 3-

vinylindole intermediates 3.11 (Figure 70b), which are made from the gold(I)-catalysed attack of 

indoles 3.6 into the η2(π)-coordinated alkyne (3.9 → 3.10), followed by protiodemetallation and 

proton transfer (3.10 → 3.11). The addition of a second equivalent of indole 3.8 was then 

suggested to be catalysed by either the gold(I) catalyst, or Brønsted acid (from protons released 

during the catalysis). Analogous bisaryl products have also been isolated using other 

heteroaromatic compounds including pyrroles and furans.190,191. The formation of bisindole 

species was an important consideration throughout the work undertaken in this chapter. 
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Figure 70. a) Gold(I) catalysed synthesis of bisindolemethanes 3.8 from indoles 3.6 and acetylenes 3.7, 
as reported by Echavarren and co-workers.190 b) Proposed mechanism for the formation of 

bisindolemethanes 3.8, via 3-vinylindole 3.11, as reported by Echavarren and co-workers. 190 

Multiple research groups have attempted to develop methods to successfully isolate the 3-

vinylindole intermediate. In 2017, Schießl et al. studied the hydroarylation of alkynes using 

electron-rich heteroaromatics.192 The authors reported an unusual effect, in which using a large 

excess of pyrrole 3.12 (5 equivalents) not only resulted in an increased conversion of 

phenylacetylene 3.13, but also a higher amount of the monosubstituted product 3.14 (Figure 
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71a). However, this effect did not extend to indole 3.16, with higher amounts of 

bisindolemethane 3.18 still observed in the 1H NMR spectra (Figure 71b). 

 

Figure 71. Ratios of mono- and bis-addition products as determined by 1H NMR spectroscopy for a) 
pyrrole 3.12 and b) indole 3.16 as reported by Schießl et al.192 a 51% conversion of 3.13. b 100% 

conversion of 3.13. c 70% conversion of 3.13. 

In 2020, McLean et al. reported the gold(I) catalysed synthesis of mono-substituted 3-vinylindole 

species 3.20 using an excess of phenylacetylene 3.13 (Figure 72a).193 This method was limited to 

indoles substituted in either the C-2 or C-4 positions (3.19) and unsubstituted indole 3.16 still 

yielded the di-substituted product 3.18 (Figure 72b).  
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Figure 72. Gold(I) catalysed hydroarylation of a) C-2 or C-4 substituted indoles 3.19 and b) indole 3.16 as 
reported by McLean et al.193 

The authors were able to overcome this limitation using C-2 Bpin-substituted indole 3.21 with 

subsequent protiodeborylation (Figure 73), however the direct formation of 3-vinylindoles (e.g. 

3.17) from unsubstituted indoles remained a challenge. 

 

Figure 73. Formation of 3-vinylindole 3.17 from C-2 Bpin-substituted indole 3.21 and phenylacetylene 
3.13 in 2 steps using gold(I) catalysis with subsequent deborylation, as reported by McLean et al.193 a 

Reported as unstable to silica during column chromatography. 

 

3.1.3 Mechanism of bisaryl formation 

The mechanism for the formation of the bisaryl compounds (such as the bisindolemethanes) has 

been explored both computationally and experimentally. Mehrabi et al. used DFT to investigate 

the gold(I) catalysed formation of bispyrrole 3.15 with acetic acid as the solvent (Figure 74),191 a 

method which has also been used for the synthesis of bisindolemethane 3.18. 
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Figure 74. Gold(I) catalysed formation of bispyrrole 3.15, as reported by Luo et al.191 

Using propyne as a model acetylene, Mehrabi et al. reported the DFT-calculated energies for the 

gold(I) catalysed formation of 2-vinylpyrrole 3.22, however more insightful were their studies 

into the generation of bispyrrole (3.23, Figure 75). First, the pathway was calculated for the gold-

catalysed addition, starting from η2(π)-coordinated alkene 3.A. The transition state for pyrrole 

3.12 addition (3.TSAB) was calculated at an energy of +29.1 kcal mol-1 (at the D3-M06/def2-

TZVP// M06/LANL2DZ-6-31G(d) level of theory), to give complex 3.B at a high energy of +26.7 

kcal mol-1. Transition states for later deprotonation (3.TSBC) and protiodemetallation (3.TSCA) 

steps, mediated by acetic acid, were found to be inaccessible at energies of +45.5 and +51.6 kcal 

mol-1 respectively. 
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Figure 75. DFT-calculated energies for the gold(I) catalysed addition of pyrrole 3.12 to 2-vinylpyrrole 
3.22. Energies are Gibbs energies in kcal mol-1 at the D3-M06/def2-TZVP// M06/LANL2DZ-6-31G(d) level 

of theory with CPCM solvent correction in AcOH. Reported by Mehrabi et al.194 

The energies were then calculated for the addition of pyrrole 3.12 to 2-vinylpyrrole 3.22, 

promoted by Brønsted acid formed from the interaction of the gold(I) catalyst with the acetic 

acid solvent (Figure 76). The energetic span was calculated at +24.6 kcal mol-1 with 3.TSEF as the 

highest energy state, which corresponded to pyrrole 3.12 addition to carbocation 3.F. The data 

therefore suggests that the acid-promoted pathway is more likely to be in operation.  

Whilst the computational study performed by Mehrabi et al. specifically focussed on the effects 

of acetic acid,194 the formation of the bisaryl products has been efficient when no apparent acid 

was added (Figure 71),190,192,193 likely due to trace amounts of acid formed in situ. during the 

reaction.195 
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Figure 76. DFT-calculated energies for the acid catalysed addition of pyrrole 3.12 to 2-vinylpyrrole 3.22. 
Energies are Gibbs energies in kcal mol-1 at the D3-M06/def2-TZVP// M06/LANL2DZ-6-31G(d) level of 

theory with CPCM solvent correction in AcOH. Reported by Mehrabi et al.194 

A similar conclusion was found experimentally by Schießl et al.192 Control experiments 

performed by the treatment of isolated 2-vinylpyrrole 3.14 both with a gold(I) catalyst (Figure 

77a) and bistriflimidic acid (Figure 77b) demonstrated that only the Brønsted acid-catalysed 

reaction formed the bispyrolle product (3.15). 

 

Figure 77. Control experiments performed by Scheißl et al. for the addition of pyrrole 3.12 to 2-
vinylpyrrole 3.14 using a) gold(I) catalysis and b) acid catalysis.192 
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These studies have demonstrated that whilst the formation of the vinylaryl species (e.g. 3.17) is 

likely gold(I) catalysed, Brønsted acid is required to promote the second addition.  

 

3.1.4 Intramolecular indole-ynone coupling 

The Taylor and Unsworth groups previously reported the divergent reactions of indolyl-tethered 

ynones 2.6, using silver(I) and gold(I) catalysis to afford spirocyclic indolenines 2.7 and 

carbazoles 2.9 respectively (Figure 78).173,196 These divergent reactions allow for the rapid 

synthesis of a series of structurally diverse scaffolds from a single precursor, which could aid in 

exploring different chemical space for drug discovery.197,198 Interest in spirocyclic compounds 

(e.g. 2.7) in particular has increased, due to the three-dimensional nature exhibited by the 

compounds.199 

 

Figure 78. Divergent synthesis of spirocyclic indolenines 2.7 and carbazoles 2.9 from indolyl-tethered 
ynones 2.6, as reported by Liddon et al.173 

Further studies to expand the scope of the cyclisation reactions were conducted using indolyl-

tethered propargyl alcohols 3.24 (Figure 79).200 In contrast to the indolyl-tethered ynone (2.6) 

examples, the use of silver triflate (AgOTf) was found to afford carbazole products 3.25, instead 

of spirocyclic indolenines 3.26. It was suggested that this method proceed via an intermediate 

spirocycle, but trace Brønsted acid then promoted 1,2-alkenyl migration of the spirocyclic 

intermediates to form carbazoles.195 
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Figure 79. Synthesis of carbazoles 3.25 from indolyl-tethered propargyl alcohols 3.24 using silver(I) 
catalysis, as reported by James et al.200 

A mechanistic study was performed using DFT calculations to investigate the reasons for the 

divergent cyclisation reactions of the indolyl-tethered ynones (2.6, Figure 80).201 It was found 

that spirocyclisation through C-3 attack would be the kinetically favoured pathway for both 

silver and gold catalysis (via 3.TSJK), with C-2 attack (via 3.TSJL) calculated to be higher in energy. 

It was therefore proposed that carbazole 2.9 formation is the thermodynamic product, and that 

spirocyclisation is reversible. The protiodemetallation rate of the metal catalyst in vinyl complex 

3.K, was proposed to be a major factor in the selectivity difference, with protonation of the 

gold–carbon bond occurring slower than the equivalent silver–carbon bond. No transition state 

was found for the 1,2-alkenyl migration of 3.K (which would give carbazole 2.9). 
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Figure 80. DFT-calculated pathway for the silver(I) and gold(I) catalysed cyclisations of indolyl-tethered ynones 2.9, as reported by Lidden et al.201 Energies are Gibbs 
energies at 298.15 K in kJ mol-1 at the D3-PBE0/def2-TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in CH2Cl2. 
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The energies of the transition states for the C–C bond forming steps were calculated to be very 

low, with η1(O) coordinated complex 3.H as the reference state for these calculated energies 

(for both silver and gold catalysis). C-3 attack, via 3.TSJK, was calculated at +20 kJ mol-1 for silver 

catalysis, and –8 kJ mol-1 with gold catalysis. Transition states were also found for C-2 attack, via 

3.TSJL, calculated to be slightly higher in energy at +41 kJ mol-1 and −2 kJ mol-1 for silver and gold 

catalysis respectively. Due to the ease at which the intramolecular C–C bond formation occurs; 

it was envisioned that an intermolecular coupling between indole 3.16 and ynone 3.27 could be 

developed following a similar mechanistic pathway (Figure 81), to afford the challenging 3-

vinylindole scaffold (3.28, highlighted in blue). The work in this chapter describes the realisation 

of this strategy.  

 

Figure 81. Proposed formation of 3-vinylindole 3.28 using a transition metal catalysed indole-ynone 
coupling reaction. 

 

3.1.5 Project aims 

The previously discussed intramolecular cyclisation reactions of indolyl-tethered ynones 2.6 

(Figure 78) demonstrated that the electron-withdrawing group on the alkyne aided its 

spirocyclisation under mild conditions, corroborated by DFT calculations (Figure 80).173,201 

Furthermore, a comparison of the silver triflate-catalysed reactions of the indolyl-tethered 

ynones (2.6) and propargyl alcohols (3.24) suggests that the ynones (2.6) are less prone to 

undergo 1,2-migration, and so are more resistant to the effects of trace Brønsted acid (Figure 

82).173,200 



 
 

112 
 

 

Figure 82. Comparison of the silver triflate catalysed cyclisation of a) indolyl-tethered ynones 2.6 and b) 
indolyl-tethered propargyl alcohols 3.24.173,200 

It was therefore proposed that the use of an ynone partner (e.g. 3.27) in the transition metal 

catalysed coupling reaction of indole 3.16 could hinder bisindole (3.29) formation and enable 

the selective formation of vinyl indoles 3.28. The work presented in this chapter is focused on 

the development of the intermolecular coupling reaction (Figure 83), with further exploration 

of the reaction outcome using computational chemistry. 

 

Figure 83. Proposed formation of 3-vinylindole 3.28 using a transition metal catalysed indole-ynone 
coupling reaction. 

Throughout this section, numbers are used to indicate compounds (e.g. 3.1), whereas DFT 

calculated states are denoted by letters (e.g. 3.A), with transition states labelled specifically as 

‘TS’ (e.g. 3.TSCD, which refers to the transition state connecting state 3.C and 3.D). 
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3.2 Coupling Reaction Development 

3.2.1 Starting material synthesis 

Throughout the project, a number of substituted alkynes and N-alkylated indoles were required 

to be synthesised for use as potential substrates. This section discusses the synthesis of these 

molecules and is organised firstly by alkyne synthesis and then N-alkylated indole synthesis. 

Alkyne synthesis 

The formation of ketone-substituted alkynes 3.33 and 3.34 was performed using the method 

reported by Schubert et al. (Figure 84).202 Here, n-BuLi was used to deprotonate the terminal 

acetylene (3.30 and 3.31), before freshly distilled N-methoxy, N-methylacetamide 3.32 was 

added. The resultant ynones 3.33 and 3.34 were isolated in high yields. 

 

Figure 84. Synthesis of ynones 3.33 and 3.34, using the method reported by Schubert et al.202 

The authors also reported the synthesis of 4-Br-substituted ynone 3.37 (Figure 85) using a 

Friedel–Crafts acylation between TMS-protected alkyne 3.35 and acetyl chloride 3.36, to avoid 

problems arising from lithium-halogen exchange of the acetylene.202 The authors reported 

procedure was followed to yield the desired product 3.37 in an 86% yield, the same as reported 

by Schubert et al. 

 

Figure 85. Friedel–Crafts acylation for the synthesis of 4-Br ynone 3.37, as reported by Schubert et al.202 
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Lithium acetylide formation and nucleophilic substitution was also used for the synthesis of the 

amide-substituted alkynes (3.39–3.41, Figure 86a),203 and ester-substituted alkynes (3.43 and 

3.44, Figure 86b), 204 which used dimethylcarbamoyl chloride 3.38 and methyl chloroformate 

3.42 respectively as the electrophiles. 

 

Figure 86. a) Synthesis of amide substituted alkynes 3.39–3.41, using the method reported by Dong and 
co-workers.203 b) Synthesis of ester substituted alkynes 3.43 and 3.44, using the method reported by 

Vilotijevic and co-workers.204 

Finally, bisaryl internal alkyne 3.47 was synthesised in a high overall yield over two steps. The 

selective para-iodination of N,N-dimethylaniline 3.45 was achieved using a gold(I) catalyst and 

N-iodosuccinimide (NIS), following a method reported by Frontier and co-workers.205 The 

product (3.46) was then coupled to phenylacetylene 3.13, using Sonogashira cross-coupling 

conditions previously reported by Tasseroul et al.206 
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Figure 87. The two step synthesis of alkyne 3.47, using methods reported in the literature.205,206 

N-alkylated indole synthesis 

The N-alkylation of C-3 substituted indoles was achieved following literature procedures,207–209 

using sodium hydride and an alkyl halide (Figure 88). The formation of N-Me alkylated indole 

products 3.49 and 3.51 were successful, with good yields achieved. However, N-benzyl-

substituted indole 3.52 was isolated in an unexpectedly low yield. The purification of 3.52 was 

problematic, with an unidentified impurity also formed, which co-eluted under all column 

conditions tried. A small amount of product was able to be cleanly isolated through 

recrystallisation for further use. It is likely that the yield of 3.52 could be improved, possibly by 

distilling the benzyl bromide prior to use, or changing the solvent from DMF to THF.  
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Figure 88. Synthesis of N-alkylated indoles (3.49, 3.51 and 3.52) using methods reported in literature.207–

209 a Indole 3.50 was made by Dr James Donald in prior work.210 

 

3.2.2 Reaction Optimisation 

Indole 3.16 and phenyl-substituted ynone 3.27 were used as test substrates in an attempt 

prepare vinylindoles through a metal-catalysed coupling reaction (Table 8). After the desired 

reaction time, the solvent was removed and a crude 1H NMR spectra was recorded. It was 

considered that the appearance of singlet resonances in the 6–7 ppm region of the 1H spectra 

corresponding to the alkene proton in 3.28 could be used to determine if the reaction was 

successful.211,212 

Silver triflate (AgOTf), copper triflate (Cu(OTf)2), tin(II) chloride (SnCl2.2H2O) and gold triflimide 

([Au(NTf2)(PPh3)]2.Tol) were chosen as potential Lewis acids due to their success in catalysing 

the analogous intramolecular cyclisation reactions (Figure 78).173,175 The silver, copper and tin 

salts (Entries 1–6, Table 8) were unsuccessful at catalysing any reaction, even at elevated 

temperatures, with only unreacted indole 3.16 and ynone 3.27 present in the 1H NMR spectra 

of the crude reaction mixtures. However, new products were observed when using gold 
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triflimide, with 90% conversion to the product 3.28 observed at room temperature after 24 

hours (Entry 7, Table 8). Compound 3.28 was identified by 1H and 13C NMR spectroscopy as well 

as mass spectrometry.  

The effects of using different solvents were tested (Entries 8–11, Table 8), and both toluene and 

dichloromethane performed similarly, therefore toluene was chosen as the solvent of choice for 

further optimisation due to a higher range of temperatures tolerated if required. When the 

temperature was increased (Entries 12–14, Table 8), the overall conversion of 3.16 didn’t change 

significantly, with 82–91% conversions still achieved, however, the time taken to achieve this 

was reduced, with no further reaction seen after two hours at 40 °C. Finally, in order to achieve 

full consumption of indole 3.16, the number of equivalents of ynone 3.27 was increased (Entries 

15–16, Table 8), which resulted in full conversion when a slight excess of ynone 3.27 was used 

(Entry 16, Table 8). 
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Table 8. Optimisation of the metal-catalysed intermolecular reaction of indole 3.16 with ynone 3.27.  

 

Entry Catalyst Solvent 
Temp  

/ °C 

Time  

/ h 

3.27 

Equiv. 

Conversion[a]  

(E/Z) / % 

1 AgOTf [b] Toluene RT 24 1 0 

2 AgOTf [b] Toluene 40 24 1 0 

3 Cu(OTf)2 
[b] Toluene RT 24 1 0 

4 Cu(OTf)2 
[b] Toluene 40 24 1 0 

5 SnCl2.2H2O [b] Toluene RT 24 1 0 

6 SnCl2.2H2O [b] Toluene 40 24 1 0 

7 [Au(NTf2)(PPh3)]2.Tol [c] Toluene RT 24 1 90 (73:27) 

8 [Au(NTf2)(PPh3)]2.Tol [c] Toluene RT 4 1 55 (72:28) 

9 [Au(NTf2)(PPh3)]2.Tol [c] DCM RT 4 1 57 (73:27) 

10 [Au(NTf2)(PPh3)]2.Tol [c] MeCN RT 4 1 45 (72:28) 

11 [Au(NTf2)(PPh3)]2.Tol [c] EtOH RT 4 1 17 (73:27) 

12 [Au(NTf2)(PPh3)]2.Tol [c] Toluene 40 4 1 82 (73:27) 

13 [Au(NTf2)(PPh3)]2.Tol [c] Toluene 40 24 1 88 (72:28) 

14 [Au(NTf2)(PPh3)]2.Tol [c] Toluene 40 2 1 91 (73:27) 

15 [Au(NTf2)(PPh3)]2.Tol [c] Toluene 40 2 1.2 94 (72:28) 

16 [Au(NTf2)(PPh3)]2.Tol [c] Toluene 40 2 1.5 100 (71:29) 

17 [Au(NTf2)(PPh3)]2.Tol [c] Toluene 40 2 2 100 (71:29) 

[a] Conversion determined by ratio of remaining indole 3.16 to both isomers of 3.28 by 1H NMR 

spectroscopy. [b] 10 mol%. [c] 5 mol%. 

Using the optimised conditions (Entry 16, Table 8), a 69% isolated yield of 3.28 was achieved, as 

a mixture of E- and Z-stereoisomers (Figure 89). The major isomer was assigned as the E-isomer 

(for further discussion on the assignment of stereochemistry see Section 3.2.3, Figure 94), and 

previous studies on a related compound demonstrated that alkene isomerisation occurred in 

solution to give the thermodynamic product distribution, likely aided by conjugation of the 
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electron-rich indole through to the carbonyl.213 Notably, no bisindole 3.29 products were 

observed in the crude 1H NMR spectra, or isolated during chromatography. 

 

Figure 89. Successful formation of vinyl indole 3.28, from the gold(I)-catalysed coupling of indole 3.16 
and ynone 3.27. 

A plausible mechanism was proposed in which the gold(I) catalyst coordinates to the alkyne of 

ynone 3.27, to give either η2(π)-coordinate alkyne 3.53 or slipped gold(I)-vinyl cation 3.53’ 

(Figure 90). Nucleophilic attack from the C-3 position of indole then occurs, likely on the face 

opposite the bulky gold catalyst, to give intermediate 3.55 (3.54 → 3.55). Protiodemetallation 

and isomerisation then occurs (3.55 → 3.28) to yield the desired product 3.28. 
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Figure 90. Proposed mechanism for the gold(I)-catalysed coupling of indole 3.16 and ynone 3.27. 

 

3.2.3 C-3 Vinylation substrate scope 

With the conditions optimised for the coupling of indole 3.16 and phenyl-substituted ynone 

3.27, the scope of the reaction was tested. The identity of the indole partner (3.56) was changed 

first (Figure 91). 

Overall, the indole-ynone coupling reaction tolerated a variety of substituents located in 

different positions on the indole moiety, however the reaction time did have to be varied, with 

TLC analysis used to determine the consumption of the indole partner. Substituents in the C-2 

and C-4 position of indole had a significant effect on the E/Z stereochemistry ratio of the 

products (e.g. 3.63–3.66), likely due to steric clashes of the substituent with the aromatic group 

of the ynone. 

Electron-withdrawing groups, such as halogens (e.g. 3.58 and 3.59) or nitro groups (e.g. 3.62 

and 3.64) slowed the reaction progress, which was proposed to be due to the reduced 

nucleophilicity of the indole. Starting material was remaining after 24 hours at 40 °C with the 

nitro-containing indoles (e.g. 3.62 and 3.64), the reactions were repeated heated to 100 °C, and 
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higher yields of the products 3.62 and 3.64 were achieved, albeit only a minor increase from 

39% to 46% for 3.64. 

Strongly electron-donating groups (e.g. 3.60 and 3.61) on the indole hindered the coupling 

reaction. Low yields were achieved despite full consumption of the indole starting material by 

TLC analysis. Attempts were made to find any side-products, however no other compounds were 

able to be isolated during purification. The formation of product 3.61 was attempted at room 

temperature; however, similar yields of 31% and 30% for 3.60 and 3.61 respectively were 

achieved. 
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Figure 91. Indole variation scope of the gold(I)-catalysed coupling with phenyl-substituted ynone 3.27. a 
2 hour reaction time. b 18 hour reaction time. c 21 hour reaction time at room temperature. d 24 hour 

reaction time. e 19 hour reaction time. f 3 hour reaction time. 

Next, the identity of the alkyne coupling partner was altered (Figure 92). Variation of the ynone 

ketone substituent (e.g. phenyl ketone instead of methyl ketone, 3.69) and both electron-



 
 

123 
 

withdrawing (3.71) and donating (3.72 and 3.73) groups on the aromatic group were tolerated 

in the coupling reaction. Other carbonyl functional groups were also able to be used, with 

alkynes bearing ester (3.74 and 3.75) and amide (3.76 and 3.77) functional groups also 

successful. An aromatic substituent on the alkyne was necessary, with the coupling reaction 

unsuccessful when oct-3-yn-2-one was used (3.70). 



 
 

124 
 

 

Figure 92. Alkyne variation scope of the gold(I)-catalysed coupling with indole 3.16. a 2 hour reaction 
time. b 24 hour reaction time. 

A 2D-NOESY experiment was used to assign the E- and Z-stereoisomers observed in the 

formation of the vinyl indoles. Godoi et al. previously reported a method to assign the 

stereochemistry of 3.74,213 in which the key interaction between the C-4 proton on indole, and 
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the vinyl proton was assigned to the E-isomer (Figure 93). This interaction was therefore used 

to assign the stereochemistry of 3.73 (Figure 94) and 3.77 (Figure 95).  

In each case the resonance of the E-isomer vinyl proton was further downfield than the 

equivalent proton in the Z-isomer, which was used to assign the stereochemistry of all the C-3 

vinyl indole substrates by analogy. 

 

Figure 93. Structure of (E)-3.74, with the key stereochemical assignment highlighted, as reported by 
Godoi et al.213 
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NOESY of 4-(4-(dimethylamino)phenyl)-4-(1H-indol-3-yl)but-3-en-2-one (3.73) 

 

 

Figure 94. NOESY spectrum of 3.73 recorded at 500 MHz in CDCl3, with the key assignment highlighted. 
Parameters - D1 = 2 s, D8 = 0.5 s. 
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NOESY of 3-(1H-indol-3-yl)-3-(4-methoxyphenyl)-N,N-dimethylacrylamide (3.77) 

 

Figure 95. NOESY spectrum of 3.77 recorded at 500 MHz in CDCl3, with the key assignments highlighted. 
Parameters - D1 = 2 s, D8 = 0.5 s. 

 

3.2.4 C-2 Vinylation 

It was proposed that the gold(I)-catalysed indole/ynone coupling reaction using indoles already 

substituted in the C-3 position (e.g. skatole 3.48) would result in C-2 vinylated products (e.g. 

3.78, Figure 96), in which a 1,2-migration of the vinyl group can occur to restore aromaticity.  
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Figure 96. Proposed formation of C-2 vinylated product 3.78 from the gold(I)-catalysed coupling of 
skatole 3.48 and ynone 3.27. 

The coupling reaction was tested under the standard conditions, using skatole 3.48 as the 

heteroaromatic substrate (Figure 97). After 24 hours, a significant amount of skatole 3.48 

remained according to the TLC analysis. However, a new product was formed which was isolated 

and identified as substituted 9H-pyrrolo[1,2-a]indole compound 3.79, first reported by Tian and 

co-workers in 2019.214 

 

Figure 97. The formation of 9H-pyrrolo[1,2-a]indole compound 3.79 observed during the gold(I)-
catalysed coupling of skatole 3.48 and ynone 3.27. 

Tian and co-workers targeted these 9H-pyrrolo[1,2-a]indole compounds 3.82 using Brønsted 

acid catalysis with C-3 substituted indoles 3.80 and ynones 3.81 (Figure 98a).214 The authors 

proposed a mechanism (Figure 98b) in which acid-catalysed nucleophilic attack of skatole 3.48 

into the alkyne of ynone 3.81 occurs (3.83 → 3.84), followed by 1,2-migration of the vinyl 

substituent (3.84 → 3.85). Then, a second equivalent of skatole 3.48 is added via a Michael 

addition, followed by a second 1,2-migration of the indoline fragment (3.85 → 3.86). 5-exo-dig 

cyclisation of the indoline nitrogen into the carbonyl can then take place (3.86 → 3.87), which 

after dehydration (3.87 → 3.88) yields the final compound (3.88). 
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Figure 98. a) Formation of 9H-pyrrolo[1,2-a]indole compounds 3.82 using Brønsted acid catalysis, as 
reported by Tian et al.214 b) Mechanism proposed by the authors for the formation of 3.88. 

Based on Tian’s mechanism, it was proposed that substitution on the indole nitrogen might 

inhibit the addition of a second equivalent of skatole 3.48 and prevent over-reaction. The 

indole/ynone coupling reaction was attempted first using 1,3-dimethyl indole 3.49 under the 

standard conditions, with TLC analysis used to monitor the reaction progress. The coupling 

reaction took considerably longer than the equivalent reactions using indole 3.16, requiring 27 

hours for full consumption of the 1,3-dimethyl indole 3.49 starting material (Figure 99). 

However, the C-2 vinyl indole product 3.78 was isolated in a good yield, with the Z-stereoisomer 

identified as the major isomer (for further details see later, Figure 101).  
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Figure 99. Successful formation of vinyl indole 3.89, from the gold(I)-catalysed coupling of 1,3-dimethyl 
indole 3.49 and ynone 3.27. 

The scope of the reaction was then investigated for the N- and C-3 disubstituted indoles 3.90, 

using phenyl-substituted alkynes 3.91 (Figure 100). A bulkier substituent in the C-3 position was 

tolerated (e.g. 3-Ph 3.92), however the isolated yield was reduced. A reaction using N-benzyl-

substituted indole was also successful (3.93), with the benzyl group being a commonly used 

protecting group. Finally, the use of amide- and ester-substituted alkynes were also tolerated 

for the synthesis of 3.94 and 3.95 respectively. 
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Figure 100. C-3 substituted indole 3.90 and alkyne 3.91 variation scope of the gold(I)-catalysed coupling 
reaction. a 27 hour reaction time. b 24 hour reaction time. c 48 hour reaction time. 

To assign the E- and Z-stereochemistry, X-ray diffraction (XRD) was used with a crystal grown of 

3.92 which unambiguously showed the Z-stereoisomer (Figure 101). A 1H NMR spectrum of the 

bulk grown crystals was recorded, which showed resonances consistent with the major isomer, 

it was therefore assumed that the XRD data did not result from crystallisation of the minor 

isomer. 

 

Figure 101. XRD data of 3.92, solved by Dr Adrian Whitwood (see CCDC 2116351). Hydrogens atoms 
removed for clarity. ORTEPS at 50% probability level.   
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3.3 Vinyl Indole Mechanistic Studies 

3.3.1 Indole/Ynone coupling summary 

As described in Section 3.2, the synthesis of C-2 and C-3 substituted vinyl indoles was successful 

when using gold(I) catalysis and internal alkynes substituted with electron-withdrawing groups, 

namely ketones, esters and amides. The formation of the bisindole compounds (e.g. 3.29) was 

suppressed hence one of the main aims of this project had been achieved. 

However, the coupling reactions are synthetically more challenging when compared to the 

intramolecular spirocyclic indolenine and carbazole forming reactions (Section 3.1.4, Figure 78). 

Longer reaction times with higher heating are required, despite the DFT calculations already 

discussed in Section 3.1.4 showing almost barrierless carbon-carbon bond formation in the 

indolyl-tethered ynone (2.6) examples (Figure 80). Furthermore, the intermolecular coupling 

reaction time is required to be much longer for the C-3 substituted indoles for full completion. 

It was decided to use DFT methods to address the following questions: 

1. Why are the intermolecular coupling reactions more difficult than the tethered 

intramolecular counterparts? 

2. Why are the coupling reactions using C-3 substituted indoles much slower than indoles 

that are unsubstituted in the C-3 position? 

3. Why specifically does the use of electron-deficient alkynes stop the addition of a second 

indole equivalent? 

 

3.3.2 Gold(I) coordination 

Before the mechanism of the gold(I) catalysed indole/ynone coupling reaction was explored, the 

preferred coordination mode of the gold(I) cation was determined. DFT calculations were 

performed at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory (the same method as 

described for the tethered intramolecular reactions, Figure 80)201 with COSMO solvent 

correction in toluene. An ECP was used to describe the core electrons of the gold atom which 

also accounted for relativistic effects.55,58 

The energies of three potential sites of coordination (the indole, and the ketone or the alkyne 

of ynone 3.27) were compared using both indole 3.16 and skatole 3.48 (Figure 102). The 
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calculations demonstrated that there was a strong thermodynamic preference for gold(I) 

coordination to the indole substrate for indole (3.N16) and skatole (3.N48). Coordination of the 

gold(I) cation to the ketone (3.O27) and alkyne (3.P27) were disfavoured by 12 and 18 kJ mol-1 

respectively, when compared to gold(I) coordinated indole 3.N16, and 8 and 14 kJ mol-1 relative 

to gold(I) coordinated skatole 3.N48. 

 

Figure 102. DFT-calculated energies of gold(I) coordination to the indole 3.16 and skatole 3.48, against 
the ketone and alkyne of ynone 3.27. Energies are Gibbs energies at 298.15 K at the D3(BJ)-PBE0/def2-

TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in toluene. 

The DFT data described in Figure 102 neglects the triflimide anion, which as described in Chapter 

1, can play a role in more accurately describing the energies of a system. Therefore, the gold(I) 

coordination calculations were repeated to compare the energies of the binding modes with 

inclusion of the triflimide anion.  

The work of Bandini and co-workers (see Section 1.2.2 for further details) demonstrated that 

the preferred anion coordination site is typically located on more acidic protons on the complex, 

and away from the triphenylphosphine ligand.128–131 Therefore it was considered that in the 

indole/ynone systems, that the triflimide might prefer to locate either with hydrogen bonding 

to the indole N–H, to the more acidic protons α to the carbonyl of the ynone, or near the alkyne 

(when gold(I) is coordinated).  

The relative change in free energy upon coordination of the gold catalyst to indole 3.16 and 

ynone 3.27 was recalculated with the triflimide anion included in the structures (Figure 103). 

Solvent corrections were applied in both CH2Cl2 (top value) and toluene (bottom value). 
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Numbers in the top left corner of each box will be referred to as the “state” number, and all 

states are considered to be in equilibrium. 

State 1, in which the gold(I) cation was coordinated to indole 3.16, with the triflimide anion 

hydrogen bonded to the indole N–H (3.Q), was calculated as the lowest energy and taken as the 

reference point. When states including gold(I)-coordinated ynone complexes with the triflimide 

anion coordinated to the ynone were considered (3.T, 3.U and 3.V, states 4, 5 and 7), the 

energies were highly endergonic (+37 and +39 kJ mol-1 in CH2Cl2), independent of the specific 

coordination mode. Higher energies were calculated for states in which the gold(I) cation and 

triflimide anion were separated (states 2, 3 and 6) – particularly so when the solvent correction 

was applied with toluene, likely caused by the polarity differences between CH2Cl2 and toluene. 

These data support the findings from Figure 102 that indole coordination to the gold is more 

thermodynamically favourable than coordination to ynone 3.27, in either the 1(O) or 2() 

binding modes. 
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Figure 103. DFT-calculated energies comparing species with varied [Au(PPh3)]+ and triflimide anion 
coordination. All energies are Gibbs energies at 298.15 K at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) 
level of theory with COSMO solvent correction in CH2Cl2 (top value) and toluene (bottom value). 
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Experimental evidence to support the DFT calculations was obtained by recording 31P{1H} NMR 

spectra with a 1:1 ratio of (PPh3)AuNTf2 and either indole 3.16, skatole 3.48 or ynone 3.27, to 

observe the gold(I) cation interactions (Figure 104). Gold(I) coordination was observed when 

indole 3.16 was the substrate, with a broad resonance observed at δP ≈ 32 ppm (Figure 104, 

Spectrum c), whereas no appreciable coordination was observed with ynone 3.27 (Figure 104, 

Spectrum a), with a resonance consistent with uncoordinated (PPh3)Au+ present (Figure 104, 

Spectrum d). A very minor chemical shift difference was observed when skatole 3.48 was added 

(Figure 104, Spectrum b). The resonance present at δP 45.5 ppm was identified as (PPh3)2Au+, 

which was compared with an authentic sample. 

 

Figure 104. 31P{1H} NMR spectra recorded at 162 MHz in CD2Cl2. A 1:1 gold:substrate ratio was used.  

Further amounts of substrate was added to each of the three samples, and in each case the 

appearance of the 31P{1H} NMR spectra changed, therefore demonstrating that gold(I) 

coordination is concentration dependent. With increasing amounts of indole 3.16 (Figure 105), 

the resonance shifted further downfield, and became broadened. With skatole 3.48, the 

resonance also shifted further downfield (Figure 106) and became clearer that there was indeed 

an interaction with the gold(I) cation. Finally, with ynone 3.27, the resonance observed with 

[PPh3AuNTf2]2.Tol alone was still present in the 31P{1H} NMR spectra, however, a series of 

resonances appeared at δP 40–44 ppm which suggested that unselective coordination and/or 
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reactions were occurring (Figure 107). The gold(I) coordination of the ynone species was 

explored further and is discussed in section 3.4. 

The DFT and 31P{1H} NMR data showed that at like-for-like ratios, there is uncoordinated gold(I) 

catalyst with ynone 3.27, however with indole 3.16, there is no uncoordinated gold(I) catalyst 

remaining. Therefore, it is proposed that indole 3.16 coordinates to the gold(I) catalyst relatively 

more strongly. It was proposed that the electron rich indole moiety was a better ligand than the 

ynone due to the electron-withdrawing group in conjugation to the alkyne, which is significant 

as typically 2() coordination of a gold(I) cation to an alkyne functionality is considered the first 

step in gold(I)-catalysed reactions of alkynes.88–90 

Indole (3.16) Titration 31P{1H} NMR Spectra 

 

Figure 105. 31P{1H} NMR spectra recorded at 162 MHz in CD2Cl2, titrated with indole 3.16 in various 
ratios of gold:substrate. 
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Skatole (3.48) Titration 31P{1H} NMR Spectra 

 

Figure 106. 31P{1H} NMR spectra recorded at 162 MHz in CD2Cl2, titrated with skatole 3.48 in various 
ratios of gold:substrate. 
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Ynone (3.27) Titration 31P{1H} NMR Spectra 

 

Figure 107. 31P{1H} NMR spectra recorded at 162 MHz in CD2Cl2, titrated with ynone 3.27 in various 
ratios of gold:substrate. 

 

3.3.3 Indole vinylation mechanism 

DFT calculations were used to explore the possible reaction pathways of the gold(I) catalysed 

coupling reaction between indole 3.16 or skatole 3.48, and ynone 3.27. Initially, the 

thermodynamic preference for C-3 and C-2 selectivity with both the indole species was explored 

(Figure 108). 

The calculated energies for the C-2 and C-3 vinyl indole products of indole 3.16 (3.96 and 3.28) 

were effectively the same at −110 and −111 kJ mol-1 respectively, demonstrating no 

thermodynamic preference for substitution at a specific site. When skatole 3.48 was considered, 

the C-3 vinyl indolenine product 3.97 (−6 kJ mol-1) was considerably higher in energy than the C-

2 vinylated product 3.89 (−117 kJ mol-1) likely due to a loss of aromaticity in the C-3 indolenine 
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products (3.97). Only the C-2 substituted products (3.89) were isolated which is consistent with 

the DFT-predicted outcome. 

 

Figure 108. DFT-calculated changes in energy for the C-3 and C-2 products arising from the addition of 
indole 3.16 and skatole 3.48 into ynone 3.27. Energies are Gibbs energies at 298.15 K at the D3(BJ)-

PBE0/def2-TZVPP//BP86/SV(P) with COSMO solvent correction in toluene. 

With the thermodynamic preference established, the energies of the transition states and 

intermediates for the C-2 and C-3 addition pathways were explored, for both indole 3.16 and 

skatole 3.48 with the 2() gold(I) coordinated alkyne complex 3.P27 (Figure 109). The reference 

state for the energies was set as the gold(I) coordinated indole complex (3.N16 or 3.N48 

respectively) with uncoordinated ynone (Figure 102). 

For indole 3.16 (Figure 109), the calculated energy for the direct C-3 addition vinylation pathway 

(3.TSPW-H) was lower than that for direct C-2 addition (3.TSPAA-H), with energies calculated at +59 

and +67 kJ mol-1 respectively. A structure for iminium complex 3.WH, was unable to be 

optimised, likely due to a low barrier for hydrogen abstraction by the carbonyl, leading to 

complex 3.XH, at a lower energy of −78 kJ mol-1. Whilst there is no thermodynamic preference 

for either C-2 or C-3 addition (Figure 108), there is however a kinetic preference for C-3 addition. 

This is unsurprising as the C-3 position of indoles is expected to be the most nucleophilic 
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position,183 which is also consistent with the observed outcomes of the gold(I) catalysed coupling 

reactions using indole 3.16. 

When skatole 3.48 was considered, the calculated transition state energy for direct C-2 

substitution (+60 kJ mol-1, 3.TSPAA-Me) was lower than the transition state for C-3 addition (+81 kJ 

mol-1, 3.TSPW-Me). As before, a structure for the intermediate (3.AAMe) resulting from C-2 addition 

(3.TSPAA-Me) was unable to be found, due to hydrogen migration occurring during the geometry 

optimisation, which resulted in complex 3.ZMe, at an energy of −74 kJ mol-1. The pathway for the 

disfavoured C-3 addition was explored and transition states were found for both the 1,2-vinyl 

migration (3.TSWY-Me) and 1,2-methyl migration (3.TSWAB-Me) of indolenine complex 3.WMe. Vinyl 

migration to give C-2 vinyl complex 3.ZMe was found to be significantly lower in energy, with a 

transition state energy calculated at +54 kJ mol-1 in comparison to methyl migration at +102 kJ 

mol-1. Therefore, whilst direct C-2 addition is favoured, both the C-2 and C-3 addition pathways 

would result in the C-2 vinyl indole products, which were observed experimentally using N-

methyl skatole analogue 3.49. 
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Figure 109. DFT-calculated pathways for the addition of indole 3.16 or skatole 3.48 to gold(I) coordinated alkyne complex 3.P27. Energies are Gibbs energies in kJ mol−1 
at 298.15 K at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in toluene. 
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As discussed in Section 3.3.2, other gold(I) coordination modes are thermodynamically preferred 

to 2()-alkyne binding (3.P27). A transition state (3.TSOAC) for nucleophilic attack of indole 3.16 

into 1(O) gold(I) ketone coordinated complex 3.O27 was located (Figure 110a) which was 

considerably higher in energy than the pathways found starting from the 2() gold(I)-

coordinated alkyne complexes. A transition state starting from gold(I)-coordinated indole 

complex 3.N16, for the umpolung nucleophilic attack from ynone 3.27, was not able to be found 

(3.TSNAD, Figure 110b), various constrained structures were optimised and only imaginary 

frequencies corresponding to rotations of the indole and ynone structures were found. These 

DFT-calculations suggest that pathways starting from 2()-alkyne coordinated ynone 3.P27 

(Figure 109), are most likely to be in operation. 

 

Figure 110. a) DFT-calculated pathway for the addition of indole 3.16 to 1(O) gold(I) ketone 
coordinated ynone complex 3.O27. Energies are Gibbs energies in kJ mol−1 at 298.15 K at the D3(BJ)-

PBE0/def2-TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in toluene. b) Attempted 
transition state 3.TSNAD, for the addition of ynone 3.27 to indole-coordinated gold(I) complex 3.N16. 

The DFT calculations suggested that gold(I) coordination to the indole moiety is more 

thermodynamically favoured than coordination to the ynone (by 14 kJ mol-1) and it is proposed 

that indole coordination (e.g. 3.N16) may cause the difference in reaction rates when comparing 
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the intramolecular cyclisations of tethered indoyl ynones 2.6. and the intermolecular coupling 

reaction of indole 3.16.  

In the intermolecular reactions (Figure 111a), coordination of the gold(I) catalyst to the indole 

moiety (3.N16) will inhibit access to the product forming pathways, which requires 2() 

coordination of the gold(I) catalyst to the alkyne (3.P27). In the intramolecular reactions (Figure 

111b), it is likely that coordination of the metal catalyst to the indole moiety (3.98) is 

thermodynamically preferred, however, due to the ynone being tethered to the indole, it might 

be easier for the metal catalyst to coordinate to the alkyne (3.I) via π-slippage events,215,216 after 

which cyclisation can occur readily through low energy transition states due to the preorganised 

nature of the indolyl-tethered ynones 2.6. 

 

Figure 111. Comparison of the a) intermolecular and b) intramolecular indole addition to ynones. 

The energy barriers for the coupling of indole 3.16 and skatole 3.48 with ynone 3.27, were 

calculated to be similar, at energies of +59 and +60 kJ mol-1 respectively (Figure 109). However, 

experimentally the reactions of skatole 3.48 (as seen with the formation of pyrollo compound 

3.79, Figure 97) and N-methyl skatole 3.49, requires significantly longer reaction times than 

indole 3.16. It is tentatively proposed that the kinetics of gold(I) coordination to the indole 

moiety might factor into the coupling rate difference. The broadness of the 31P{1H} NMR 

resonance with indole 3.16 (Figure 105), compared to the that of skatole 3.48 (Figure 106) 

suggests that gold(I)-coordination with indole 3.16 has a different rate of exchange at room 

temperature. 
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3.3.4 bis-Indole formation 

As discussed in Section 3.1.2, bisindolemethanes 3.18 are a common product in the gold(I) 

catalysed addition of alkynes to indoles (Figure 70).190,193 Experimental and computational 

studies have shown that the second addition to the vinyl indole intermediate is likely catalysed 

by trace amounts of acid present in solution.192,194,195 In this work, the inhibition of a second 

equivalent of indole 3.16 has been achieved by using alkynes with electron-withdrawing groups, 

the nature of this observation was explored further using DFT methods. 

Firstly, the thermodynamic viability of indole addition to both ynone-derived vinyl indole 3.28 

and acetylene-derived vinyl indole 3.17 was assessed (Figure 112). The calculations showed that 

there is no significant energetic gain to form bisindole 3.29 from 3.28, with a calculated Gibbs 

energy of only −3 kJ mol-1. In contrast, the formation of bisindolemethane 3.18 from 3.17 was 

calculated to be more exergonic, with an energy difference of −25 kJ mol- 1. 

 

Figure 112. DFT-calculated energy for the formation of bisindole compounds 3.29 and 3.18. Energies are 
Gibbs energies at 298.15 K at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory with COSMO 

solvent correction in toluene. 

The kinetic barriers to bisindole formation were also calculated. Two possible tautomers of the 

protonated enone functionality of 3.28 were considered (Figure 113a), with protonation at 

either the ketone (3.AE), or at the carbon in the α position to the ketone (3.AF). The calculated 

energies showed a significant preference for protonation at the carbonyl (3.AE) which was 

favoured by 20 kJ mol-1, and hence chosen as the energy reference state. A transition state for 

the nucleophilic attack of indole 3.16 into 3.AE was found (3.TSAEAG), which was calculated to be 
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high in energy at +114 kJ mol-1, to give bisindole intermediate 3.AG, at an energy of                      

+101 kJ mol-1. When addition was considered from the disfavoured carbocation (3.AF), the 

calculated transition state (3.TSAFAH) was lower in energy, at +87 kJ mol-1, which would result in 

intermediate 3.AH, at an energy of +68 kJ mol-1.  

Protonation of vinyl indole 3.17 was only considered on the terminal alkene carbon, to result in 

carbocation 3.AI (Figure 113b). A transition state for nucleophilic attack by indole was found 

(3.TSAIAJ) at an energy of +67 kJ mol-1.  

The exact process for the indole addition into ynone-derived vinyl indole 3.28 will depend on 

the rate of proton transfer between cations 3.AE and 3.AF, however, due to the energy 

difference between the tautomers, it could be considered that there might be a low 

concentration of 3.AF in solution if proton migration is fast. When the transition state energies 

of addition into 3.AE, 3.AF and 3.AI are compared, it is clear that 3.TSAEAG and 3.TSAFAH are higher 

energy processes and hence the pathway though 3.TSAIAJ has the lowest energetic span. 

Furthermore, with no significant thermodynamic driving force for the formation of 3.29, the 

formation of bisindole 3.29 is overall significantly disfavoured than compared to the formation 

of bisindolemethane 3.18. 
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Figure 113. DFT-calculated pathways for the acid-catalysed addition of indole 3.16 to a) ynone derived 
vinyl indole 3.28 and b) acetylene derived vinyl indole 3.17. Energies are Gibbs energies at 298.15 K at 
the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory with COSMO solvent correction in toluene. 
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3.4 Ynone Gold(I) Speciation 

3.4.1 Ketone versus alkyne gold(I) coordination 

When the relative energies of gold(I) coordination with indole 3.16 and ynone 3.27 were 

compared (Figure 102), it was found that indole 3.16 was a better ligand than ynone 3.27, and 

that 1(O) ketone coordination (3.O27) was preferred to 2() alkyne coordination (3.P27). It was 

decided to further explore the factors that influence the speciation of the gold(I) catalyst. 

It was considered that there are two main factors that might influence the gold(I) coordination, 

the nature of the carbonyl compound (e.g. ketone, ester or amide) and/or the electronic effects 

of the aryl substituent. It was proposed that the amide-substituted alkynes (e.g. 3.39 and 3.41) 

might favour coordination to the carbonyl, due to the increased electron density from 

conjugation of the amide nitrogen. Likewise, it was thought that the inclusion of a strongly 

electron-donating group on the aryl substituent (e.g. 3.34) might increase the electron density 

of the alkyne through conjugation. 

DFT calculations were used to compare the energies of the 1() and 2() alkyne gold(I) 

coordinated complexes (3.O and 3.P respectively), for a range of substituted alkynes (Table 9). 

Comparing the DFT-calculated relative energies of the phenyl-substituted alkynes (3.27, 3.39 

and 3.43) showed that using an amide functionality (e.g. 3.39) does indeed increase the 

preference for 1() gold(I) coordination (3.O), and that the inverse effect is seen when the 

ester-substituted alkyne (3.43) is used, with the alkyne (3.P) now the thermodynamically 

preferred coordination site. 

When the strongly electron-donating dimethylamino group (X = NMe2) was substituted in 

conjugation to the alkyne (3.34, 3.41 and 3.44), the relative energy difference of the complexes 

demonstrated an increased preference for alkyne coordination, with the largest influence seen 

with the amide- (3.41) and ester- (3.44) substituted alkynes. 
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Table 9. Isodesmic reaction used to compare η1(O) and η2(π) coordinated isomers of substituted alkynes. 
Energies are Gibbs energies at 298.15 K at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory with 

COSMO solvation in CH2Cl2. 

 

Alkyne R X ΔG298 / kJ mol-1 

3.27 Me H +6 

3.34 Me NMe2 −1 

3.39 NMe2 H +17 

3.41 NMe2 NMe2 +1 

3.43 OMe H −7 

3.44 OMe NMe2 −23 

 

31P{1H} NMR spectra were recorded with a 2:1 substrate:gold ratio, to explore the gold(I) 

coordination using the ketone (3.27 and 3.34), amide (3.39 and 3.41) and ester (3.43 and 3.44) 

compounds. The NMR spectra of the amide- and ester-substituted alkynes were most instructive 

in exploring the gold(I) speciation and will be discussed here (Figure 114), whereas the ketone 

compounds will be discussed further in section 3.4.2. The 31P{1H} NMR spectra of the substrates 

with gold triflimide were compared with the DFT data (Table 9) and to the spectra of samples 

prepared with either DMF or alkyne 3.47 and the gold(I) catalyst, which were proposed as 

control compounds for the 1() and 2() binding modes respectively (3.ODMF and 3.P47).  

The 31P{1H} NMR spectra of the amide-containing alkynes (3.39 and 3.41, Spectra a and b) were 

considered first. A resonance upfield of the uncoordinated gold(I) catalyst was seen in both 

spectra at δP = 29–30 ppm, which by comparison with the resonances seen in the control NMR 

spectra of DMF (Spectrum f), can be assigned as the 1() coordination mode (3.O). An 

additional singlet resonance was present at δP = 35.7 ppm for the 4-NMe2-substituted amide 

(3.41, Spectrum b). This is consistent with a resonance in the control sample prepared with 

alkyne 3.47 (Spectrum g) and suggests that these resonances are from the 2() alkyne 
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coordinated complex (3.P). These data were consistent with the DFT calculations (Table 9), 

which predicted that phenyl-substituted amide 3.39 would only demonstrate 1() 

coordination (3.O), yet with 4-NMe2 substituted amide 3.41, both 1() and 2() coordination 

(3.O and 3.P) might be observed. 

For the ester-substituted alkynes (3.43 and 3.44), no coordination of the phenyl-substituted 

ester was observed in the 31P{1H} NMR spectra (3.43, Spectrum c), with a resonance consistent 

with the uncoordinated catalyst visible (Spectrum e). However, the NMR spectra of 4-NMe2 

substituted ester (3.44) showed a singlet at δP = 35.8 ppm, which was consistent with 2() 

alkyne coordination (3.P) as discussed previously. This matched the DFT calculations where it 

was predicted that alkyne coordination would be the preferred coordination mode. 

 

Figure 114. 31P{1H} NMR spectra recorded at 242 MHz in CD2Cl2, with a 2:1 substrate:gold ratio. 

Proposed 1() and 2() gold(I) coordination modes of DMF and alkyne 3.47 respectively. 

An additional resonance was present in the 31P{1H} NMR spectra for the experiments using the 

4-NMe2-substituted alkynes (3.41 and 3.44, Spectra b and d) at δP = 39–41 ppm. Further work 
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(see Section 3.4.3.) enabled these species to be proposed as gold(I) pyrylium complexes 3.99 

and 3.100, formed from the dimerisation of the 4-NMe2 ester 3.44 and amide 3.41 respectively 

(Figure 115). However, no further evidence was obtained to unambiguously identify the 

compounds. 

 

Figure 115. Potential pyrylium-type complexes 3.99 and 3.100 formed by dimerisation of 4-NMe2 
substituted ester and amide compounds 3.44 and 3.41 respectively. Ar = C6H4-4-NMe2. 

 

3.4.2 Ynone coordination 

The 31P{1H} NMR spectra recorded of ynone 3.27 with gold triflimide highlighted that the gold(I) 

cation has a low affinity for the ynone. A high proportion of uncoordinated gold(I) catalyst was 

present even when a large excess of ynone 3.27 was used (Figure 107). It was considered that 

substituents in the 4-position of the aryl group would change the electronic properties and could 

influence the gold(I) affinity. 

An isodesmic reaction was proposed, in which the binding affinity of 2() coordination (3.P) for 

different ynone compounds could be compared relative to phenyl-substituted ynone 3.27 

(Figure 116). A Hammett plot was produced, which demonstrated a linear relationship between 

the DFT-calculated energy change upon gold(I) coordination and the Hammett parameter (σp). 

The positive slope indicated that substituents which have an electron-donating effect, increased 

the gold(I) affinity for the alkyne. 
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Figure 116. a) Isodesmic reaction used to calculate affinity of alkynes for gold. Energies are Gibbs 
energies at 298.15 K at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level with COSMO solvation in CH2Cl2. 

b) Linear free energy relationship between the calculated change in free energy against Hammett 
parameter σp. Dashed line shows fit to a least mean squares linear regression (R2 = 0.92). 

To provide experimental evidence for the difference in ynone coordination, 31P{1H} NMR spectra 

were recorded of the various ynones (3.27, 3.33, 3.34 and 3.37) and gold triflimide in a 10:1 

substrate:gold ratio (Figure 117). The 31P{1H} NMR spectra of 4-Br ynone 3.37 (Spectrum a), gave 

almost no indication of gold(I) coordination, with the most intense resonance present consistent 

with the gold(I) catalyst (Spectrum e). The DFT calculations predicted that 4-OMe and 4-NMe2 

ynones (3.33 and 3.34) had a higher gold(I) affinity than ynone 3.27. The 31P{1H} NMR spectra 
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provided evidence of this, with the spectra of either ynone (Spectra c and d) showing no 

resonances consistent with the uncoordinated catalyst.  

A minor resonance was observed in all spectra at δP ≈ 37 ppm, which by analogy with the spectra 

of the amide- and ester-substituted alkynes previously discussed (Figure 114), was assigned as 

the 2() alkyne coordinated complex (3.P). In the spectra of phenyl and 4-OMe substituted 

ynones (3.27 and 3.33, Spectra b and c) a series of resonances at δP = 41–43 ppm were observed, 

suggesting the unselective formation of a series of unidentified complexes.  

The 31P{1H} NMR spectra of 4-NMe2 ynone 3.34 (Spectrum d) showed a resonance at δP = 41.9 

ppm, which suggests the selective formation of a single complex. A mass spectrum was recorded 

of the NMR sample with 3.34, and a peak in the positive mode spectrum was observed at an m/z 

of 833.2579, which is consistent for a formulation of [(PPh3)Au(3.34)2]+ demonstrating that two 

molecules of 3.34 were incorporated with the gold(I) cation, the precise identity of which was 

studied further (Section 3.4.3). 

 

Figure 117. 31P{1H} NMR spectra recorded at 162 MHz in CD2Cl2, with various ynones (3.27, 3.33, 3.34 
and 3.37) in a 10:1 ratio of substrate:gold. 
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3.4.3 Ynone dimerisation 

To identify the gold(I) complex formed from the dimerisation of 4-NMe2 ynone 3.34, described 

in Section 3.4.2, attempts were made to isolate the complex via crystallisation; however, this 

was unsuccessful. Different solvents and counteranions were used, however all attempts 

resulted in the decomposition of the complex, and the formation of either gold nanoparticles or 

a gold mirror on the surface of the glassware. 

Instead, the complex was prepared in a stoichiometric fashion on a scale suitable for 13C and 2D 

NMR analysis, by dissolving ynone 3.34 and gold triflimide (in a 2:1 ratio) in CD2Cl2 in a sample 

vial and transferring the solution directly into an NMR tube. The 13C{1H} NMR spectra showed 

no alkyne resonances which confirmed that both equivalents of ynone 3.34 had been 

structurally modified (Figure 118). Also notable was the presence of only one resonance 

consistent with a ketone functionality at δC = 202.3 ppm. Finally, two different resonances were 

observed for the dimethylamino groups (δC = 40.1 and 40.2 ppm) which showed that the two 

ynones equivalents were unsymmetrically modified. 

 

Figure 118. 13C{1H} NMR spectra recorded at 100 MHz in CD2Cl2, of the dimer complex formed from 
ynone 3.34 and gold triflimide. Note that toluene is present due to its inclusion in the crystal structure of 

gold triflimide. 
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On the basis of these data, it was proposed that the dimer species was a gold(I) pyrylium 

complex 3.102 (Figure 119a). A plausible mechanism was suggested (Figure 119b) in which 

nucleophilic attack from the alkyne of ynone 3.34 into the η2(π) gold(I) ynone complex 3.P34 

(3.103 → 3.104) results in carbocation intermediate 3.104. The carbonyl of intermediate 3.104 

cyclises via a 6-membered transition state (3.104 → 3.102) to give the suspected pyrylium 

complex (3.102). The proposed structure of pyrylium complex 3.102 was consistent with the 

13C{1H} NMR data discussed (Figure 118), with no alkyne carbons remaining, and one ketone 

remaining unaltered. 

 

Figure 119. a) Formation of pyrylium complex 3.102. b) Plausible mechanism for the formation of 3.102. 
Triflimide anion omitted for clarity. Ar = C6H4-4-NMe2.  

To confirm the structural proposal for 3.102, the 13C{1H} NMR data was fully assigned using 

HMBC and HSQC spectra. Key structural assignments are shown in Figure 120. The chemical 

shifts of the resonances at δc = 165.6, 172.1 and 175.7 ppm (d, 3JCP = 5.5 Hz) matched the 

literature data of known organic pyrylium salts for the C-2, C-4 and C-6 positions.217,218 The 

resonance at δc = 161.4 ppm (d, 2JCP = 111.0 Hz) exhibits a large carbon-phosphorus coupling 

constant, which is indicative of the presence of a gold–carbon bond. The data are also consistent 

with the corresponding metal-bound carbon atom of [(PPh3)Au(C6H2-2,4,6-Me3)] (δc 169.8, 2JPC 

= 111.2 Hz), as reported by Croix et al.219 
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Figure 120. 13C{1H} NMR spectra recorded at 100 MHz in CD2Cl2 of pyrylium complex 3.101. Selected 
assignments are highlighted. 

An alternative mechanism for the gold(I)-catalysed dimerisation of ynones has been previously 

reported by Burés and co-workers, as an intermediate in the gold(I)-catalysed transposition of 

ynones (Figure 121a, for further details see Section 1.2.3).153,220 Using the data from both kinetic 

and computational studies, the authors proposed that the mechanism proceeded via a cyclic 

acetal intermediate 3.107 (Figure 121b), which was formed from the nucleophilic attack of a 

carbonyl of one ynone, into the alkyne of a η2(π) alkyne-coordinated ynone (3.105), followed by 

intramolecular cyclisation (3.106 → 3.107). It was therefore decided to use DFT calculations to 

explore the factors that control acetal formation (e.g. 3.107) or pyrylium formation (e.g. 3.102). 
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Figure 121. a) Gold(I)-catalysed ynone transposition, reported by Gevorgyan et al.220 b) A likely 
mechanism for the gold(I)-catalysed transposition of ynones, identified by Burés et al.153 [Au] = IPrAu+ 

The energies of four potential pathways were calculated (Figure 122), with both O-attack and C-

attack considered into carbons 1 and 2 (as labelled) of η2(π) gold(I) ynone complex 3.P34. State 

3.AK, the combined energies of 3.34 and 3.P34, was chosen as the reference state for the 

calculated energies. A pathway was found for the formation of pyrylium complex 3.102, 

following the mechanism proposed in Figure 119b. C-attack into the C-1 position of η2(π) gold(I) 

ynone complex 3.P34 through transition state 3.TSAK-102 was calculated at an energy of +71 kJ 

mol-1. The resultant intermediate 3.104 wasn’t able to be found. Geometry optimisation of 3.104 

resulted in the formation of complex 3.102, likely due to the presence of a low-lying transition 

state for cyclisation. The formation of pyrylium complex 3.102 was found to be highly exergonic 

at an energy of −201 kJ mol-1. 

Alternatively, a transition state for O-attack into the C-1 position of η2(π) gold(I) ynone complex 

3.P34 was found (3.TSAKAL) at an energy of +69 kJ mol-1, to give cation 3.AL at +27 kJ mol-1. The 

energies of 3.TSAK-102 and 3.TSAKAL are effectively the same in energy, and it could therefore be 

expected that both pathways are in operation. However, if it is considered that all states are in 
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equilibrium, pyrylium formation (3.102) is likely irreversible due the thermodynamic stability of 

the complex. 

 

Figure 122. DFT-calculated pathway for the dimerisation of ynone 3.34. Energies are Gibbs energies at 
298.15 K in kJ mol-1 at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory with COSMO solvent 

correction in CH2Cl2. 

Transition states were also found for C-attack (3.TSAKAM) and O-attack (3.TSAKAN) into the C-2 

position of η2(π)-gold(I) ynone complex 3.P34, calculated at +111 and +93 kJ mol-1 respectively. 
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These transition states are much higher energy than addition into the C-1 position (3.TSAK-102 and 

3.TSAKAL) and are therefore considered to be inaccessible. It is likely that the energies of C-2 

attack are higher due to the reduced electrophilicity of the C-2 position (as compared to C-1). 

η2(π)-gold(I) coordination to unsymmetrical alkynes results in “slippage” of the gold(I) cation, 

which causes an uneven electron distribution across the alkyne.142,145 Slippage occurs to give the 

carbocation which is the most stable. In the instance of ynone 3.34, the formation of a 

carbocation in the C-1 position of η2(π) gold(I) ynone complex 3.P34’ would satisfy the electronic 

preference of the ketone and be stabilised by the aryl group (Figure 123), and hence be more 

activated towards nucleophilic attack. 

 

Figure 123. Resonance structures of η2(π) gold(I) ynone complex 3.P34. 

When the 31P{1H} NMR spectra were recorded of the different ynones (Figure 117), unselective 

complex formation was observed in the spectra of phenyl- and 4-OMe substituted ynones 3.27 

and 3.33 (Spectra b and c). The dimerisation DFT calculations were therefore repeated using 

these two ynones (3.27 and 3.33) to establish the cause of this (Table 10). In both cases, the 

transition state of O-attack (3.TSAKAL) was lower in energy than C-attack (3.TSAKAO). Therefore, it 

is more likely that the corresponding intermediate 3.AL would be formed preferentially. It is 

proposed that a multitude of different unidentified reactions from 3.AL could take place, to 

account for the many species observed in the 31P{1H} spectra. 

Finally, the formation of a pyrylium complex from 4-NMe2 ynone 3.34 was considered, using 

different gold(I) catalysts (Table 10). The identity of the gold(I) ligand, either PMe3, IPr or 

JohnPhos, wasn’t calculated to have a significant effect on pyrylium formation. 
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Table 10. DFT-calculated pathway for the dimerisation of different ynones and gold(I) cations. Energies 
are Gibbs energies at 298.15 K in kJ mol-1 at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory 

with COSMO solvent correction in CH2Cl2. 

 

Ar L 3.TSAKAO  3.TSAKAL 3.AL 3.AO 

C6H4-4-NMe2 (3.43) PPh3 +71 +69 +27 –201 

C6H5 (3.27) PPh3 +75 +63 +23 –224 

C6H4-4-OMe (3.33) PPh3 +69 +61 +20 –220 

C6H4-4-NMe2 (3.43) PMe3 +61 +70 +33 –197 

C6H4-4-NMe2 (3.43) IPr +77 +77 +33 –198 

C6H4-4-NMe2 (3.43) JohnPhos +70 +75 +37 –199 
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3.4.4 Pyrylium complex reactivity 

With the formation of pyrylium complex 3.102 established using NMR and DFT methods, 

attempts were made to study the reactivity of the complex. Benzopyrylium complexes 3.111 

(Figure 124) are proposed as intermediates in the gold(I) chemistry of o-alkynyl benzaldehyde 

species (3.109),221 formed via the intramolecular cyclisation of the carbonyl into η2(π) alkyne 

coordinated complex (3.110), and was therefore used as the basis to explore the chemistry of 

pyrylium 3.102. 

 

Figure 124. Formation of benzopyrylium complex 3.111, from o-alkynyl benzaldehydes 3.109. 

Hammond and co-workers reported the gold(I) catalysed annulation of vinyl ethers with o-

alkynyl benzaldehydes (3.109)222 When ynone 3.34 was treated under the same conditions with 

vinyl enol ether 3.112, no reaction was seen after 1 hour at room temperature (Figure 125). The 

reaction was heated to 50 °C overnight, however, again no reaction was observed, with the 

crude 1H NMR spectrum only showing resonances corresponding to the unreacted ynone 3.34. 

The mechanism for the formation of 3.113 and 3.114 (two potential products), based on the 

proposal of Hammond and co-workers, are shown (Figure 125b and c). 

Both mechanisms (Figure 125b and c) start with a Diels–Alder reaction between pyrylium 

complex 3.102 with ethyl vinyl ether 3.112 (3.115 → rac-3.116 and 3.120 → rac-3.121). Pyrylium 

complex 3.102 contains two highly electron-rich aryl groups, which increases the electron 

density of the usually electron-deficient pyrylium core. It is this effect that likely reduces the 

ability of complex 3.102 to react with electron-rich dienophiles. 
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Figure 125. a) Attempted reaction with ethyl vinyl ether 3.112, as reported by Hammond and co-
workers.222 b) Proposed mechanism for the formation of 3.113. c) Proposed formation for the formation 

of 3.114. Ar = C6H4-4-NMe2. 

It was considered that a less electron-rich dienophile might be able to react with pyrylium 

complex 3.102. A procedure was published by Asao et al. for the reaction of o-alkynyl 

benzaldehyde 3.109 with terminal and internal alkynes, using catalytic gold(III) chloride.223 The 

authors conditions were replicated with ynone 3.34 and phenylacetylene 3.13 (Figure 126). 
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Again, the crude 1H NMR spectra showed only unreacted starting material. The ESI mass 

spectrum recorded of the sample did show a minor peak for a mass consistent with the desired 

product, however, the spectrum was dominated by the unreacted ynone 3.34. 

 

Figure 126. Attempted reaction of ynone 3.34 (via pyrylium complex 3.102) with phenyl acetylene 3.13, 
as reported by Asao et al.223 Ar = C6H4-4-NMe2. 

Michelet and co-workers developed a method for the reduction of the benzopyrylium 

complexes (3.109) intermediates using Hantzsch ester hydride (HEH).224 The conditions were 

used to reduce pyrylium complex 3.102 to either 3.126 or 3.127 (Figure 127).  

The crude ESI mass spectrum did show a minor peak consistent with the mass of the desired 

products (3.126 or 3.127), however, a mass for trans-alkene 3.128 was also observed, from the 

direct reduction of ynone 3.34. During purification, no desired product (3.126 or 3.127) was able 

to be isolated, however a 32% yield of 3.128 was found as a mixture with coeluted oxidised HEH 

3.129. The yield of 32% was calculated from the ratio of 3.128:3.129 in the 1H NMR spectra.  

 

Figure 127. Attempted reduction of pyrylium complex 3.102 with HEH, as reported by Michelet and co-
workers.224 Ar = C6H4-4-NMe2. 

The HEH reduction reaction highlighted that the desired products might form from the initial 

amounts of pyrylium complex 3.102 available at the start of the reaction. However, after 

protiodemetallation, the gold(I) catalyst coordinates to another molecule of ynone 3.34, and the 
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η2(π) gold complex 3.P34 can react preferentially with available nucleophiles. It was therefore 

decided to stop exploring the potential reactivity of pyrylium complex 3.102. 

 

3.5 Concluding Remarks 

An intermolecular gold(I)-catalysed coupling reaction between indoles and carbonyl substituted 

alkynes has been described, to give vinylindole species. Whereas trace Brønsted acid will 

typically promote bis-addition of another equivalent of indole, the carbonyl group of the alkyne 

coupling partner (e.g. ynone 3.27) restricts further addition. DFT calculations demonstrated that 

there is both a thermodynamic and kinetic penalty to the second addition when using the 

carbonyl substituted alkynes (in comparison to simple acetylenes), due to the intermediate 

carbocations being destabilised. 

The preference for gold(I) coordination between the indole substrates (3.16 and 3.48) and ynone 

3.27 was explored using both DFT calculations and 31P{1H} NMR spectroscopy. The electron-rich 

indole moiety was found to be a better ligand for gold(I). This was proposed as the major reason 

that the intermolecular reactions are more challenging than the intramolecular counterparts 

(Figure 78), due to the need for the η2(π) alkyne complex for catalysis. 

Further exploration of the gold(I) coordination to different carbonyl-substituted alkynes 

revealed that the electronic properties of both the aryl and carbonyl groups has a significant 

effect on gold(I) coordination. The 31P{1H} NMR spectrum recorded using 4-NMe2-substituted 

ynone 3.34 revealed the formation of a new complex. This was identified as a novel gold(I)-

pyrylium salt (3.102), from the dimerisation of 4-NMe2 ynone 3.34. DFT calculations were used 

to study the formation of 3.102, which was likely formed by nucleophilic attack of the electron-

rich alkyne of 3.34 into the η2(π) alkyne gold(I) complex 3.P34.  

The reactivity of complex 3.102 was explored, however it found that only trace product 

formation was observed (using ESI mass spectrometry of the crude reaction mixtures) under the 

conditions used. It was proposed that the electron-rich nature of the aryl substituents of 3.102 

lowers the reactivity of the complex. 

The work described within this section is the subject of a publication.225  



 
 

165 
 

Chapter 4. Successive Ring Expansion (SuRE)  

4.1 Introduction  

4.1.1 Medium-sized rings and macrocycles 

Medium-sized rings and macrocycles are cyclic molecules which are defined as containing 8–11 

atoms, or greater than 12 atoms respectively. There has been great interest in medium-ring 

containing and macrocyclic molecules due to their many applications, for example in medicinal 

chemistry,226–233 chemical synthesis,234–236 or as chiral shift reagents.237 Selected examples (4.1–

4.8) are shown in Figure 128, with the medium-sized ring/macrocyclic core highlighted. 
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Figure 128. Select examples of medium-ring containing and macrocyclic molecules, with the macrocyclic 
core highlighted in blue. 

 

4.1.2 Synthesis of medium-sized rings and macrocycles 

Due to the wide utility of medium-sized rings and macrocycles, efficient methods for their 

synthesis are desirable. However, there are significant synthetic challenges associated with their 
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synthesis. End-to-end cyclisations, for example via a simple SN2 process or nucleophilic addition 

into carbonyl compounds, are generally very efficient when making 5- and 6-membered rings 

(Figure 129a). However, reactions using longer linear molecules tend to suffer problems with 

competing intermolecular dimerisation (4.11 → 4.13) and higher order polymerisation 

reactions, rather than the desired intramolecular cyclisation reaction (4.11 → 4.12, Figure 

129b).238,239 

 

Figure 129. a) General representation of the end-to-end cyclisation to form 6-membered ring 4.10. b) 
Undesired dimerisation during the cyclisation of 11-membered linear starting material 4.11. 

The challenges associated with the synthesis of medium-sized rings and macrocycles via end-to-

end cyclisation can be attributed to different effects. Ring strain can be described as the 

combination of angle strain (deviation from the optimal geometry) or transannular strain 

(caused by clashing interactions of atoms within close proximity).240,241 Medium-sized rings are 

considerably more strained than smaller, normal sized rings as the molecules are distorted from 

the ideal geometry to minimise the transannular interactions present. The higher strain energy 

present increases the transition state energy of cyclisation and therefore oligomerisation can 

become more favourable. Ring strain is largely relieved when the ring size is 12 or larger,240,241 

however end-to-end macrocyclisation is also challenging as the probability of intramolecular 

collisions are reduced due to the long chain length, and cyclisation of long chains is usually 

associated with a relatively large decrease in entropy, compared with analogous shorter chain 

cyclisation reactions.238 
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Methods have been reported which can improve the yields of large-ring forming reactions.242 

These typically involve using very dilute conditions, with concentrations in the millimolar range 

often reported.243–248 This approach can lead to improvements in the yields of cyclisation 

reactions, but the high dilution conditions can be a significant barrier to scaling up the reactions 

due to the large volumes of solvent required. This might also be a safety concern, and there are 

economic costs and impact to the environment also to consider with the use of large quantities 

of solvent. Other methods that have been successful in the cyclisation of linear substrates have 

been using resin-supported molecules (so called ‘pseudo’ high dilution),249,250 and using 

substrates which are templated or conformationally biased to favour the cyclisation 

reaction.251,252 

 

4.1.3 Ring Expansion Reactions 

A method that can overcome some of the synthetic challenges summarised above relies on 

increasing the size of rings that are already present, a method often referred to as ring 

expansion. These reactions can be used for the synthesis of both medium-sized rings and 

macrocycles. One such method is based on the fragmentation of bicyclic molecules, and such 

reactions are commonly driven by the loss of a good leaving group (Grob- or Eschenmoser-type 

fragmentations).  

For example, Reese et al. described the ring expansion of fused bicyclic ketone 4.14 (Figure 

130).253 After epoxidation of the alkene, further treatment of epoxide 4.15 with mesitylene-2-

sulfonohydrazide under acidic conditions resulted in an in situ Eschenmoser fragmentation 

reaction,254,255 liberating nitrogen gas and breaking the internal C–C bond, resulting in the 

formation of 10-membered cycloalkynone 4.18 in a 69% yield. This method was suitable for the 

synthesis of a 9-membered derivative, however the smaller 8-membered cycloalkynone was 

unable to be made using this method.  
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Figure 130. Eschenmoser fragmentation reported by Reese et al. resulting in 10-membered cyclic alkyne 
4.18.253 

Another common method for ring expansion with a broad range of different examples, is known 

as sidechain insertion, with two-electron and radical variations both well established. 

For example, an efficient radical method was reported by Dowd et al. for the expansion of cyclic 

β-ketoesters 4.19 (Figure 131).256 Their chemistry uses tributyltin hydride to abstract a halogen 

on an alkyl chain, situated for a 5-exo-trig cyclisation into a ketone (4.22). Bicyclic radical 4.23 

can fragment, followed by ring expanded radical 4.24 abstracting a hydrogen from either 

starting material 4.19 or tributyltin hydride, resulting in desired product 4.20 and further 

propagation.  
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Figure 131. Sidechain ring expansion using a radical addition pathway as reported by Dowd et al.256 

In previous work by Beckwith et al., it was shown that when a radical was generated on related 

cyclodecanone substrate 4.25, a ring contraction was observed (Figure 132).257 Therefore, the 

evidence indicates that Dowd’s ring expansion reaction was driven by the thermodynamic 

stability of the tertiary radical next to an ester group (in 4.24), in comparison to the primary 

radical in 4.22. 

 

Figure 132. Ring contraction of cyclodecanone 4.25 reported by Beckwith et al.257 

Another method to grow a cyclic molecule by sidechain insertion, is to use pericyclic reactions. 

Sigmatropic rearrangements are most frequently reported,258 however strategies utilising Diels–

Alder reactions have been used as well.259–262 

An example of a [2,3]-sigmatropic ring expansion utilised a sulphur ylide in an iterative 3-atom 

ring expansion process reported by Schmid et al.263 Alkylation of cyclic thioether 4.29 with allyl 

bromide resulted in sulphonium bromide 4.30 which can be readily deprotonated to form the 

reactive ylide intermediate (4.31, Figure 133). Cyclisation of 4.31 via a [2,3]-sigmatropic 

rearrangement results in ring expanded products 4.33 and 4.34. The allyl group alpha to the 
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sulphur atom is regenerated, which allowed for an iterative process that was repeated to 

successfully synthesise 17-membered macrocycles 4.38 and 4.38 in a 31% combined yield. 

 

Figure 133. Iterative ring expansion via [2,3]-sigmatropic rearrangements of cyclic thioether reported by 
Schmid et al.263 

Hesse and co-workers developed a series of methods for sidechain insertion ring expansion, 

based on intramolecular transamidation reactions (Figure 134).264–268  

 

Figure 134. Representation of the transamidation equilibrium exploited by Hesse et al. 

By alkylating lactams with aliphatic chains with a terminal primary amine, ring expansion was 

seen upon treatment with base. If the sidechain contained secondary amines in a suitable 

position (5-, 6- or 7- membered transition states are tolerated),268 it was possible to increase the 

ring-size further in one step. 
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This ring expansion method was referred to as a “zip” reaction in reference to how the linear 

chain closes. This series of reactions allowed for the synthesis of 21-membered lactam 4.45 in a 

high yield starting from 13-membered lactam 4.41 (Figure 135). The group even reported the 

synthesis of a 53-membered lactam from lactam 4.41 with a longer sidechain, although the 

reported characterisation data for the structure was limited.269 

 

Figure 135. Transamidation "zip" reactions for ring expansion as reported by Hesse et al.264 

An area where this method was particularly useful was in the formation of a macrocycle starting 

from a normal sized ring. A previous attempt within the Hesse group at expanding 7-membered 

lactam 4.46 into 11-membered product 4.47 with a single expansion proved unsuccessful (Figure 

136a).268 It was proposed that the additional transannular strain within an 11-membered ring 

hindered the equilibrium of the transamidation, which then strongly favoured the ring opened 

isomer. However, by using a spermidine sidechain, it was possible to do a double ring expansion, 

increasing 6-membered barbiturate derivate 4.48 into 14-membered product 4.50, via 10-

membered intermediate 4.49 (Figure 136b).270 
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Figure 136. a) Unsuccessful 3-atom ring expansion of 7-membered lactam 4.46 reported by Hesse et 
al.268 b) Successful “zip” reaction of barbiturate derivate 4.48, to yield 14-membered product 4.50, 

reported by Hesse et al.270 

Following a similar approach, Corey et al. developed a transesterification approach to ring 

expansion.271 Lactones of varied ring sizes were synthesised with a (hydroxy)propyl side chain 

(4.51–4.53), which were then exposed to acidic or basic conditions. This proved to be insightful 

as a strong ring-size dependence was found, a theme which has been discussed throughout this 

section. It was shown that with a catalytic amount of p-toluenesulfonic acid, transesterification 

and ring expansion was only seen with an 8-membered ring or larger (4.52 and 4.53) which was 

proposed to be due to the release of ring strain upon ring expansion. 
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Figure 137. Ring size dependence in transesterification ring expansion reactions of lactones, as reported 
by Corey et al.271 

 

4.1.4 Use of DFT calculations to study Ring Expansion reactions 

A common theme seen throughout ring expansion literature is the dependence on ring-size for 

the success of the reactions. To overcome the ring strain in the medium-sized ring products, 

another method to stabilise the product formed upon ring expansion is typically used, such as 

those discussed by the groups of Reese (Figure 130)253 and Dowd (Figure 131).256 Additionally, 

work into sidechain insertion using transamidation and transesterification reaction reported by 

Hesse (Figure 136),264–270 and Corey (Figure 137)271 demonstrated that these reactions are likely 

in an equilibrium. Using DFT to calculate the relative energies of the species involved in ring 

expansion can therefore provide useful insight into the outcomes of these reactions. 

Yudin and co-workers explored this during their synthesis of medium sized cyclic peptides (of 

the type 4.58).272 It was proposed that the insertion of a β-amino acid sidechain would allow for 

the ring expansion of normal sized lactams 4.57 via the breakdown of fused bicyclic intermediate 

4.59 (commonly referred to as a cyclol). 
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Figure 138. Ring expansion of lactams 4.57 using β-amino acids as proposed by Yudin et al.272 

This method was successful, and a series of 4-atom ring expansions were able to be performed 

using an N-Boc protected β-amino acid strategy (4.60 → 4.61, Figure 139). However, upon 

attempting the reaction for the 3-atom ring expansion of 6-membered lactam 4.62, rather than 

the 9-membered ring product, oxidised cyclol 4.63 was isolated instead.  

 

Figure 139. Attempted ring expansion reactions using N-Boc protected α- and β-amino acids, as 
reported by Yudin et al.272 R = p-NO2-Bn. 

Considering that the ring-opened imide, cyclol and ring expanded isomers were in equilibrium, 

a DFT method was developed to explore the relative Gibbs energies of these isomers. A 

conformational analysis was performed on each of the isomers using the MMFF forcefield. 

Single-point calculations were then done on all conformers at the M06-2X/6-31G* level of 

theory, and all structures within 7 kcal mol-1 of the lowest energy conformers were then fully 
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optimised at the M06-2X/6-31+G** level, with subsequent frequency calculations confirming 

that the structures were minima on the potential energy surface. These DFT calculations were 

performed for ring expansions using both the α- and β-amino acids. 

The DFT calculated relative energies showed good correlation with the experimental results 

(Table 11), with ring expansion predicted to be successful for ring expansion to 10-membered 

product 4.65RE, and cyclol intermediate 4.64RC favoured with the α-amino acid, rather than 9-

membered product 4.64RE. Solvent corrections using an SMD model with acetonitrile were 

considered however these made no significant difference to the predicted reaction outcome.  

Table 11. DFT-calculated relative energies for the ring expansion of lactams using amino acids. Energies 
are Gibbs energies calculated at the M06-2X/6-31+G** level of theory. Where used, solvent corrections 

were applied using an SMD model in acetonitrile. R = p-NO2-Bn. 

 

Compound 
Solvent 

Correction? 

ΔGrel RO / 

kcal mol-1 

ΔGrel RC / 

kcal mol-1 

ΔGrel RE / 

kcal mol-1 

4.64 
N 0.0 −3.4 −1.1 

Y 0.0 −4.1 −2.4 

4.65 
N 0.0 +9.7 −2.8 

Y 0.0 +6.0 −6.2 

 

In 2017, the group of Krasavin reported a method for fragmentation ring expansions which were 

referred to as hydrolytic imidazoline ring expansion (HIRE) reactions.273 It was proposed that N-

alkylation of a fused cyclic imidazoline (4.66), followed by the addition of a hydroxide (by the 

treatment of 4.67 under basic conditions) would result in a cyclol species (4.69), which would 

then fragment and result in a ring expanded product (4.70). 
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Figure 140. Hydrolytic imidazoline ring expansion (HIRE) concept reported by Krasavin et al.273 

The group were able to validate this approach, with the sequential optimisation of both the N-

alkylation and ring expansion reactions. It was then possible to employ these steps in a one pot 

protocol to allow for a 73% yield of ring expanded product 4.72 (Figure 141). This approach was 

general with a further 16 examples shown, and a following study expanding the scope to sulphur 

containing heterocycles.274 

 

Figure 141. An example of a HIRE reaction as reported by Krasavin et al.273 

A limitation of this method was that the ring-size could only be increased by 3-atoms. In 2019, 

the authors published a sidechain insertion method which could produce products with the 

same substitution pattern.275 It was proposed that a base-promoted intramolecular cyclisation 

could take place when starting from an N-alkylated lactam (e.g. 4.73), to yield the ring expanded 

products. This concept was verified in the synthesis of ring expanded lactam 4.74 (an analogue 

of 4.72) in a 68% yield, following an N-Boc deprotection of 4.73 (Figure 142). 
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Figure 142. Sidechain insertion development of HIRE reactions reported by Krasavin et al. 

The development of these sidechain insertion HIRE reactions allowed for the synthesis of 

structurally similar homologues with larger ring-sizes (4.79 and 4.80), as 4- and 5-atom ring 

expansions were possible by increasing the length of the linear sidechain in the starting materials 

(4.77 and 4.78). However, it was not possible to expand the ring by 6-atoms, likely due to the 

formation of a strained 8-membered ring intermediate. 

 

Figure 143. HIRE ring expansions resulting in larger ring sizes as reported by Krasavin et al.275 The times 
in brackets refer to the required time of base treatment. 

Whilst the reactions were successful it was noted that an increased reaction time was required 

for the larger ring sizes. It was proposed that cyclisation of the sidechain becomes entropically 

less favoured as its length increased. DFT studies were used to explore this (at the B3LYP/6-31G* 
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level of theory) using a similar method to Yudin and co-workers as previously discussed.272 It was 

found that the relative energy of the cyclol intermediate (RC) increased with the length of the 

sidechain, which likely increases the transition state energy for the cyclisation (Table 12). 

However, the energy of the ring expanded product decreased, likely due to a greater decrease 

in the ring-strain upon expansion. 

Table 12. DFT-calculated energies for the isomers in the HIRE reaction. Energies are Gibbs energies at 
the B3LYP/6-31G* level of theory with solvent correction in water. 

 

Compound 
ΔGrel RO / 

 kcal mol-1 

ΔGrel RC /  

kcal mol-1 

ΔGrel RE /  

kcal mol-1 

4.74 0.0 +20.4 −3.6 

4.79 0.0 +21.0 −5.0 

4.80 0.0 +24.0 −6.7 

 

4.1.5 Successive Ring Expansions (SuRE) 

Successive ring expansion (SuRE) reactions have been developed within the Unsworth group as 

an alternative way to increase the ring size of cyclic β-keto esters (reported in 2015) or lactams 

(reported in 2017) via the insertion of a linear sidechain.276–279  

The synthetic process is summarised in Figure 144. First, the α-carbon of the β-keto ester (e.g. 

4.81) or the nitrogen of the lactam (e.g. 4.85 and 4.89) is acylated by an acyl chloride formed in 

situ. Next, the protecting group of the nucleophile tethered onto the newly inserted chain is 

removed. Typically, oxygen nucleophiles are benzyl-protected and therefore cleaved via 

hydrogenation, whereas amines are protected using a 9-fluorenylmethyloxycarbonyl (Fmoc) 

group, which is removed under basic conditions. Cyclisation and ring expansion then occurs 

under basic conditions. Crucially, the key functionality of the starting material is regenerated 
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following ring expansion, and another ring expansion can therefore be performed using the 

same method, which allows for an iterative process to produce functionalised macrocycles. 

 

Figure 144. Examples of successful SuRE reactions reported by Unsworth et al.276,278,279 

The proposed mechanism for the ring expansion is similar to methods reported by Yudin and 

Krasavin,272,275 in which an intramolecular cyclisation of the nucleophile (secondary amine or 



 
 

181 
 

hydroxy group) into the cyclic carbonyl takes place to form bicyclic intermediate (4.94). This 

intermediate can then fragment, to give ring expanded product 4.95 (Figure 145). The proposed 

mechanism for the SuRE ring expansion reactions using β-ketoesters is conceptually the same. 

 

Figure 145. Proposed mechanism for the SuRE reactions of lactams. 

During work into lactone formation using α- or β-hydroxyacids, a clear ring-size dependence on 

the success of the ring expansion reaction was found (Figure 146).279 When α-hydroxyacids (as 

in 4.96 and 4.98) were used as the linear fragment, the ring size of the starting lactam was 

required to be 8 or larger for the reaction to be successful. In contrast, SuRE reactions using β-

hydroxyacids (as in 4.100 and 4.102) were possible using a smaller 6-membered starting 

material. In the unsuccessful reactions (ring expansions of 4.96 and 4.100) shown in Figure 146, 

the deprotected linear starting materials (4.97RO and 4.101RO) were recovered. This suggested 

that the problems discussed with ring strain within medium-sized rings contributed to whether 

the ring expansion would be successful. 
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Figure 146. Ring-size dependence on the scope of SuRE reactions using α- and β-hydroxyacids. 

A further two examples were reported with α-hydroxyacids 4.104 and 4.108 which after benzyl 

deprotection, the isolated products existed as a mixture of ring opened, ring expanded and 

bicyclic cyclol intermediates in CDCl3 solution (Figure 147). It was therefore proposed that these 

intermediates are in equilibrium during the SuRE reactions, with the observed synthetic 

outcomes thermodynamically controlled. 
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Figure 147. SuRE reactions resulting in equilibrium mixtures. Ratios were determined by 1H NMR 
spectroscopy. 

 

4.1.6 SuRE DFT Calculations 

The experimental evidence suggested that the outcome of SuRE reactions is under 

thermodynamic control. Therefore, based on the previously discussed work by Yudin and co-

workers on structurally similar substrates,272 it was proposed that by using computational 

chemistry to calculate the relative Gibbs energy difference between the three isomers (4.112–

4.114) in solution (Figure 148), the viability of a SuRE reaction could be predicted. 

 

Figure 148. The three isomers considered in the DFT calculations. 

Molecular mechanics was used to perform a conformational analysis using the MMFF forcefield. 

The electronic energy of each conformation was then calculated at the B3LYP/6-31G* level of 

theory. Finally, the conformation with the lowest DFT-calculated electronic energy was then 

submitted for a full geometry optimisation, followed by a frequency calculation to obtain the 

thermal energy corrections. This process was repeated for each structure to be compared. 
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The relative energies were calculated for the lactone-forming SuRE reactions discussed 

previously (Figure 146 and Figure 147), to compare whether the DFT calculations could indeed 

correctly predict the outcome of the reaction.  

The data in Table 13 shows the results of the study, which demonstrated that the DFT 

calculations successfully predicted the outcome of the reactions if the calculated energy 

difference between the isomers is significant (e.g. compounds 4.96, 4.98, 4.100). Where the 

relative energy difference is smaller, the prediction was less reliable. For example, compound 

4.104 might be predicted to form only the ring-opened isomer, however instead a 3:2 mixture 

of ring-opened and ring closed isomers were observed. Additionally, for compound 4.108, an 

equilibrium mixture of ring-opened and ring expanded isomers might be expected, however the 

ring-opened isomer was the major isomer observed, with only a small proportion of the ring 

expanded isomer seen. 

Table 13. DFT-calculated relative difference in Gibbs energy at 298.15 K at the B3LYP/6-31G* level of 
theory in a vacuum. 

 

Compound m n 
ΔGrel RO / 

kcal mol-1 

ΔGrel RC / 

kcal mol-1 

ΔGrel RE / 

kcal mol-1 

Experimental 

RO:RC:RE Ratio 

4.96 1 1 0.0 +13.4 +10.3 1:0:0 

4.104 2 1 0.0 +2.9 +5.2 3:2:0 

4.108 3 1 0.0 +4.0 +0.7 69:13:1 

4.98 4 1 0.0 +2.6 −6.3 0:0:1 

4.100 1 2 0.0 +11.7 +4.1 1:0:0 

4.102 2 2 0.0 +5.7 −2.4 0:0:1 

 

A more comprehensive study was then started, which focused on the validation of the DFT 

methodology used with respect to the SuRE reactions that had previously been published, whilst 

also increasing the reaction scope. However, during this work it was noted that whilst the 
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published method (B3LYP/6-31G*) was successful, there were some potentially significant 

considerations that had been omitted. 

Firstly, the effect of changing the functional and basis set wasn’t considered. B3LYP is a 

commonly used functional, however, it has a reputation for being a ‘default’ option and doesn’t 

always benchmark favourably.280–283 Larger basis sets (than 6-31G*) are available with which 

more accurate energies could theoretically be obtained,284 however this comes at a cost of 

increased computational expense without necessarily improving the model of the reactions. 

Additionally, it was noted that these calculations are performed in the gas phase so the effect 

of solvation stabilisation with the three calculated isomers could be considered. Finally, the 

effects of dispersion (long-range interactions, see Section 1.1.11) would normally be considered 

to represent the system more accurately. Therefore, it was decided to perform a more thorough 

methodology screen to ensure the most representative model was used. 

The work presented in this chapter will focus on the author’s contributions to validate or 

improve the DFT method used, building upon the work previously done by Dr Aggie Lawer in the 

Unsworth group. A discussion of how this computational method has been used to rationalise 

the experimental data from other members of the Unsworth group, which has furthered the 

scope of SuRE reactions, will be provided. 
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4.2 Evaluating the viability of Successive Ring Expansions 

4.2.1 Scope of the study 

As discussed previously, the only SuRE system which had been modelled using the B3LYP/6-31G* 

method, were the α- and β-hydroxyacid ring expansions starting from lactams (Table 13, page 

184), in which a clear dependency on the ring-size of the starting lactam was observed. To screen 

this method more thoroughly, additional calculations to model the thermodynamics of SuRE 

reactions were performed. The reactions to be considered were the ring expansions using 

lactams with α-amino acid linear fragments (4.115–4.117), and the cyclic β-ketoesters variant 

using both β-amino acid and β-hydroxyacid starting materials (4.118–4.120) to evaluate their 

dependence on the starting ring-size (Figure 149).  

 

Figure 149. SuRE reactions to be studied by DFT calculations. 

Additionally, the scope of the lactams used experimentally in the SuRE reactions was improved, 

to result in more functionalised ring expanded products. Therefore, further DFT calculations 

were done with these new examples to determine if it is possible to predict the outcome in 

specific examples. The computational data of the ring-size screen, and the new lactam 

substrates, would then be compared using different levels of theory to determine the best 

computational model to use. 
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4.2.2 Lactam and α-amino acid expansion ring-size dependence 

The scope of SuRE ring expansions using α-amino acids was previously limited to one example 

in which a 13-membered lactam was acylated and successfully ring expanded using Fmoc-

protected sarcosine.278 

 

Figure 150. Previous example of an α-amino acid SuRE reaction as reported by Stephens et al.278 

Based on the previous studies, it was suspected that there might be a ring size below which the 

ring expansions were no longer successful (referred to as the ‘switch-on point’), so DFT 

calculations were used to examine the relative energy difference between the ring-opened 

imide, cyclol and ring expanded isomers of various starting lactam sizes (Figure 151, n = 1–4). 

 

Figure 151. Structures used for evaluating the lactam ring-size dependence with sarcosine. m = 1–4. 

As previously described (see Section 4.1.6), a conformational analysis was performed followed 

by single-point calculations at the B3LYP/6-31G* level of theory in the gas phase. The geometry 

of the lowest energy conformation was then optimised using DFT with a frequency calculation 

to both demonstrate that the structure was a true minimum, and to generate the 

thermodynamic corrections. The relative energy difference for the different starting ring-sizes 

were then compared (Table 14). 
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Table 14. DFT-calculated relative difference for the α-amino acid lactam ring expansions series. All 
energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* level of theory in a vacuum. Calculated by Dr 

Lawer. 

 
Compound ΔGrel RO /  

kcal mol-1 

ΔGrel RC /  

kcal mol-1 

ΔGrel RE /  

kcal mol-1 

4.124 0.0 +16.5 +1.9 

4.125 0.0 +3.9 +2.1 

4.126 0.0 +6.4 +0.7 

4.127 0.0 +6.8 −7.3 

 

As before with the α-hydroxyacid series, the data showed a significant calculated energy 

difference when an 8-membered lactam was used as the starting material (Table 14, 4.127), with 

the ring expanded product favoured. The ring opened isomer was calculated to be lower in 

energy for the smaller rings (4.124–4.126), albeit it might be expected to see both ring opened 

and ring expanded isomers in an equilibrium mixture when starting with 7-membered lactam 

(4.126), similar to the result of the analogous α-hydroxyacid example (Table 13, compound 

4.108).  

Synthetic experiments were then attempted for the above calculated ring sizes (Figure 152), and 

only the 8-membered lactam starting material showed success in the ring expansion reaction, 

with a yield achieved of 82%. The smaller ring sizes were all unsuccessful, as predicted by the 

calculations, with no products isolated following the ring expansion. Notably, when starting from 

the 7-membered lactam, an equilibrium mixture of products was not observed. 
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Figure 152. Synthetic experiments exploring the ring-size requirements of SuRE reactions using α-amino 
acids, as performed by various co-workers. 

As before (see Section 4.1.6), the DFT results match the outcome of the experimental results, 

with the only successful reaction being the ring expansion of 8-membered lactam 4.89 to 

4.127RE. It was decided that this series of molecules were ideal for benchmarking the DFT 

methodology due to the similarity of the substrates (e.g. a homologous series in which the ring 

size is increased).  

Dr Lawer used the Spartan software package in the previous SuRE calculations.285 However, the 

Gaussian software package was used for the benchmarking studies (and for all future work in 

this area) due its availability on the University of York’s high performance computing clusters.286 

Therefore, initially, a comparison was made between the B3LYP/6-31G* energies as calculated 

between Spartan and Gaussian. The geometries from the Spartan geometry optimisations were 

used as the starting point for a geometry optimisation and frequency calculation in Gaussian at 

the B3LYP/6-31G* level of theory in a vacuum. The geometries of the resulting optimised 

structures were then compared to the starting input to ensure that there was no significant 

change in the conformation.  

The relative energies between the two software packages were comparable (Table 15), with the 

only significant difference seen in the calculation of the 6-membered lactam series (4.125). The 
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start and end geometries of 4.125 were compared, however there was no significant difference 

in the geometry. The 6-membered lactam structures (4.125) were still used in the comparisons, 

however minimal consideration to this data set was made when conclusions were drawn. 

Table 15. DFT-calculated relative difference for the α-amino acid lactam ring expansions (4.124–4.127) 
using either Spartan or Gaussian. All energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* level of 

theory in a vacuum. Spartan calculations performed by Dr Lawer. 

 
Compound Software Used ΔGrel RO / 

kcal mol-1 

ΔGrel RC / 

kcal mol-1 

ΔGrel RE / 

kcal mol-1 

4.124 
Spartan 0.0 +16.5 +1.9 

Gaussian 0.0 +15.8 +2.2 

4.125 
Spartan 0.0 +3.9 +2.1 

Gaussian 0.0 +1.3 −0.3 

4.126 
Spartan 0.0 +6.4 +0.7 

Gaussian 0.0 +6.1 0.3 

4.127 
Spartan 0.0 +6.8 −7.3 

Gaussian 0.0 +6.2 −8.2 

 

Further method screening was undertaken using Gaussian as these data indicated that the 

results were directly comparable with Dr Lawer’s data from Spartan. First, the effects of using 

different functionals for the calculations were considered. GGA functional BP86, 32,33 the hybrid 

functionals B3LYP,37–40 and PBE0,34–36 and the meta-hybrid Minnesota functional M06-2X,41 were 

compared using the same 6-31G* basis set, with no solvent correction applied. 

The data showed that the BP86 and PBE0 calculations, whilst similar to the B3LYP results, did 

predict the energy of the ring expanded isomer to be relatively more stable in all cases (Table 

16). This was particularly significant when the 7-membered lactam 4.126 was considered, where 

the BP86 and PBE0 functionals predicted that the ring expansion would be favourable. 
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The most significant difference in the relative energies was found when the M06-2X functional 

was employed. A much greater stabilisation for the ring-closed and ring expanded isomers was 

seen across all ring-sizes, predicting both that an equilibrium might be seen with 5-membered 

lactam 4.124, and that ring expansion was favoured with 7-membered lactam 4.126, neither of 

which was observed experimentally. It was noted that the M06-2X functional is parametrised to 

include medium-range interactions (akin to a separate dispersion correction), and it was 

proposed that this was the reason for the large difference. 

Table 16. DFT-calculated relative difference for the α-amino acid lactam ring expansions (4.124–4.127) 
with differing functionals. All energies are Gibbs energy at 298.15 K using the 6-31G* basis set in a 

vacuum. 

 
Compound Functional ΔGrel RO / 

kcal mol-1 

ΔGrel RC / 

kcal mol-1 

ΔGrel RE / 

kcal mol-1 

4.124 

B3LYP[a] 0.0 +16.5 +1.9 

BP86 0.0 +14.9 +1.6 

PBE0 0.0 +14.1 +1.2 

M06-2X 0.0 +9.8 0.3 

4.125 

B3LYP[a] 0.0 +3.9 +2.1 

BP86 0.0 +0.5 −1.1 

PBE0 0.0 −0.6 −1.6 

M06-2X 0.0 −5.6 −3.7 

4.126 

B3LYP[a] 0.0 +6.4 +0.7 

BP86 0.0 +5.5 −0.4 

PBE0 0.0 +4.4 −1.3 

M06-2X 0.0 −0.5 −2.8 

4.127 

B3LYP[a] 0.0 +6.8 −7.3 

BP86 0.0 +5.5 −8.3 

PBE0 0.0 +4.5 −8.8 

M06-2X 0.0 −0.8 −9.9 

[a] Energies were taken from the Spartan calculations performed by Dr Lawer. 
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The effects of applying a solvent correction on the relative energies were next considered. 

B3LYP/6-31G* and M06-2X/6-31G* calculations were performed with an added solvent 

correction using a PCM model with DCM as the solvent to match the experimental conditions, 

these were directly compared with the equivalent calculation in the gas phase. A calculation at 

the BP86/SV(P) level of theory was also performed. The data are collated in Table 7. 

Overall, the addition of a solvent correction did not significantly alter the predicted outcome of 

the ring expansion experiment when used with the B3LYP/6-31G* level of theory, although a 

slight reduction in the relative energy difference of the ring-closed and ring expanded isomers 

was observed. A larger preference for the ring expanded isomer was observed at both the 

BP86/SV(P) level of theory, and the M06-2X functional again. 
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Table 17. DFT-calculated relative difference for the α-amino acid lactam ring expansions (4.124–4.127). 
All energies are Gibbs energy at 298.15 K using the 6-31G*. Where used, solvent corrections were 

applied using a PCM model with DCM as the solvent. 

 
Compound Functional Basis 

Set 

Solvent 

Correction? 

ΔGrel RO / 

kcal mol-1 

ΔGrel RC / 

kcal mol-1 

ΔGrel RE / 

kcal mol-1 

4.124 

B3LYP[a] 6-31G* N 0.0 +16.5 +1.9 

B3LYP 6-31G* Y 0.0 +14.9 +0.2 

M06-2X 6-31G* N 0.0 +9.8 0.3 

M06-2X 6-31G* Y 0.0 +8.7 −1.6 

BP86 SV(P) Y 0.0 +11.5 −2.1 

4.125 

B3LYP[a] 6-31G* N 0.0 +3.9 +2.1 

B3LYP 6-31G* Y 0.0 +2.2 −1.1 

M06-2X 6-31G* N 0.0 −5.6 −3.7 

M06-2X 6-31G* Y 0.0 −4.5 −4.1 

BP86 SV(P) Y 0.0 −1.2 −3.0 

4.126 

B3LYP[a] 6-31G* N 0.0 +6.4 +0.7 

B3LYP 6-31G* Y 0.0 +6.2 −0.3 

M06-2X 6-31G* N 0.0 −0.5 −2.8 

M06-2X 6-31G* Y 0.0 −0.5 −3.4 

BP86 SV(P) Y 0.0 +2.7 −1.8 

4.127 

B3LYP[a] 6-31G* N 0.0 +6.8 −7.3 

B3LYP 6-31G* Y 0.0 +6.2 −9.9 

M06-2X 6-31G* N 0.0 −0.8 −9.9 

M06-2X 6-31G* Y 0.0 −0.9 −11.4 

BP86 SV(P) Y 0.0 +2.5 −11.1 

[a] Energies were taken from the Spartan calculations performed by Dr Lawer. 

The final consideration applied was the use of dispersion corrections. As discussed previously 

(see Section 1.1.11), DFT functionals typically neglect the effects of London dispersion.280 This 

can be remedied by the inclusion of dispersion corrections, and Grimme’s D3 variant with 
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Becke–Johnson damping (referred to as D3(BJ)) was used here.75 Additionally, the Minnesota 

functionals (e.g. M06 and M06-2X) are parametrised to take medium-range interactions into 

consideration.41  

It had been noted during this study that the M06-2X functional was markedly worse in predicting 

the reaction outcome of the SuRE reaction (Table 16), so a range of methods for considering the 

effects of dispersion were applied. The D3(BJ) correction was added to the B3LYP functional, as 

well as taking the BP86/SV(P) geometries and performing a single-point calculation at the 

D3(BJ)-PBE0/def2-TZVPP level of theory. Additionally, the M06 functional was applied to 

compare the results with M06-2X. 

The inclusion of dispersion corrections had the largest effect on the predicted outcome of the 

reaction (Table 18), whether this was included as an empirical correction, or with the Minnesota 

functionals. All ring sizes show a significant decrease in the relative energy difference of both 

the ring-closed and ring expanded isomers, which in the case of the 5- and 7-membered lactams 

(4.124 and 4.126), were now predicted to be successful, in disagreement with the experimental 

outcomes. This effect was also seen with 8-membered lactam 4.127, however in this instance 

the predicted reaction outcome doesn’t change, as the ring expanded product was already 

predicted to be significantly lower in energy.  
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Table 18. DFT-calculated relative difference for the α-amino acid lactam ring expansions (4.124–4.127). All energies are Gibbs energy at 298.15 K using the 6-31G*. 
Where used, solvent corrections were applied using a PCM with DCM as the solvent. Dispersion corrections were applied using the D3(BJ) method. 

 
Compound Functional Basis Set Solvent 

Correction? 

Empirical 

Dispersion 

Correction? 

ΔGrel RO / kcal mol-1 ΔGrel RC / kcal mol-1 ΔGrel RE / kcal mol-1 

4.124 

B3LYP[a] 6-31G* N N 0.0 +16.5 +1.9 

B3LYP 6-31G* N Y 0.0 +13.7 −0.2 

M06 6-31G* Y N 0.0 +10.8 −2.1 

M06-2X 6-31G* Y N 0.0 +8.7 −1.6 

PBE0[b] def2-TZVPP Y Y 0.0 +9.2 −3.3 

4.125 

B3LYP[a] 6-31G* N N 0.0 +3.9 +2.1 

B3LYP 6-31G* N Y 0.0 −1.5 −3.5 

M06 6-31G* Y N 0.0 −3.0 −3.8 

M06-2X 6-31G* Y N 0.0 −4.5 −4.1 

PBE0[b] def2-TZVPP Y Y 0.0 −3.0 −5.3 
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Compound Functional Basis Set Solvent 

Correction? 

Empirical 

Dispersion 

Correction? 

ΔGrel RO / kcal mol-1 ΔGrel RC / kcal mol-1 ΔGrel RE / kcal mol-1 

4.126 

B3LYP[a] 6-31G* N N 0.0 +6.4 +0.7 

B3LYP 6-31G* N Y 0.0 +3.8 −3.5 

M06 6-31G* Y N 0.0 +1.1 −3.8 

M06-2X 6-31G* Y N 0.0 −0.5 −3.4 

PBE0[b] def2-TZVPP Y Y 0.0 +0.7 −5.0 

4.127 

B3LYP[a] 6-31G* N N 0.0 +6.8 −7.3 

B3LYP 6-31G* N Y 0.0 +3.6 −9.8 

M06 6-31G* Y N 0.0 +0.6 −12.2 

M06-2X 6-31G* Y N 0.0 −0.9 −11.4 

PBE0[b] def2-TZVPP Y Y 0.0 +0.6 −13.4 

[a] Energies were taken from the Spartan calculations performed by Dr Lawer. [b] Geometry taken from BP86/SV(P) calculation. 
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To explain the difference in relative energies when the dispersion correction was applied, the 

geometry of the three isomers were considered. Due to the ring-opened isomer being stabilised 

less, it was proposed that the linear sidechain in the ring-opened isomer contains fewer long-

range interactions due to the distance from the lactam. However, in the ring-closed and ring 

expanded isomers, this side chain is now incorporated into the ring, hence the atoms are closer, 

and an increased amount of stabilising long-range interactions are calculated. 

It is suspected that in the real system, intermolecular interactions of the sidechain with the 

solvent stabilise the ring-opened isomers in reactions where the ring expansion is unsuccessful. 

These interactions are not modelled in the DFT calculations performed here due to the 

computational cost of explicit solvation (see Section 1.1.10 for discussion of solvation models in 

DFT methods). Therefore, it is proposed that the additional dispersion interactions in the ring 

expanded isomers, and the neglected solvent/solute interactions in the ring-opened isomers, 

provides a bias which leads to the calculations predicting a greater thermodynamic driving force 

to ring expansion. 

 

4.2.3 Further Scope 

Following the conclusion of the above study, the performance of the B3LYP/6-31G* and M06-

2X/6-31G* methods on a wider range of substrates was tested. Solvent corrections were applied 

in the M06-2X calculations, so that the effects of both solvation and dispersion on the relative 

energies are considered. 

Whilst the previous DFT studies on the SuRE reactions discussed focused on the ring size 

dependency of lactam starting materials, it is also possible to use cyclic β-ketoesters as starting 

materials in SuRE.276,277 Figure 153 shows the experimental results for the ring expansions 

utilising β-ketoesters to form medium-sized and macrocyclic lactams (4.129RE–4.131RE) and 

lactones (4.132RE and 4.133RE). Whilst the lactams had been previously reported,276 the lactones 

were new for this study. 
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Figure 153. Cyclic β-ketoester SuRE reactions that were studied using DFT. Yields for lactams 4.129RE–
4.131RE were taken from previous studies276 The other reactions were performed by various co-workers. 

Overall, both methods correctly predicted the outcome of the SuRE reactions, with ring 

expansion favoured greatly in each case (Table 19). As previously, the M06-2X functional 

lowered the relative energy of both the ring closed and ring expanded isomers. However, whilst 

the relative energy of the ring expanded isomer decreased between 0.5–2.5 kcal mol-1, a much 

larger effect for the ring closed isomer was seen, with the difference in relative energy increasing 

as the size of the ring increased. 

  



 
 

199 
 

Table 19. DFT calculated relative energies for the SuRE reaction of cyclic β-ketoesters (Figure 153). 
Energies are Gibbs energies at 298.15 K at the given level of theory. Solvent corrections were applied for 

the M06-2X/6-31G* calculations using a PCM model in dichloromethane for 4.129–4.131 and 
chloroform for 4.132 and 4.133. B3LYP calculations performed by Dr Lawer. 

Compound Method 
RO / 

 kcal mol-1 

RC / 

 kcal mol-1 

RE/ 

 kcal mol-1 

4.129 
B3LYP/6-31G* 0.0 +2.6 −10.0 

M06-2X/6-31G* 0.0 −2.3 −12.5 

4.130 
B3LYP/6-31G* 0.0 +1.6 −8.1 

M06-2X/6-31G* 0.0 −6.8 −10.5 

4.131 
B3LYP/6-31G* 0.0 +8.8 −36.6 

M06-2X/6-31G* 0.0 −3.3 −38.0 

4.132 
B3LYP/6-31G* 0.0 +2.5 −9.3 

M06-2X/6-31G* 0.0 −3.6 −11.7 

4.133 
B3LYP/6-31G* 0.0 −0.5 −10.8 

M06-2X/6-31G* 0.0 −6.6 −10.3 

 

Furthermore, rather than focusing on just the ring size of the lactam, the effect of different 

modifications on the carbon chain was also considered. The SuRE reactions which were studied 

by DFT are shown in Figure 154.  
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Figure 154. New SuRE reactions that were studied by DFT. Yields as reported by various co-workers.287 
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In most cases (9 out of 13), both computational methods predicted the same outcome of the 

reactions (Table 20). Notably, these were situations in which the B3LYP calculation already 

predicted a significant driving force for ring expansion. Examples where the M06-2X calculations 

were less successful in predicting the outcome included compound 4.136, where ring expansion 

was strongly predicted to occur, but a mixture of isomers were observed experimentally. Also, 

for compound 4.146, where no ring expansion was observed experimentally, an equilibrium 

mixture might be expected. 

There were some results with which the B3LYP method was less successful in predicting the 

outcome. Compound 4.135 predicted that a mixture might be seen but only the ring expanded 

isomer was isolated. Compound 4.136 again proved difficult to model, a convincing energy 

difference of −2.9 kcal mol-1 in favour of ring expansion was seen however a mixture was 

observed. Finally ring expansion was observed with compound 4.145 however the B3LYP 

method predicted that the ring opened isomer would be favoured. 
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Table 20. DFT calculated relative energies for the SuRE reaction in Figure 154. Energies are Gibbs 
energies at 298.15 K at the given level of theory. Solvent corrections were applied for the M06-2X/6-

31G* calculations using a PCM model in dichloromethane or chloroform as appropriate. B3LYP 
calculations performed by Dr Lawer. 

Compound Method 
RO /  

kcal mol-1 

RC /  

kcal mol-1 

RE /  

kcal mol-1 

Yield RE 

(%) 

4.135 
B3LYP/6-31G* 0.0 +9.7 0.0 

41 
M06-2X/6-31G* 0.0 +0.2 −6.9 

4.136 
B3LYP/6-31G* 0.0 +6.3 −2.9 

67a 
M06-2X/6-31G* 0.0 −0.5 −5.0 

4.138 
B3LYP/6-31G* 0.0 +12.4 −5.5 

70 
M06-2X/6-31G* 0.0 +2.1 −11.7 

4.139 
B3LYP/6-31G* 0.0 +9.2 −10.4 

75 
M06-2X/6-31G* 0.0 +2.6 −11.2 

4.141 
B3LYP/6-31G* 0.0 +11.7 −6.7 

99 
M06-2X/6-31G* 0.0 +1.1 −12.0 

4.143 
B3LYP/6-31G* 0.0 +9.4 −10.9 

73 
M06-2X/6-31G* 0.0 +0.6 −14.5 

4.145 
B3LYP/6-31G* 0.0 +15.9 +2.5 

40 
M06-2X/6-31G* 0.0 +7.2 −2.8 

4.146 
B3LYP/6-31G* 0.0 +13.9 +3.3 

0 
M06-2X/6-31G* 0.0 +6.3 −0.5 

4.148 
B3LYP/6-31G* 0.0 +18.3 −5.9 

77 
M06-2X/6-31G* 0.0 +9.7 −9.4 

4.149 
B3LYP/6-31G* 0.0 +13.8 −3.9 

71 
M06-2X/6-31G* 0.0 +6.8 −6.0 

4.151 
B3LYP/6-31G* 0.0 +7.3 −3.9 

30 
M06-2X/6-31G* 0.0 −3.5 −9.2 

4.153 
B3LYP/6-31G* 0.0 +16.1 −3.5 

84 
M06-2X/6-31G* 0.0 +4.7 −9.8 

4.154 
B3LYP/6-31G* 0.0 +9.7 −4.8 

45 
M06-2X/6-31G* 0.0 +2.6 −6.6 

[a] Isolated as a mixture (4:3 4.136RE:4.136RO). 
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4.2.4 Thiolactone SuRE Viability 

Whilst SuRE reactions using amino acids and hydroxyacids in the formation of lactam and 

lactones respectively have been thoroughly studied,276–279 the formation of thiolactones using 

thiol-terminated sidechains remained unexplored. This was considered to be an interesting 

synthetic opportunity, given that some normal-sized thiolactones are biologically active (4.155–

4.157, Figure 155).288–290 

 

Figure 155. Biologically active normal sized thiolactones. 

It had been proposed previously that the formation of stable, conjugated amide and esters 

functionalities offset the increase in ring strain observed upon ring expansion in the more 

establish N- and O-SuRE reactions. However, thioesters are generally considered to be less 

thermodynamically stable than amides and esters,291–293 and therefore SuRE reactions using 

thiols were expected to be a more challenging prospect. 

To aid in the development of this chemistry, it was proposed that DFT calculations would be 

useful to address whether thiolactone formation was thermodynamically viable. The work 

presented in this section highlights the computational chemistry used during the development 

of thiolactone-forming SuRE reactions, and how this aided another Unsworth group member, Dr 

Kleopas Palate, during the development of a synthetic procedure (Figure 156).  

 

Figure 156. Proposed thiolactone SuRE reactions. 
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As discussed previously, SuRE reactions to increase the ring-size by 4 atoms for the formation of 

lactams and lactones are typically easier than the 3 atom counterparts.278,279,294 Therefore the 

equivalent thiolactone variant of these were studied first. 

During the conformational search it was noted that whilst nitrogen and alkoxy oxygen atoms 

have been parametrised within the MMFF forcefield specifically for their inclusion in amide and 

ester functionalities respectively, parameters for the sulphur atom within thioesters are not 

included.295 Therefore, the functional group was treated as a thioether and a generic carbonyl. 

To account for this, the geometry of each conformation was optimised to ensure the most 

accurate comparison of the relative energies. Otherwise, the rest of the methodology used was 

the same as has been discussed and verified previously (see Sections 4.2.2 and 4.2.3),294 with all 

DFT calculations using the B3LYP/6-31G* level of theory in a vacuum. 

The DFT calculations suggested that formation of the thiolactones using SuRE was indeed less 

thermodynamically favoured than the equivalent lactam and lactone formation (Table 21). 

Successful ring expansion was only predicted when starting from medium sized lactams (4.162RO 

and 4.163RO), with 8-membered rings considered to be the ‘switch on’ point.  

Table 21. DFT-calculated relative energy difference for the 4-atom thiolactone ring expansions (4.160–
4.163). All energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* level of theory in a vacuum. 

 
Compound ΔGrel RO /  

kcal mol-1 

ΔGrel RC /  

kcal mol-1 

ΔGrel RE /  

kcal mol-1 

4.160 0.0 +15.4 +7.5 

4.161 0.0 +17.1 +3.8 

4.162 0.0 +20.0 −3.0 

4.163 0.0 +17.5 −7.1 

 

Encouraged that SuRE reactions using thiols might be possible, Dr Palate optimised the reaction, 

starting from commercially available 13-membered lactam 4.121. Whilst the relative energies 

of the isomers formed in this ring expansion were not calculated, lactam 4.121 was past the 
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‘switch on’ point (e.g. the DFT calculations in Table 21 suggests that lactams containing more 

than 8 atoms will ring expand) and hence likely to be thermodynamically viable. It was found 

that an Fm-protecting group strategy was the most successful and a 54% yield of the 17-

membered macrocyclic thiolactone was isolated (Figure 157). 

 

Figure 157. Thiolactone SuRE reaction of 13-membered lactam 4.121, optimised by Dr Palate. 

A ring-size substrate scope was then performed and the DFT data (Table 21) were consistent 

with the experimental outcomes. The thiolactone SuRE reactions were unsuccessful when 

starting with 6- or 7-membered lactams, 4.160 and 4.161. However, expanded products were 

isolated for starting ring sizes between 8 and 13, in 15–54% yields (Figure 158, 4.162 and 4.163). 
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Figure 158. Ring-size screen of thiolactone forming SuRE reactions performed by Dr Palate. 

Whilst the DFT calculations predicted that thiolactone SuRE reactions may be 

thermodynamically viable, it is important to note that they neglect the reaction kinetics for the 

sequential steps in the SuRE process, or indeed any competing side reactions. Therefore, they 

cannot reliably be used as an indicator of the reaction yield, just its viability. For instance, whilst 

the formation of 4.162RE was calculated to be thermodynamically viable (by 3.0 kcal mol-1), only 

a 15% yield was achieved. A thioether side product (4.173) was isolated as the major product in 

a 43% yield, likely formed via a competing E1CB and conjugate addition pathway (Figure 159). 

Similar products (4.174 and 4.175) were also observed by mass spectrometry and NMR 

spectroscopy for the unsuccessful ring expansions of 4.160RO and 4.161RO. 
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Figure 159. Side-products isolated or observed in thiolactone forming SuRE reactions performed by Dr 
Palate. 

The development of a 3-atom ring expansion protocol was then considered, with the DFT 

calculations demonstrating again that for ring expansion to be successful, a large starting lactam 

was likely needed, to result in the formation of a macrocyclic product (Table 22).  

Table 22. DFT-calculated relative energy difference for the 3-atom thiolactone ring expansions (4.176 
and 4.177). All energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* level of theory in a vacuum. 

 
Compound ΔGrel RO /  

kcal mol-1 

ΔGrel RC /  

kcal mol-1 

ΔGrel RE /  

kcal mol-1 

4.176 0.0 +7.9 +4.3 

4.177 0.0 +6.9 −11.1 

 

Acetylation of 13-membered lactam 4.121 using a variety of protected thioglycolic acids was 

challenging, and only by using the Fm-protecting group was imide 4.178 able to be isolated in 

good yield. However, despite the DFT calculations suggesting that ring expansion might be 

possible, no 16-membered ring expanded product (4.177RE) was isolated after multiple 

attempts, with an intractable mixture formed (Figure 160a). It was proposed that under basic 

conditions degradation of the imide occurred, potentially via an intramolecular cyclisation 

(Figure 160b).296–298 Due to the observed problems during the attempted ring expansions, 

development of a synthetic route was discontinued. 
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Figure 160. a) Attempted thiolactone SuRE reaction using Fm-protected imide 4.178 performed by Dr 
Palate. b) Proposed degradation pathway. 

 

4.2.5 Dihydroxylation Ring Expansions 

Further work by Dr Palate was in the development of a new variant of SuRE reactions. A 

procedure was developed in which the conjugate addition of an amine (4.182) into an acryloyl 

imide (4.181) allowed for formation of the ring expanded product (4.183, Figure 161). This 

method allows for the use of a common imide to result in a range of products by using different 

amines. These reactions were termed ‘Conjugate Addition/Ring Expansion’ reactions, or 

CARE.299 

 

Figure 161. Conjugate addition/ring expansion (CARE) reaction reported by Palate et al.299 
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A natural expansion to this methodology was its use in the formation of lactones. Multiple 

methods at achieving this was attempted, the most successful of which was Sharpless 

dihydroxylation. Using this approach, 11-membered ring expanded lactone (4.184β-RE) was 

isolated in 46% yield (Figure 162).  

 

Figure 162. Dihydroxylation of acryloyl imide 4.181 resulting in 4-atom ring expansion product 4.184β-RE 
as performed by Balazs Pogranyi. 

Whilst the 4-atom ring expansion took place during the dihydroxylation/ring expansion of 7-

membered lactam 4.181, another possible pathway was the analogous 3-atom ring expansion 

(i.e. via the other OH group) to form the equivalent 10-membered lactone product (4.184α-RE). 

However, on the basis of the previously discussed experimental data with the α- and β-

hydroxyacid ring expansions (Figure 146 and Figure 147), it was postulated that 4-atom ring 

expansion might be more thermodynamically favoured, and hence the only product observed. 

DFT calculations were performed using the established method (conformational analysis 

followed by geometry optimisations at the B3LYP/6-31G* on the lowest energy 

conformation).294 The aim of these calculations were to determine both if there is a significant 

difference in the relative energy difference between the 3- and 4-atom ring expansion products, 

and how increasing the starting ring-size might effect this equilibrium. The 3-atom expansion 

intermediate and products are labelled as “α-” and likewise the 4-atom isomers are labelled as 

“β-”. Both possible diastereoisomers of the ring closed isomers (α-RC and β-RC) were 

considered, with only the lowest energy isomer shown. 

The DFT-calculated energies demonstrated that in all cases the 4-atom ring expansion is 

significantly thermodynamically preferred, even in the case of the macrocyclic imide starting 

material (4.187). Compounds with 16- and 17-membered rings might be expected to have 

similar ring strain,240 so the DFT calculations provided encouraging evidence that the reactions 

might continue to be selective, even at very large ring sizes. 
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Table 23. DFT-calculated relative energy difference for the 3- and 4-atom dihydroxylation CARE ring 
expansions (4.185–4.187). All energies are Gibbs energy at 298.15 K at the B3LYP/6-31G* level of theory 

in a vacuum. 

 
Compound ΔGrel RO / 

kcal mol-1 

ΔGrel α-RC / 

kcal mol-1 

ΔGrel β-RC / 

kcal mol-1 

ΔGrel α-RE / 

kcal mol-1 

ΔGrel β-RE / 

kcal mol-1 

4.185 0.0 −0.5 5.7 −3.4 −9.4 

4.186 0.0 −0.8 6.8 −10.0 −16.6 

4.187 0.0 −0.3 6.3 −17.9 −21.0 

 

Synthesis of 12-membered lactone (4.186β-RE) from the 8-memebred starting acryloyl imide 

(4.188) was successful with no evidence of the 11-membered product (4.186α-RE) detected 

(Figure 163), which again was calculated by DFT to be the thermodynamic product. This is 

despite SuRE ring expansion reactions using α-hydroxyacids being successful with 8-membered 

lactams (Figure 146). 
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Figure 163. Dihydroxylation of acryloyl imide 4.188 resulting in 4-atom ring expansion product 4.186β-RE 
as performed by Balazs Pogranyi. 

 

4.2.6 Concluding Remarks 

An evaluation of different DFT methods was undertaken in relation to their success at predicting 

the outcome of successive ring expansion reactions. By comparing the experimental outcomes 

to the relative energies of the ring opened and ring expanded isomers, conclusions can be made. 

The inclusion of dispersion corrections to the calculations, whether that be an empirical 

correction or the use of a Minnesota functional, can have a large effect on the ability to 

successfully predict the outcome of the SuRE reaction. It is therefore suggested, on the basis of 

the empirical fit to experimental data, that the B3LYP/6-31G* method is the most suitable to 

predict whether ring expansion can occur. It is also proposed that calculations where the 

difference in energy between the ring opened and ring expanded isomers is less than                          

3 kcal mol-1, are less reliable in predicting the outcome.  

With substrates where the ring expanded isomer is much lower in energy than the other 

isomers, the M06-2X/6-31G* method is equally successful (compared to the B3LYP/6-31G* 

method), and has indeed been used to good effect with studies such as those performed in the 

ring expansion reactions reported by Yudin.272 

An instructive final remark is to highlight the fact that this method is now used routinely in the 

Unsworth group to assess the viability of new ring expansion reactions before committing to any 

synthetic effort, e.g. as was the case for the discussed thiolactone SuRE reactions. The 

combination of relatively short computation times and good predictive ability of the method 

make it a very useful tool to help synthetic focused group members make decisions on which 

reaction classes to prioritise, and to design better reactions. 
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The work described within this section is the subject of two publications, 294,300 with a further 

manuscript draft currently in progress (dihydroxylation CARE). All synthetic and computational 

experiments performed by various co-authors were highlighted where necessary. 
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Chapter 5. Acyl Transfer SuRE 

5.1 Introduction and Previous Work 

In all the SuRE methodologies discussed in Chapter 4, N-acylation of the lactam is achieved via 

the use of acid chlorides, which are formed in situ by heating a carboxylic acid at reflux with 

oxalyl chloride. Whilst this has been successful, and good yields can be achieved, acid-sensitive 

molecules are unsuitable for these reactions. Attempts within the Unsworth group have been 

made at using carboxylic acid coupling reagents, but these have all been unsuccessful, with these 

alternative, less electrophilic acylating agents being too unreactive to react with the lactam 

nitrogen.301 

An alternative approach was therefore conceived, whereby the acylating agent could be added 

indirectly via a tethered side chain group (i.e. the ‘YH’ moiety in representative substrate 5.1). 

The hope was that this could make N-acylation easier and negate the requirement to use acid 

chlorides. Thus, it was proposed that through acylation of lactams with alcohol or thiol 

sidechains (Y = O or S) using standard coupling procedures (5.1 → 5.3), the acyl group could 

migrate to the neighbouring amide (5.4), potentially though an increase in temperature or by 

using basic conditions. Once the imide (5.5) is formed ring expansion could then occur in the 

same way it does in regular SuRE reactions (Figure 164, see Section 4.1.5 for further details). 

 

Figure 164. Proposed acyl migration SuRE reactions. 

More ambitiously, it was postulated that if successful, this strategy may be used for the selective 

functionalisation of peptides (e.g. 5.8, Figure 165a), and enable the selective insertion of a linear 
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fragment (e.g. another amino acid) into a peptide backbone by using the thiol group of cysteine 

moieties to direct peptide N-acylation (5.9 → 5.10). This route bears some similarity to native 

chemical ligation (NCL) reactions, which are well known for the synthesis of proteins (Figure 

165b).302,303 

 

Figure 165. a) Proposed scheme for the insertion of a linear fragment into peptide chains. b) Native 
chemical ligation reactions used in protein synthesis. 
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Previous work by Dr Lawer attempted to establish a protocol for the acyl transfer SuRE reaction 

(e.g. Figure 164), however these attempts were unsuccessful (Figure 166).304 Most of the work 

was performed using ester derivatives (e.g. 5.16); however, thioesters (e.g. 5.19) were tried as 

well. Increasing the temperature, both with and without additional acidic or basic additives, 

were all attempted, however, either the products arising from hydrolysis (5.18 or 5.21) were 

isolated, or the starting material remained unreacted. 

 

Figure 166. Selected examples of attempted acyl transfer reactions, performed by Dr Lawer.304 

The aim of this work was to determine if DFT calculations could provide insight into the acyl 

transfer reactions, and if so, to develop a procedure to afford the desired, migration products. 
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5.2 DFT Calculations 

Whilst the previous attempts at the acyl transfer SuRE reactions were unsuccessful (Figure 166), 

there remained an interest in these reactions, and therefore it was proposed that comparing 

the relative energies of the ester or thioester starting materials (denoted by XAc), with the 

resulting imides (denoted by NAc, Figure 167) using DFT, might provide insight into the viability 

of the acyl transfer reactions. 

 

Figure 167. Isomers with which the energies were to be compared using DFT. 

The DFT method for calculating the energies previously established (see Section 4.2) was used 

as this had shown to be successful in modelling other SuRE reactions. Both ester and thioester 

starting materials were considered in addition to the ring size of the lactam, which previous work 

by Hutton and co-workers had shown could be a factor in the success of acyl transfer 

reactions.305 

The DFT-calculated energies demonstrated that in all cases studied, the desired imide product 

(NAc) was significantly less thermodynamically favourable than the starting material XAc (Table 

24). The relative energy difference was lower for the thioester compounds (5.24 and 5.26), 

which was likely due to the reduced stability of the thioester compared to an ester, as discussed 

previously in the SuRE reaction of thiols (Section 4.2.4).291–293,300 
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Table 24. DFT-calculated energies for X → N acyl migration. Energies are Gibbs energies at 298.15 K at 
the B3LYP/6-31G* level of theory in a vacuum. 

 
Compound ΔGrel XAc /  

kcal mol-1 

ΔGrel NAc /  

kcal mol-1 

5.23 0.0 +14.7 

5.24 0.0 +3.6 

5.25 0.0 +18.6 

5.26 0.0 +6.6 

 

Undeterred, articles found during literature searches suggested that acyl migrations can be 

promoted under acidic or basic conditions.306–308 It was therefore proposed that by exploiting 

the pKa difference between the amide and alcohols or thiols, a thermodynamic driving force 

might be provided for the migration to occur. The pKa values depend on the solvent used, with 

values reported in water and DMSO, for amides (≈15 and ≈25 respectively),309,310 alcohols (≈ 17 

and ≈29)311,312 and thiols (≈ 11 and ≈17)312,313. DFT calculations were performed to compare the 

relative energies when the isomers were treated as anions and explore this computationally. 

The B3LYP/6-31+G* level of theory was used, with the inclusion of diffuse basis functions 

considered preferable for the DFT treatment of anions.52,314–316 

The DFT calculations showed that under basic conditions it might be possible to afford the 

migration of the acyl group in the thioester starting materials (5.28 and 5.30, Table 25). The 

lactam ring size did have a significant effect, with the relative energy difference decreasing upon 

increasing ring-size. This is suggested to be due to increased steric clashes within the already 

strained medium-sized ring upon acyl migration. 
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Table 25. DFT-calculated energies for X → N-acyl migration under basic conditions. Energies are Gibbs 
energies at 298.15 K at the B3LYP/6-31+G* level of theory in a vacuum. 

 
Compound ΔGrel N− /  

kcal mol-1 

ΔGrel X− /  

kcal mol-1 

5.27 0.0 +11.0 

5.28 0.0 −12.7 

5.29 0.0 +27.3 

5.30 0.0 −2.5 

 

Whilst the DFT calculations on this anionic system gave an indication that migration of the acyl 

group could be possible with the thioester derivates, there was concern that when neutralised 

the reverse reaction could occur. Therefore, a strategy was proposed in which the thiolate anion 

(5.33), formed after the acyl transfer of 5.32, would be trapped in situ (e.g. by a different acyl 

chloride 5.34), preventing the reverse reaction (Figure 168). With this notion in mind, the 

synthetic experiments were then started. 

 

Figure 168. Proposed strategy for S → N acyl transfer for imide formation. 
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5.3 Starting Material Synthesis 

Throughout the project, a number of starting materials and reagents were required to be 

synthesised. This section discusses the synthesis of these molecules, and is structured with the 

lactam synthesis first, followed by the Michael acceptor synthesis, protected carboxylic acid 

synthesis and thiol coupling. 

Lactam Synthesis 

A strategy for the synthesis of 6-membered lactam thiol 5.21 was proposed, using methods 

reported in the literature. Angle and co-workers reported a 4-step synthesis of alcohol 5.18 from 

L-lysine methyl ester dihydrochloride (5.36, Figure 169),317 a cheap and readily available starting 

material.  

The Boc-protection of L-lysine methyl ester dihydrochloride 5.36 proceeded in high yield. A 

ruthenium tetroxide (generated in situ) oxidation of 5.37 allowed for formation of amide 5.38. 

Lactam 5.39 was afforded by treatment of amide 5.38, which underwent Boc-deprotection 

followed by intramolecular cyclisation when refluxed in TFA. Finally, ester 5.39 was reduced 

under unusually mild conditions, with sodium borohydride able to yield the desired product 

(5.18). 

 

Figure 169. Synthesis of alcohol 5.18 from L-lysine methyl ester dihydrochloride 5.36, using the methods 
reported by Angle et al.317 



 
 

220 
 

A Mitsunobu reaction between alcohol 5.18 and thioacetic acid 5.40, afforded thioacetate 5.41 

in an 89% yield (Figure 170).318 

 

Figure 170. Mitsunobu reaction of alcohol 5.18, adapted from a patent.318 

The first attempt at hydrolysis of thioacetate 5.41 was broadly successful with no starting 

material remaining (Figure 171). However, a disulphide side product (5.42) was isolated in 

addition to the desired product, likely promoted by oxygen.319 The formation of the disulphide 

was suppressed by thoroughly degassing the solutions using nitrogen gas, allowing a higher yield 

of thiol 5.21 to be achieved. 

 

Figure 171. Hydrolysis of thioacetate 5.41. 

A 5-membered thioacetate analogue (5.46) was also synthesised using a similar method (Figure 

172). Esterification of 5.43 was achieved via the formation of an acyl chloride using thionyl 

chloride.320 The product (5.44) wasn’t isolated, and instead was reduced using sodium 

borohydride to achieve alcohol 5.45 in a 48% yield over 2 steps.321 Finally, a Mitsunobu reaction 

was again used to afford the desired thioacetate (5.46) in a 70% yield.318 
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Figure 172. Synthesis of 5-membered thioacetate 5.46. Using methods reported in the 
literature.318,320,321 

A final lactam that was synthesised was an ethyl-substituted analogue (5.48) of thiol 5.21, to act 

as a steric mimic for substrate screening (for discussion, see Section 5.4.2). This was achieved 

following a literature procedure (Figure 173).322 Grignard addition using ethylmagnesium 

bromide, followed by an in situ reduction using sodium cyanoborohydride yielded the desired 

product in a 47% yield. 

 

Figure 173. Synthesis of ethyl-substituted lactam 5.48 as reported by Chen et al.322 

Michael Acceptors 

To trap the thiolate after acyl migration, Michael acceptors were considered in addition to acyl 

chlorides. Taking inspiration from biochemical cysteine trapping methods,323 a series of 

substrates were explored (for discussion, see Section 5.4.2). Two compounds that were used 

needed to be synthesised. 
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First, an exocyclic maleimide derivate (5.50) was made following a literature procedure (Figure 

174).324 A Wittig reaction using N-ethyl maleimide 5.49 and benzaldehyde 1.36 afforded the 

desired product in a 68% yield. Only one stereoisomer was detected in the crude 1H NMR 

spectrum, which was consistent with 5.50 having E-stereochemistry, as determined and 

reported by Parmar et al.325 

 

Figure 174. Synthesis of exocyclic maleimide 5.50, as reported by Yan et al.324 

Terminal ynone 5.52 was synthesised according to literature procedures in 2 steps.326,327 

Grignard addition of ethynylmagnesium bromide 5.51 into benzaldehyde 1.36 afforded 

propargyl alcohol 1.5 in an 81% yield, which was then able to be oxidised using activated 

manganese oxide, to give the product ynone 5.52 in a 43% yield. 

 

Figure 175. Synthesis of terminal ynone 5.52, as reported in literature.326,327 

Protected Carboxylic Acid Synthesis 

Three protected carboxylic acids were used to make different thioester analogues (for more 

details, see Section 5.4.4). Whilst commonly used protected hydroxyacids and Fmoc-protected 
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amino acids were available within the Unsworth group inventory. One protected acid had to be 

made. 

N-Boc N-methyl β-alanine 5.54 was made following a reported procedure,328 in which 

commercially available N-Boc β-alanine 5.53 was methylated using an excess of sodium hydride 

and methyl iodide (Figure 176). An acid/base extraction was able to yield the desired product in 

a 92% yield. 

 

Figure 176. Methylation of N-Boc β-alanine 5.53, as reported in the literature.328 

Thiol Coupling 

A series of thioesters were made using 6-membered thiol 5.21. Initially, HATU was used to 

couple N-benzyl N-Fmoc β-alanine (5.55), following a procedure developed by Dr Lawer during 

the previous work.304 The procedure was successful (Figure 177), however, after column 

chromatography the desired product (5.56) was ≈75% pure (by 1H NMR analysis), with 

contamination from tetramethylurea, a by-product formed from the HATU coupling reagent. 

After taking into account the impurity, the conversion to the coupled product 5.56 was 

calculated at 57%. 

 

Figure 177. HATU coupling procedure of thiol 5.21 with N-benzyl N-Fmoc β-alanine 5.55. a Determined 
by 1H NMR spectroscopy. 
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To avoid the problems with tetramethylurea coelution, the coupling reaction between 5.21 and 

5.55 using T3P was considered, as the phosphate side products can be removed though an 

aqueous work-up. A similar yield of 54% was achieved, however this time there were no 

impurities present (Figure 178). 

 

Figure 178. T3P coupling procedure of thiol 5.21 with N-benzyl N-Fmoc β-alanine 5.56. 

This same procedure was then used for the synthesis of two further thioester derivates (5.57 

and 5.59, Figure 179), using N-Boc N-methyl β-alanine 5.54 and Bn-protected β-hydroxyacid 

5.58. Again, these procedures were successful, however the yields of the product weren’t as 

high as expected. Optimisation could likely improve these yields however it was considered that 

unless the desired acyl migration was successful, it was not a priority at that time. 

 

Figure 179. T3P coupling procedure of thiol 5.21 with N-Boc N-methyl β-alanine 5.54 and Bn-protected 
β-hydroxyacid 5.58. 
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5.4 Acyl-Transfer Studies 

5.4.1 Studies using acid chloride trapping 

Based on the DFT studies (see Section 5.2), it was first considered that the thiolate anion (e.g. 

5.62) formed after migration (5.61 → 5.62) could be trapped using an acid chloride (e.g. 5.63, 

Figure 180). After deprotection this could undergo a SuRE reaction (5.64 → 5.65). The primary 

factor in pursuing this route was that, if successful, the acid chloride used (e.g. 5.63) could 

ultimately be a linear fragment with which further ring expansion could be achieved. After a final 

migration, using acetyl chloride (3.36) to trap the intermediate could potentially allow for a ring 

expansion (5.65 → 5.66). The acetate-protected thiol could then easily be hydrolysed if desired. 

 

Figure 180. Proposed process for iterative acyl migration and SuRE ring expansion reactions. 

Initial studies were performed using simple acetate thioester 5.41, and propionyl chloride 5.67, 

in an attempt to form imide 5.68 (Figure 181). Triethylamine was chosen as a mild, organic base 

(pKaH ≈ 11 in H2O),329 which based on the general pKa value of thiols (pKa ≈ 11 in H2O)313 is capable 

of deprotonating a significant proportion of any thiol that might be formed in the migration 

reaction, to form the thiolate, which can be subsequently trapped by reacting with the propionyl 

chloride.  
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Figure 181. Proposed acyl transfer reaction of thioester 5.41, trapping with propionyl chloride 5.67. 

After 21 hours, TLC analysis showed a variety of new products forming in the reaction, however 

a vast majority of the starting material (≈75% by 1H NMR analysis of the crude reaction mixture) 

also remained. An ESI mass spectrum was recorded of the crude reaction mixture, and whilst an 

ion consistent with the desired molecular weight was found (e.g. 5.69, Figure 182) another mass 

peak was also observed at 322.1075, the m/z of which is consistent with an addition of a further 

propionyl chloride during the reaction, with an example structure shown in Figure 182 (e.g. 

5.70). Many products were formed with a similar polarity that were unable to be separated by 

chromatography, so the exact species were unable to be characterised. 

 

Figure 182. Cations observed in the crude mass spectrum in the attempted acyl transfer reaction of 5.41 
using triethylamine. Structures given are examples only, and no characterisation was done. 

It was proposed that triethylamine caused enolate-related species to be formed (e.g. 5.71 → 

5.72), which were then able to react with propionyl chloride (e.g. 5.72 → 5.73). The many 

products observed via TLC analysis suggests that this process is unselective. An example 

mechanism is shown in Figure 183. 
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Figure 183. Mechanism highlighting a proposed enolisation and substitution pathway. 

To try and suppress the undesired pathways, the reaction was repeated using pyridine, as a 

weaker base than triethylamine (Figure 184). TLC analysis of the reaction mixture showed only 

one visible product, and after 22 hours no starting material remained. A mass spectrum of the 

crude reaction mixture also showed no evidence of the mass peaks for multiple propionyl 

chloride addition. A product was isolated in a 58% yield (albeit impure with an unknown and 

inseparable impurity), however the NMR data were instead consistent with direct addition of 

the propionyl chloride to the amide (5.74). 

 

Figure 184. Reaction of thioacetate 5.41 with propionyl chloride 5.67 and pyridine. 

HMBC and 13C{1H} NMR data were the most important for assignment of where the propionyl 

group was added (Figure 185). A resonance was observed in the 13C{1H] NMR spectrum at δC = 

194.8 ppm, which is consistent with the thioester carbonyl. In the HMBC spectra there is a clear 

crosspeak between the resonance at δC = 194.8 ppm and a singlet resonance at δH = 2.33 ppm, 

which was assigned as the acetate methyl group (Ha). Additionally, one of the diastereotopic CH2 

protons at δH = 3.25 ppm (Hb) also has a crosspeak with the same thioester carbonyl resonance. 

Finally, the triplet resonance at δH = 1.12 ppm, which is consistent with the methyl group of the 

propionyl group (Hc), has a crosspeak with one of the imide carbonyls, at δC = 177.6 ppm.  
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Figure 185. HMBC data with selected assignments used to determine the structure of 5.74. NMR data 
recorded on 400 MHz spectrometer, in CDCl3. 

The reaction was repeated using 5-membered lactam analogue 5.46 (Figure 186), and again, 

instead of the desired migrated product (5.75), a product from direct imide formation was 

instead isolated (5.76), in a low 35% yield (starting material was remaining). Assignment of this 

compound was done using the same key HMBC resonances as previously discussed. 

 

Figure 186. Reaction of thioacetate 5.46 with propionyl chloride 5.67 and pyridine. 



 
 

229 
 

5.4.2 Studies using Michael acceptors for trapping 

In the attempted acyl-transfer reactions using acyl chlorides as the trapping agent previously 

discussed (see Section 5.4.1), acylation occurred directly on to the amide nitrogen (Figure 184 

and Figure 186), even under the mild conditions used. Taking inspiration from the way in which 

cysteine amino acid residues are targeted over lysine amino acids in biochemical systems,323 

Michael acceptors were considered as trapping agents. It was proposed that the amide nitrogen 

might be unreactive with these softer electrophiles, and that therefore they would react only 

with the thiolate anion. 

Due to the time taken to synthesise thioester compound 5.41, an alternative approach was 

devised to screen the Michael acceptors. A binary approach was considered (Figure 187), in 

which a simpler lactam (5.48), and isobutyl mercaptan (5.77) could be used to test the reaction. 

If only the thiol reacted, then this could be a potential substrate to trial. This approach is 

exemplified in Figure 187 with N-ethyl maleimide (5.49) as the Michael acceptor. 

 

Figure 187. Representation of the Michael acceptor study. 

N-ethyl maleimide 5.49 is a widely used substrate within biochemistry for selectively reacting 

with cysteine residues,323,330 and was therefore considered first in this study. A reaction of thiols 

with maleimides under basic conditions was found in the literature and used as the basis of the 

conditions used.331 



 
 

230 
 

The reaction of isobutyl mercaptan 5.77 and maleimide 5.49 with triethylamine was successful, 

with clean conversion observed within 30 minutes (Figure 188). A yield wasn’t recorded, 

however in the crude 1H NMR spectra only the desired product (5.79) was observed, with no 

unreacted maleimide 5.49 present. 

 

Figure 188. Trial reaction between isobutyl mercaptan 5.77 and N-ethyl maleimide 5.49. 

Upon attempting the reaction under the same conditions using ethyl-substituted lactam 5.48, 

no product was observed (Figure 189). Whilst this was the desired outcome, it was noted that 

only the unreacted lactam was present in the crude 1H NMR spectrum, and the reaction itself 

went a red colour. It has been reported in the literature that it is possible to polymerise 

maleimides under basic conditions,332–334 with articles also reporting a red solution during the 

process.332,335 This suggested that N-ethyl maleimide 5.49 was polymerising under these 

conditions which could therefore be problematic. Different bases were tested (DBU, DIPEA and 

K2CO3) however the same results were observed. 

 

Figure 189. Unsuccessful reaction of ethyl-substituted lactam 5.48 and N-ethyl maleimide 5.49. 

The next Michael acceptor that was used, was a phenyl-substituted exocyclic maleimide 

(5.50).330,336 The reaction was attempted using similar conditions to those using N-ethyl 

maleimide 5.49, however in this instance, neither the thiol (5.77) nor the lactam (5.48) reacted 
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with 5.50 (Figure 190). The lack of reactivity even with the thiol could be due to the choice of 

substituent on the alkene, in the future, an alkyl substituent could be more successful. 

 

Figure 190. Unsuccessful reaction of thiol 5.79 and 5.48 with phenyl-substituted exocyclic maleimide 
5.50. 

Precedent was found which suggested that electron-deficient alkynes have been used to 

selectively functionalise cysteine residues.323,330,337 Ynones were therefore considered as they 

have been used extensively in part of this project (see Chapter 3). A procedure was found for 

the reaction of alkyl thiols with phenyl-substituted ynone 3.27.338 These conditions were used in 

the reactions of thiol 5.77 and lactam 5.48. Clean conversion of the thiol was seen, with only the 

product 5.82 present in the crude 1H NMR spectrum. However, no reaction was observed using 

lactam 5.48. 
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Figure 191. Reactions of thiol 5.77 and lactam 5.48 with phenyl-substituted ynone 3.27. a) 
Stereochemistry assigned by comparison of an analogous compound, reported by Nishio et al.339 

Encouraged that no lactam functionalisation was observed, even under the high temperature 

used, the reaction was attempted using the thioacetate lactam 5.41 (Figure 192). Following 

reaction for 16 hours, starting material was still present, however encouragingly there were two 

new products on TLC analysis. The crude 1H NMR spectrum also showed resonances consistent 

with the alkene protons in 5.82. Purification yielded a compound, with NMR data which were 

consistent with the desired, migrated product 5.84 in a 56% yield (slightly impure), and a side 

product which was identified as a bis(acetate) lactam 5.85. 

 

Figure 192. Reactions of thioester 5.41 with phenyl-substituted ynone 3.27. a) Stereochemistry assigned 
by comparison of an analogous compound, reported by Nishio et al.339 

It was proposed that the bis(acetate) side product 5.85 could form from competing 

thioesterification reactions of the thiolate after migration had occurred (5.86, Figure 193), either 

with other thioacetates (e.g. 5.87), or via imide acetates (e.g. 5.88) (reactions of nucleophiles 
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with imides had been seen in previous SuRE studies).300 Other products were present on TLC 

analysis of the crude reaction mixture, no further materials could be isolated.  

 

Figure 193. Proposed mechanisms for bis(acetate) 5.85 formation. 

 

5.4.3 Optimisation of acyl migration/ynone trapping reaction 

Encouraged that acyl migration has been achieved using an ynone to trap the thiolate (Figure 

192), work began on optimising the reaction, focused on reducing the amount of starting 

thioester 5.41, and bis(acetate) side product 5.85. First, the reaction was attempted without any 

added base, but no conversion was observed (Figure 194). This result demonstrates that basic 

conditions were required, which is in good agreement with the DFT data (Table 25, Section 5.2). 

 

Figure 194. Unsuccessful reactions of thioester 5.41 with phenyl-substituted ynone 3.27 with no base 
added. 

The base was then changed, using triethylamine or pyridine instead of potassium carbonate 

(Figure 195). With triethylamine trace amounts of 5.84 and 5.85 could be observed via TLC 

analysis, however overall, no significant conversion was observed with either base. 
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Figure 195. Unsuccessful reactions of thioester 5.41 with phenyl-substituted ynone 3.27 with 
triethylamine or pyridine added. 

A more thorough screening of reaction conditions was then undertaken. Reactions were 

performed under various conditions, with a known amount of trimethyoxybenzene (10 mol%) 

added as an internal NMR standard (Table 26). Integration of the crude 1H NMR spectra could 

give a calculated yield. 

First, the effect of changing the solvent was considered (Entries 1–4, Table 26). More polar 

solvents were used as it was proposed that this might have an impact on the stability of any 

charged intermediates. More starting material was consumed when THF and acetonitrile were 

used, however other unidentified side products were found. Neither 5.85 or 5.86 were found 

with DMF as the solvent, although unidentified side products were formed in low amounts. 

The effects of the reaction temperature were then considered using chloroform (Entries 5 and 

6, Table 26) or acetonitrile (Entries 7–9, Table 26) as the solvent. Consumption of the starting 

material was quickly lowered in chloroform as the temperature decreased. However, in 

acetonitrile the reaction was still successful at 40 °C. Additionally, whilst there was still starting 

material remaining, less unidentified side products were detected, allowing for isolation of a 

purer product in a 67% yield. 

Finally, it was attempted to push the reaction further to completion with increased equivalents 

of base or ynone (Entries 10–12, Table 26). When 1.5 equivalents of base and ynone were used 

(Entry 12, Table 26), there was a large increase in the NMR yield of the product 5.84 (compared 

to using 1 equivalent of base and ynone, Entry 8, Table 26) however, there was only a small 

increase in the isolated yield (Entry 12, Table 26). Additionally, there is a large discrepancy 

between the NMR and isolated yields (Entry 12, Table 26) at 92% and 72% respectively, it is 

suspected that this is due to inefficiencies in sample transfer and purification at the small (0.2 

mmol) scale the reactions were performed at. However, based on the NMR yield, it was decided 
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that increasing the equivalents of potassium carbonate and ynone to 1.5 (Entry 12, Table 26) 

would be the standard conditions going forward. 

Table 26. Reaction optimisation for the acyl transfer/ynone trapping reaction of thioester 5.41. 
Reactions were performed on a 0.2 mmol scale, and after 18 hours, 100 μL of a 0.2 M solution of 

trimethoxybenzene in DCM was added before the reaction was concentrated and a 1H NMR spectrum 
recorded. Anhydrous THF, MeCN and DMF were used, and those reactions were performed under an 

argon atmosphere. 

 

Entry Solvent Temp / °C NMR Yield of 

5.84a (Isolated 

Yield) / % 

NMR Yield of 

5.85 / % 

NMR Yield of 

5.41 / % 

1 CHCl3 80 57 (56%) 38 20 

2 THFb 80 55 28 11 

3 MeCNb 80 66 26 6 

4 DMFb 80 0 0 80 

5 CHCl3 60 60 34 23 

6 CHCl3 40 45 24 39 

7 MeCN 60 80 20 11 

8 MeCN 40 81 (67%) 14 9 

9 MeCN RT 69 12 26 

10 MeCNc 40 84 8 8 

11 MeCNd 40 85 14 8 

12 MeCNe 40 92 (72%) 12 8 

a Yield of both stereoisomers. b Formation of unknown side products was observed. c 1.5 
equivalents of 3.27 used. d 1.5 equivalents of K2CO3 used. e 1.5 equivalents of 3.27 and K2CO3 
used. 

The migration and trapping reaction was tested using 5-membered thioacetate 5.46 under the 

optimised conditions (Figure 196). The reaction was indeed successful, and a 73% yield of the 

desired product (5.89) was isolated. 
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Figure 196. Reactions of thioester 5.46 with phenyl-substituted ynone 3.27. a) Stereochemistry assigned 
by comparison of an analogous compound, reported by Nishio et al.339 

The choice of ynone was only very briefly investigated. Terminal ynone 5.52 was tested, due to 

work reported in the literature demonstrating that a disubstituted internal vinyl thioether 

moiety was able to be cleaved with the addition of a second thiol.340 The reaction of thioester 

5.41 was successful under the standard conditions, albeit in a reduced yield of 49%. 

 

Figure 197. Reactions of thioester 5.41 with terminal ynone 5.52. a) Stereochemistry was assigned by 
analysis of the 3J alkene coupling constant (15.0 Hz for the E-isomer, and 9.5 Hz for the Z-isomer). 

 

5.4.4 Nucleophile-tethered acyl migration/ynone trapping 

Whilst the acyl migration reaction was optimised with thioester 5.41, bearing a simple, short 

acetyl group, and ynone 3.27 (Table 26, Section 5.4.3), it was considered that further 

optimisation of the migration reaction for more complex thioesters (where the acyl group is 

longer and contains a protected nucleophile) might be required. However, before any further 

optimisation of the acyl migration was undertaken, it was decided to first determine if ring 

expansion of the product imides was possible using SuRE methodologies. 
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The migration reaction was first attempted using a tethered Fmoc-protected β-alanine thioester 

derivative 5.56 (Figure 198). There were concerns that an in situ Fmoc-deprotection of the amine 

could cause problems, however the opportunity for a one-pot migration/SuRE reaction also 

presented itself. After 20 hours, TLC analysis suggested that there was still starting material 

remaining, but a minor, new product spot was present. Purification was attempted to isolate 

this product, however the 1H NMR spectrum showed that this was in fact a mixture of products. 

An ESI mass spectrum was recorded, and an ion with an m/z consistent with product 5.92 was 

found, however, this wasn’t isolated, nor the structure confirmed. 

 

Figure 198. Unsuccessful acyl migration of thioester 5.56 with terminal ynone 5.52. 

It was proposed that under the basic conditions used, an intramolecular cyclisation of the 

tethered amino acid occurred (5.93 → 5.96, Figure 199).341 After cleavage of the sidechain, the 

thiolate anion (5.96) is then able to undergo conjugate addition with terminal ynone 5.52 (5.96 

→ 5.97), which after protonation, would yield the proposed structure 5.92. 
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Figure 199. Proposed mechanism of thioester cleavage, for the formation of 5.92 from 5.56. 

To avoid problems caused by the Fmoc-deprotection under the basic conditions used for the 

acyl-migration, a Boc-protected amino acid sidechain was considered. Thioester 5.57 was 

therefore treated under the acyl migration reactions (Figure 200). TLC analysis of the reaction 

mixture showed that the starting material was consumed, with the desired migrated product 

5.98 isolated, in a yield of 45%. It was unclear what the fate of the remaining mass balance was, 

as no other products were able to be isolated. 

 

Figure 200. Base-mediated acyl migration of Boc-protected thioester 5.57.a Stereochemistry assigned by 
comparison of an analogous compound, reported by Nishio et al.339 

The ring expansion reaction was then attempted using imide 5.98, under conditions reported by 

Yudin et al.272 Imide 5.98 was dissolved in a 1:1 mixture of DCM and TFA to cleave the Boc group, 

after which, an excess of DIPEA was added to promote the ring expansion reaction. No starting 

material remained after work-up, and TLC analysis showed a new product appeared to have 
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been formed. The product was isolated, in a 50% yield, and NMR analysis suggested that this 

was the expected ring expanded product 5.99 (Figure 201). 

 

Figure 201. Attempted ring expansion reaction of 5.98. a Stereochemistry assigned by comparison of the 
13C and 1H NMR resonances for the enone moiety, with 5.98. 

The 13C and HMBC NMR spectra were most useful in determining that ring expansion had 

occurred, and that the molecule was not the ring opened isomer (5.99RO). The HMBC spectrum 

is shown in Figure 202, with selected crosspeaks to the amide carbonyl resonances assigned, 

with only the Z-stereoisomer discussed here for clarity. The diastereotopic proton resonances 

Hc and Hd, corresponding to the MeNCH2 protons, have a crosspeak to both of the amide 

carbonyls, in contrast to Hf which shows only one crosspeak. Additionally, both Ha and Hb, and 

He, have crosspeaks to different carbonyl resonances. Further evidence that ring expansion had 

occurred, was the favourable comparison of the 13C NMR chemical shifts with data for analogous 

10-membered rings available in the literature.299 



 
 

240 
 

 

Figure 202. HMBC data with selected assignments used to determine the structure of 5.99. NMR data 
recorded on 600 MHz spectrometer, in CDCl3.  

Another common side chain used within SuRE chemistry, is a benzyl-protected β-hydroxy 

acid.279,287 Therefore, the acyl migration of thioester 5.59 was considered using the standard 

conditions (Figure 203). As with the Boc-protected amine substrate 5.57 previously discussed 

(Figure 200), no starting material (5.59) was remaining by TLC analysis, however, a low yield of 

the migrated product (5.100) was isolated. Again, no further products were able to be found. 
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Figure 203. Base-mediated acyl migration of benzyl-protected thioester 5.59. 

Hydrogenation conditions were then used to remove the benzyl protecting group. The reaction 

was attempted twice, using either Pd/C or Pd(OH)2/C. Deprotection was found to be 

unsuccessful under both conditions (Figure 204), with the starting material 5.100 reisolated each 

time. 

 

Figure 204. Attempted hydrogenation reactions of imide 5.100. 

Due to the clear difficulties promoting the acyl transfer reaction when using more complex side 

chains (particularly the O-benzyl derivative 5.100) and the challenges seen with ring expansion, 

along with external time constraints, it was decided to discontinue the project at this point. 

 

5.4.5 Future Work 

Whilst acyl group migration was observed when using thioesters in conjunction with basic 

conditions and ynones, there was several areas in which further work could be undertaken. 
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Migration of more complex thioesters was challenging under the conditions employed, with only 

low to moderate yields of 45% and 26% achieved (with N-Boc and O-Bn protected tethered side 

chains respectively). Determining what other products are formed over the course of the acyl 

transfer reaction would likely be helpful in the optimisation of those reactions. 

Next, deprotection of the protecting group for the O-containing sidechain (5.100) has been 

challenging. It might be that different protecting groups are needed on the sidechains, which 

are more compatible with both the conditions used for the migration, and which the 

deprotection conditions are compatible with the vinyl thioether moiety. However, with the 

successful ring expansion of Boc-protected amine 5.98, this does provide evidence that the 

overall strategy could be further optimised with additional time. 

Finally, much of this work was focussed upon using ynone substrates (3.27 and 5.52) to trap the 

migrated products. Changing the Michael acceptor and reoptimizing the conditions for the 

migration reaction might be necessary for the improvement of the chemistry (and of the 

previous points mentioned). 

 

5.4.6 Concluding Remarks 

Previous work in developing an acyl-transfer reaction by members of the Unsworth group were 

unsuccessful. DFT calculations were performed to explore the viability of these reactions, and 

the data suggested that a migration reaction of the acyl group of a thioester, to the nitrogen of 

a neighbouring amide might be possible under basic conditions. The use of an acyl chloride in 

situ was unsuccessful, with direct acylation of the amide occurring. Instead, a reaction was 

optimised in which trapping the migrated product with an ynone was successful, with good 

yields achieved (Figure 205). 
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Figure 205. Successful acyl transfer reactions of thioacetate compounds 5.41 and 5.46, using phenyl-
substituted ynone 3.27. 

Upon using more complex thioesters, with protected nucleophiles tethered to the sidechain, the 

migration reaction became more challenging and lower yields were achieved. Since these 

thioesters are required for the subsequent ring expansion, this is problematic for the overall 

efficiency of the acyl-transfer/SuRE process. The subsequent ring expansion of Boc-protected 

amine 5.98 was successful however and demonstrated a successful realisation of the strategy 

(Figure 206), with the acyl group introduced as a thioester, in contrast to the typical N-acylation 

method which is used for SuRE reactions. The DFT calculations performed were instrumental in 

developing the strategy used for the acyl transfer reaction. 
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Figure 206. Successful ring expansion process with an acyl-migration step, starting from thiol 5.21. 

Future work was highlighted with which it might be possible to improve upon the reaction, with 

the work presented in this chapter providing a basis to expand upon. 
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Chapter 6. Conclusions 

Combining experiment and DFT in the study of new reactions allows for a greater understanding 

of the chemistry, which can then be used to guide further development and optimisation of a 

process. The work presented in this thesis describes this synergistic approach in the study of a 

rearrangement of spirocyclic indolenines to quinolines, the gold(I)-catalysed vinylation of 

indoles, the application of DFT methods in the development of new SuRE ring expansion 

methods, and the development of an acyl transfer method for lactam acylation. 

Previously reported procedures for the rearrangement of spirocyclic indolenines into quinolines 

using both Brønsted and Lewis acidic reagents was presented (see Section 2.1.2), where it was 

noted that heat is necessary to promote the reaction, with a preliminary reaction demonstrating 

that the transformation can occur using stoichiometric LHMDS. The temperatures required for 

the reactions under acidic and basic conditions were compared (see Section 2.2.2) where it was 

found that the rearrangement was possible using LHMDS at much lower temperatures. A 

substrate scope was then performed using LHMDS (Figure 207, see Section 2.2.3), where it was 

demonstrated that a range of different aryl and alkyl substituents were tolerated. 

 

Figure 207. Overview of the substrate scope performed for the LHMDS-mediated quinoline 
rearrangement of spirocyclic indolenines. 

DFT studies (see Section 2.2.4) were then performed to compare the energies of the 

intermediates and transition states under both the acidic and basic conditions, to determine 

why heat was generally required for the acidic reactions. Pathways for both sets of conditions 

were provided, with energies calculated at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of 

theory. Whilst the energies were consistent with the reaction using LHMDS being successful at 

room temperature, the energies for the reaction using TFA were lower than might be expected. 

Keto-enol tautomerism is likely required for the quinoline rearrangement to proceed, the 

kinetics of which were not modelled, it was therefore proposed that it is the keto-enol 

tautomerism which is rate-limiting under acidic conditions. 
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Previously reported literature for the gold(I)-catalysed vinylation of indoles showed that isolated 

of the vinyl indole product is challenging, with trace Brønsted acid which is formed throughout 

the reaction shown to promote the addition of a second equivalent of indole, forming bisindole 

species (see Sections 3.1.2 and 3.1.3). Previous studies within the Unsworth and Lynam groups 

demonstrated that the C–C bond forming steps between indoles and ynones are low in energy, 

and that the subsequent spirocyclic products are resistant to Brønsted acid-catalysed migrations 

(Figure 208, see Section 3.1.4). The development of a gold(I)-catalysed reaction between indoles 

and ynones was therefore considered as an opportunity to form vinyl indole species. 

 

Figure 208. Comparison of the silver triflate catalysed cyclisation of a) indolyl-tethered ynones 2.6 and b) 
indolyl-tethered propargyl alcohols 3.24.173,200 

The conditions required for the vinylation reaction were successfully optimised (see Section 3.2), 

with no evidence of the undesired bisindole species observed. The reaction proved more 

challenging for C-3 substituted indoles, with additional substitution of the indole nitrogen 

required to form the desired C-2 vinyl indole species. A variety of vinyl indole species were able 

to be synthesised (Figure 209). 
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Figure 209. Summary of the substrate scopes performed for the gold(I)-catalysed vinylation of a) indoles 
3.56 and b) C-3 substituted indoles 3.90. 

DFT studies were then used to study the vinylation reaction in further detail. Gold(I)-

coordination to the indole and ynone were compared, where it was found that the indole is a 

better ligand for the gold than the ynone, and 31P{1H} NMR spectra were used to provide 

experimental evidence of this (see Section 3.3.2). The mechanism of the indole vinylation 

reaction was also studied, with the computational data suggesting that C-3 substitution occurs 

for indoles with no C-3 substituent, whilst direct C-2 addition is preferred when the C-3 position 

is already substituted (see Section 3.3.3). The subsequent acid-promoted formation of bisindole 

species were then compared with ynones and acetylenes, where it was found that there is no 

thermodynamic preference for further indole addition with the ynone derivative (Figure 210), 

and the transition state energies of the addition are higher than the equivalent acetylene 

derivatives (see Section 3.3.4). 
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Figure 210. DFT-calculated energy for the formation of bisindole compounds 3.29 and 3.18. Energies are 
Gibbs energies at 298.15 K at the D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P) level of theory with COSMO 

solvent correction in toluene. 

Further work then focussed on the gold(I)-coordination of the ynone, using both DFT and 31P{1H} 

NMR spectroscopy methods (see Section 3.4). It was found that the nature of the carbonyl 

species and the substituent of the aryl group of the ynone had a large effect on the preference 

for gold(I)-coordination, and 31P NMR resonances were able to be identified for η1(O)- and η2(π)-

coordination. During this work, a novel gold(I)-pyrylium complex was identified from ynone 

dimerisation (Figure 211), when an ynone bearing an electron-donating substituent was used. 

DFT studies were performed to determine the origin of this species, where the electron-

donating group was required to promote the initial C–C bond forming step (see Section 3.4.3). 

 

Figure 211. Formation of pyrylium complex 3.102, from electron-rich ynone 3.34. Ar = C6H4-4-NMe2.  

In collaboration with Dr Lawer, a previous member of the Unsworth group, a computational 

method to evaluate the viability of SuRE reactions was validated based on the relative Gibbs 

energies of the ring-opened (e.g. 4.112) and ring expanded (e.g. 4.114) isomers (Figure 212, see 

Sections 4.2.2 and 4.2.3). The effects of different functionals, solvation and dispersion were 

considered, where it was found that B3LYP/6-31G* was the preferred method to study SuRE 
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reactions. The effects of dispersion with both the Minnesota functionals (M06 and M06-2X) and 

Grimme’s D3 correction were found to be the most detrimental, likely due to the model not 

appropriately accounting for the dispersion corrections in the ring-opened isomer. The validated 

method was then applied to other SuRE methodologies that are being developed within the 

Unsworth group (see Sections 4.2.4 and 4.2.5). 

 

Figure 212. The three isomers considered in the DFT calculations. 

One limitation of the SuRE reactions presented is that acylation of the nitrogen of the lactam, 

required strongly acidic conditions, which therefore might limit the scope of the reaction. 

Previous work in the Unsworth group attempted to develop an acyl-transfer method, which 

would allow for the use of milder conditions, however the work was unsuccessful (see Section 

5.1).  

DFT studies were performed which suggested that the acylation reaction might be possible for 

thiolactones under basic conditions, however the resulting thiolate anion might require trapping 

after the migration has occurred (see Section 5.2). The acyl transfer reaction was able to be 

optimised with an ynone to trap the thiolate via Michael addition (see Section 5.4.3). The 

approach was then applied to an acyl group bearing an N-Boc protected amine (Figure 213), and 

the resulting imide was used in a successful SuRE reaction (see Section 5.4.4). 
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Figure 213. Successful ring expansion process with an acyl-migration step, starting from thiol 5.21. 
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Chapter 7. Experimental Data 

7.1 General Methods 

7.1.1 General Experimental Procedure 

Except where stated, all reagents were purchased from commercial sources and used without 

further purification. Anhydrous THF was obtained from an Innovative Technology Inc. PureSolv® 

solvent purification system. Anhydrous d2-DCM was dried over calcium hydride overnight and 

degassed with three freeze-pump-thaw cycles before trap-to-trap transfer to ampoules fitted 

with a PTFE Young’s tap. The solvent was then stored under a nitrogen atmosphere and used 

immediately. 1H NMR, 13C NMR, 19F NMR and 31P NMR spectra were recorded on a JEOL ECX400 

or JEOL ECS400 spectrometer, operating at 399.77 MHz, 100.52 MHz, 376.16 MHz and 161.83 

MHz respectively, or on a Bruker AVIIIHD 500 operating at 500.23 MHz, 125.80 MHz, 470.64 

MHz and 202.49 MHz respectively, or on a Bruker AVIIIHD 600 Widebore spectrometer 

operating at 600.09 MHz, 150.91 MHz, 564.59 MHz and 242.91 MHz respectively. All spectral 

data was acquired at 298 K. Chemical shifts (δ) are quoted in parts per million (ppm). The residual 

solvent peaks; δH 7.27 and δC 77.16 for CDCl3, δH 5.32 and δC 53.84 for CD2Cl2 and δH 2.50 and δC 

39.52 for d6-DMSO, were used as a reference. Coupling constants (J) are reported in Hertz (Hz) 

to the nearest 0.5 Hz. The multiplicity abbreviations used are: s singlet, d doublet, t triplet, q 

quartet, pent. pentet, sex. sextet, non. nonet, m multiplet, app. apparent, br broad. Signal 

assignment was achieved by analysis of DEPT, COSY, HMBC and HSQC experiments where 

required. Infrared (IR) spectra were recorded on a PerkinElmer UATR 2 spectrometer as a thin 

film dispersed from either CH2Cl2 or CDCl3. Mass-spectra (low and high-resolution) were 

obtained by the University of York Mass Spectrometry Service, using electrospray ionisation (ESI) 

on a Bruker Daltonics, Micro-tof spectrometer. Melting points were determined using 

Gallenkamp apparatus. Thin layer chromatography was carried out on Merck silica gel 60F254 

pre-coated aluminium foil sheets and were visualised using UV light (254 nm) and stained with 

either an acidic solution of vanillin in ethanol (used primarily with indoles), an acidic solution of 

ninhydrin in ethanol (used primarily with Boc-protected amines) or a basic potassium 

permanganate solution. Flash column chromatography was carried out using slurry packed Fluka 

silica gel (SiO2), 35– 70 µm, 60 Å, under a light positive pressure, eluting with the specified 

solvent system. 
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7.1.2 General Computational Information 

Throughout this thesis, the Gaussian 09,286 TURBOMOLE V6.459 and Spartan’14285 computational 

software packages have been used or referenced. Gaussian 09 was primarily used for the work 

in Chapters 2, 4 and 5 due to its availability on the University of York’s high performance 

computing clusters (YARCC and Viking). Gaussian 09 was also capable of optimising all generated 

conformations for a particular structure within a single input file. Whilst Dr Lawer used 

Spartan’14 during their initial work highlighted in Chapter 4, this software was used on a private 

computer which was no longer accessible for the further work required. In Chapter 3, 

TURBOMOLE V6.4 was used due to its use on previous related work in studying the divergent 

gold(I)- and silver(I)-catalysed spirocyclisation reactions (see Section 3.1.4)201, so the data could 

be compared if desired. 

Units of kJ mol-1 and kcal mol-1 have been used throughout this thesis. Whilst units of kJ mol-1 

were used in Chapter 2 and 3, due to joules being the preferred SI unit for energy, units of kcal 

mol-1 were used in the ring-expansion work (Chapters 4 and 5) to be consistent with the initial 

studies performed by Dr Lawer, and the previously reported ring expansion DFT calculations (see 

Section 4.1.4).272,275 Where literature data has been reported, the units used by the author have 

been quoted. A conversion factor of 1 kcal mol-1 = 4.184 kJ mol-1 can be applied. 

The raw output (.out) files for the Gaussian calculations, and a report summarising the output 

of the TURBOMOLE calculations (which includes energies and xyz coordinates) can be accessed 

by contacting the supervisors of this work, Jason Lynam (jason.lynam@york.ac.uk) or Will 

Unsworth (william.unsworth@york.ac.uk). 
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7.1.3 Computational Procedure for the Quinoline Rearrangement Studies 

(Chapter 2) 

All calculations were performed using the Gaussian 09, Revision D.01 package.286 

Initial geometry optimisations were performed at the BP86/SV(P) level,32,33,54–56 followed by 

frequency calculations at the same level. Transition states were located either by using QST2, 

QST3 methods,342,343 or by initially performing a constrained minimisation (by freezing internal 

coordinates that change most during the reaction) of a structure close to the anticipated 

transition state. This was followed by a frequency calculation to identify the transition vector to 

follow during a subsequent transition state optimisation. A final frequency calculation was then 

performed on the optimised transition-state structure. All minima were confirmed as such by 

the absence of imaginary frequencies and all transition states were identified by the presence 

of only one imaginary frequency. Intrinsic Reaction Coordinate (IRC) analysis confirmed that 

transition states were connected to the appropriate minima. Single-point calculations on the 

BP86/SV(P) optimised geometries were performed using the hybrid PBE0,34–36 meta-hybrid GGA 

M06-2X,41 or hybrid ωB7XD functionals,42 and the flexible def2-TZVPP basis set. 56–58 The 

PBE0/def2-TZVPP, M06-2X/def2-TZVPP and ωB97XD/def2-TZVPP SCF energies were corrected 

for their zero-point energies, thermal energies and entropies at 298.15 K (obtained from the 

BP86/SV(P)-level frequency calculations).  

Additional calculations for the anionic species were performed using the same method, with 

initial geometry optimisations and frequency calculations performed at the BP86/6-31+G* level 

of theory, 32,33,46–52 followed by single-point calculations at the PBE0/6-311+G* level of theory.34–

36,51,53 The PBE0/6-311+G* SCF energies were corrected for their zero-point energies, thermal 

energies and entropies (obtained from the BP86/6-31+G*-level frequency calculations).  

Optimisations were performed with tight convergence criteria and no symmetry constraints 

were applied. An ultrafine integral grid was used for all calculations. Solvent corrections were 

applied with the Polarisable Continuum Model (PCM) using the integral equation formalism (IEF) 

variant,63 and dispersion effects modelled with Grimme’s D3 method with Becke–Johnson 

damping.71,75 

Benchmarking studies performed demonstrated that the BP86 and PBE0 functionals are robust 

and typically perform averagely.281,344 These same studies demonstrate that the M06-2X and 

ωB97XD functionals do often perform better, and single-point calculations were therefore 

performed using these functionals and the BP86 calculated geometries. Whilst not used in these 
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studies, it was considered that the effects of dispersion might be easier determined with the 

D3(BJ) correction applied as a separate correction using the hybrid PBE0 functional, rather than 

the inherent dispersion that is applied within the M06-2X and ωB97XD functionals. 
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7.1.4 Computational Procedure for the Indole Vinylation and Gold(I) 

Speciation Studies (Chapter 3) 

All calculations were performed using the TURBOMOLE V6.4 package using the resolution of 

identity (RI) approximation.55,345–352 

Initial optimisations were performed at the (RI-)BP86/SV(P) level, 32,33,54–56 followed by frequency 

calculations at the same level. Transition states were located by initially performing a 

constrained minimisation (by freezing internal coordinates that change most during the 

reaction) of a structure close to the anticipated transition state. This was followed by a 

frequency calculation to identify the transition vector to follow during a subsequent transition 

state optimisation. A final frequency calculation was then performed on the optimised 

transition-state structure. All minima were confirmed as such by the absence of imaginary 

frequencies and all transition states were identified by the presence of only one imaginary 

frequency. Dynamic Reaction Coordinate (DRC) analysis confirmed that transition states were 

connected to the appropriate minima. Single-point calculations on the (RI-)BP86/SV(P) 

optimised geometries were performed using the hybrid PBE0 functional,34–36 and the flexible 

def2-TZVPP basis set. 56–58 The (RI-)PBE0/def2-TZVPP SCF energies were corrected for their zero-

point energies, thermal energies and entropies at 298.15 K (obtained from the (RI-)BP86/SV(P)-

level frequency calculations). A 60 electron quasi-relativistic ECP replaced the core electrons of 

Au.56  

No symmetry constraints were applied during optimisations. Solvent corrections were applied 

with the COSMO dielectric continuum model,65 and dispersion effects modelled with Grimme’s 

D3 method with Becke–Johnson damping.71,75 

The above methodology (D3(BJ)-PBE0/def2-TZVPP//BP86/SV(P)) was used due to its use in the 

previous related work performed by Liddon et al.,201 to allow for comparisons between the 

methods to be made if desired. Additionally, the BP86 and PBE0 functionals have both 

benchmarked favourably in previous studies focused upon gold(I) complexes.97–99 

  



 
 

256 
 

7.1.5 Computational Procedure for Evaluating the Viability of SuRE Reactions 

(Chapter 4) 

Method Development (Sections 4.2.2 and 4.2.3) 

All initial calculations performed using the Spartan software package,285 were performed by Dr 

Aggie Lawer. The method that was used is given here, as reported by Dr Lawer.287 The imides, 

cyclols and ring expanded products in the selected systems were initially built using 

Spartan’14,285 and optimised using DFT at the B3LYP/6-31G* level of theory in a vacuum. 37–40,46–

50 Conformational searches of the optimised structures were performed at Molecular Mechanics 

Force Field (MMFF) level.295 All the generated structures were retained and their energies were 

calculated using B3LYP/6-31G*. The lowest energy geometry in each case was selected, fully 

optimised and determined to be minima by the absence of negative vibrational modes, in 

vacuum using B3LYP/6-31G*. The final geometry optimisations and frequency calculations were 

also done in vacuum using B3LYP/6-31G*. 

Further studies discussed within this thesis for the DFT method development (see Sections 4.2.2 

and 4.2.3) were conducted using the Gaussian 09, Revision D.01 package.286 

The structures from the Spartan calculations were reoptimized using the stated functional 

(B3LYP,37–40 BP86,32,33 PBE0,34–36 M0641 and M06-2X41) and basis set (6-31G*,46–50 SV(P) 54–56 or 

def2-TZVPP56–58), with subsequent frequency calculations. All minima were confirmed as such 

by the absence of imaginary frequencies. The SCF energies were corrected for their zero-point 

energies, thermal energies and entropies at 298.15 K (obtained from the frequency 

calculations). For the D3(BJ)-PBE(0)/def2-TZVPP//BP86/SV(P) energies, single-point calculations 

on the BP86/SV(P) optimised geometries were performed using the hybrid PBE0 functional and 

the flexible def2-TZVPP basis set, the thermodynamic corrections were supplied from the 

BP86/SV(P) calculations, and dispersion effects were modelled with Grimme’s D3 method with 

Becke–Johnson damping.71,75  

No symmetry constraints were applied during optimisations. Where used, solvent corrections 

were applied with the Polarisable Continuum Model (PCM) using the integral equation 

formalism (IEF) variant.64  

The functionals used in these benchmarking studies are functionals commonly used and 

available in various software packages. The studies discussed in Sections 4.2.2 and 4.2.3 

validated the use of B3LYP/6-31G* in the study of SuRE reactions.  
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Thiolactone SuRE (Section 4.2.4) and Dihydroxylation SuRE (Section 4.2.5) Calculations 

Conformational analysis of all structures were performed using the PCModel software 

package,353 using the Molecular Mechanics Force Field (MMFF) level of theory.295 

The structures within 3.5 kcal mol-1 of the lowest energy conformation were retained and the 

geometry of each optimised in Gaussian 09, Revision D.01,286 at the B3LYP/6-31G* level of 

theory in the gas phase.37,38,52,39,40,46–51 The structure with the lowest calculated electronic energy 

was then resubmitted for a final geometry optimisation using tight convergence criteria, with a 

subsequent frequency calculation (at the B3LYP/6-31G* level of theory), which confirmed that 

the structures were minima due to the absence of imaginary frequencies. The B3LYP/6-31G* 

SCF energies were corrected for their zero-point energies, thermal energies and entropies at 

298.15 K (obtained from the frequency calculations). For compound 4.162RE, where X-ray 

crystallography data was provided by Dr Kleopas Palate (CCSD 1921223)300 the crystal structure 

geometry was optimised at the B3LYP/6-31G* level of theory with subsequent frequency 

calculation, with no initial conformational search performed. No symmetry constraints were 

applied. An ultrafine integral grid was used for all calculations 
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7.1.6 Computational Procedure for the Acyl Transfer Studies (Chapter 5) 

Conformational analysis of all structures were performed using the PCModel software 

package,353 using the Molecular Mechanics Force Field (MMFF) level of theory.295 

The structures within 3.5 kcal/mol of the lowest energy conformation were retained and the 

geometry of each optimised in Gaussian 09, Revision D.01,286 at the B3LYP/6-31G*,37–40,46–50 or 

B3LYP/6-31+G* (for the calculations of anions)37,38,52,39,40,46–51 level of theory in the gas phase. 

The structure with the lowest calculated electronic energy was then resubmitted for a final 

geometry optimisation using tight convergence criteria, with a subsequent frequency 

calculation (using the B3LYP functional with either the 6-31G* or 6-31+G* basis set as 

appropriate), which confirmed that the structures were minima due to the absence of imaginary 

frequencies. The SCF energies were corrected for their zero-point energies, thermal energies 

and entropies at 298.15 K (obtained from the frequency calculations). No symmetry constraints 

were applied. An ultrafine integral grid was used for all calculations. 

The B3LYP/6-31G* method was used due to the benchmarking study performed within this 

thesis for the study of related systems (see Sections 4.2.2 and 4.2.3). The 6-31+G* basis set was 

used to model the anionic system due to the inclusion of diffuse functions, which are considered 

necessary when modelling anions.52,314–316 
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7.2 Quinoline Rearrangement 

7.2.1 General Procedures 

General Procedure A: Weinreb Amide Synthesis 

 

Based on a literature procedure,176 to a suspension of the given carboxylic acid (1 eq) in DCM 

(0.4 M), CDI (1.3 eq) was added in portions. The mixture was stirred at room temperature for 1 

hour, before adding N,O-dimethylhydroxylamine hydrochloride (1.1 eq) in portions and stirring 

for an additional 1.5 hours. The solution was then poured into deionised water and basified with 

aq. NaOH (2 M) until the pH was around 10. The organics were then extracted with EtOAc, which 

were combined and washed with aq. HCl (2 M) and saturated aq. NaCl before drying with MgSO4 

and concentrated in vacuo to afford the desired Weinreb amide. 

 

General Procedure B: Ynone Synthesis 

 

Based on a literature procedure,173 to a solution of alkyne (3 eq) in dry THF (1 M) at −78 °C under 

an atmosphere of argon, n-BuLi (2.5 eq) was added. The solution was stirred at −78 °C for 30 

minutes, then transferred via cannula to a cooled (−78 °C) solution of Weinreb amide (1 eq) in 

THF (0.2 M). The mixture was stirred for 5 minutes then warmed to room temperature and 

stirred for a further hour. The reaction was then quenched with saturated aq. NH4Cl. The mixture 

was diluted with deionised water and extracted with EtOAc. The organic extracts were combined 

and dried with MgSO4, concentrated in vacuo and purified by flash column chromatography to 

afford the ynone product 
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General Procedure C: Spirocycle Synthesis 

 

Based on a literature procedure,173 to a solution of ynone (1 eq) in DCM (0.1 M), AgOTf (1 mol%) 

was added and the reaction was stirred at room temperature until complete by TLC analysis. 

The mixture was then concentrated in vacuo and purified by flash column chromatography to 

afford the spirocyclic indolenine product. 

 

General Procedure D: Quinoline Rearrangement 

 

To a solution of spirocyclic indolenine (0.5 mmol) in THF (2.5 mL), at −78 °C under an atmosphere 

of argon, LHMDS (0.6 mL, 0.6 mmol, 1.0 M in THF) was added. The solution was stirred for 5 min 

at −78 °C and then warmed to RT. The reaction mixture was stirred at RT until TLC analysis 

showed the reaction had gone to completion. The reaction was quenched with sat. aq. NH4Cl (5 

mL), diluted with water (5 mL) and extracted with EtOAc (3 x 10 mL). The organics were 

combined and dried over MgSO4, concentrated in vacuo and purified by flash column 

chromatography to afford the quinoline product. 

 

General Procedure E: AlCl3 Temperature Screens 

To a microwave vial containing a solution of spirocycle 2.7a (0.3 mmol) in iso-propanol (3 mL), 

was added AlCl3·6H2O (15 µmol). The reaction mixture was heated at the desired temperature 

for 24 hours. After this time, an aliquot was taken and concentrated in vacuo and a 1H NMR 

spectrum was recorded in CDCl3 to analyse the percentage conversion. 
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General Procedure F: TFA Temperature Screens 

To a microwave vial containing a solution of spirocycle 2.7a (0.3 mmol) in chloroform (1.5 mL) 

was added TFA (1.5 mL, 20 mmol). The reaction mixture was heated at the desired temperature 

for 24 hours. After this time, an aliquot was taken and concentrated in vacuo and a 1H NMR 

spectrum was recorded in CDCl3 to analyse the percentage conversion. 

 

General Procedure G: LHMDS Temperature Screens 

To a solution of spirocycle 2.7a (0.75 mmol) in THF (3.75 mL), at −78 °C under an atmosphere of 

argon, was added LHMDS (0.75 mL, 0.75 mmol, 1 M in THF). The solution was stirred for 5 min, 

then warmed to the desired temperature with continued stirring, frequently checking for 

completion by TLC analysis. The reaction was quenched with sat. aq. NH4Cl (5 mL), diluted with 

deionised water (5 mL) and extracted with EtOAc (3 x 10 mL). The organics were combined and 

dried over MgSO4, concentrated in vacuo. A 1H NMR spectrum was recorded in CDCl3 to analyse 

the percentage conversion. 
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7.2.2 Weinreb Amide Products 

2-(1H-Indol-3-yl)-N-methoxy-N-methylacetamide (2.16a) 

 

Synthesised using general procedure A, from indole-3-acetic acid (5.022 g, 28.6 mmol), DCM (70 

mL), CDI (6.275 g, 38.7 mmol) and N,O-dimethylhydroxylamine hydrochloride (3.098 g, 31.8 

mmol). The work up steps required deionised water (100 mL), aq. NaOH (2 M, 20 mL), before 

extracting with EtOAc (2 x 100 mL). The organics were washed with aq. HCl (2 M, 150 mL) and 

saturated aq. NaCl (150 mL). After concentrating in vacuo, the title product was isolated without 

further purification as a pale, brown powder (5.043 g, 81%). Rf  (hexane/ethyl acetate 1:1) 0.25; 

δH (400 MHz; CDCl3) 3.23 (3 H, s, H-8), 3.67 (3 H, s, H-9), 3.93 (2 H, s, H-7), 7.12 – 7.16 (1 H, m, H-

4/5), 7.18 – 7.13 (2 H, m, H-2 and H-4/5), 7.35 – 7.39 (1 H, m, H-6), 7.66 – 7.69 (1 H, m, H-2), 8.09 

(1 H, br s, H-1). Spectroscopic data match those reported previously.175 
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N-Methoxy-N-methyl-2-(2-methyl-1H-indol-3-yl)acetamide (2.16b) 

 

Synthesised using general procedure A, from 2-methyl-3-indoleacetic acid (3.784 g, 20,0 mmol), 

DCM (48 mL), CDI (4.378 g, 27.0 mmol) and N,O-dimethylhydroxylamine hydrochloride (2.146 g, 

22.0 mmol). The work up steps required deionised water (100 mL), aq. NaOH (2 M, 20 mL), 

before extracting with EtOAc (2 x 100 mL). The organics were washed with aq. HCl (2 M, 150 mL) 

and saturated aq. NaCl (150 mL). After concentrating in vacuo, the title product was isolated 

without further purification as a pale, brown powder (4.040 g, 87%). Rf  (hexane/ethyl acetate 

1:1) 0.27; δH (400 MHz; CDCl3) 2.34, (3 H, s, H-2), 3.20 (3 H, s, H-8), 3.62 (3 H, s, H-9), 3.84 (2 H, 

s, H-7), 7.05 – 7.12 (2 H, m, H-4,5), 7.18 – 7.23 (1 H, m, H-6), 7.56 – 7.60 (1 H, m, H-3), 8.06 (1 H, 

br s, H-1). Spectroscopic data match those reported previously.175 
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2-(5-Bromo-1H-indol-3-yl)-N-methoxy-N-methylacetamide (2.16c) 

 

Synthesised using general procedure A, from 5-bromo-indole-3-acetic acid (1.000 g, 3.9 mmol), 

DCM (10 mL), CDI (0.863 g, 5.3 mmol) and N,O-dimethylhydroxylamine hydrochloride (0.426 g, 

4.4 mmol). The work up steps required deionised water (20 mL), aq. NaOH (2 M, 5 mL), before 

extracting with EtOAc (4 x 30 mL). The organics were washed with aq. HCl (2 M, 30 mL) and 

saturated aq. NaCl (30 mL). After concentrating in vacuo, the title product was isolated without 

further purification as a brown oil (1.077 g, 92%). Rf  (hexane/ethyl acetate 1:1) 0.20; δH (400 

MHz; CDCl3), 3.24 (3 H, s, H-7), 3.71 (3 H, s, H-8), 3.86 (2 H, s, H-6), 7.06 (1 H, s, H-2), 7.13 (1 H, 

d, J = 8.5, H-5), 7.22 (1 H, dd, J = 8.5, 2.0, H-4), 7.73 (1 H, d, J = 2.0, H-3), 8.50 (1 H, br s, H-1). 

Spectroscopic data match those reported previously.175  
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2-(1H-Indol-3-yl)-N-methoxy-N-methyl-3-phenylpropanamide (2.16d) 

 

Based on a literature procedure,175 to a solution of diisopropylamine (6.4 mL, 45.6 mmol) in dry 

THF (23 mL) at 0 °C, under an atmosphere of argon, n-BuLi (1.6 M in hexane, 28.5 mL, 45.6 mmol) 

was added and stirred for 15 minutes before being cooled to −10°C. Indole-3-acetic acid (2.000 

g, 11.4 mmol) dissolved in dry THF (12 mL), under an atmosphere of argon, was added and 

stirred for 2 hours. Benzyl chloride (2.9 mL, 25.2 mmol) was then added and the reaction was 

brought to room temperature and stirred for 16 hours. The reaction was poured into deionised 

water (40 mL) and extracted with EtOAc (3 x 40 mL). The organic extracts were combined and 

dried with MgSO4 and concentrated in vacuo. The crude mixture was dissolved in DCM (43 mL) 

and N,O-dimethylhydroxylamine hydrochloride (1.223 g, 12.5 mmol), N,N-diisoproylethylamine 

(6.0 mL, 34.2 mmol) and T3P (50% w/w in BuOAc, 10.0 mL, 10.881 g, 17.1 mmol) were added 

sequentially and stirred for 1 hour. The reaction was poured into deionised water (60 mL) and 

extracted with EtOAc (2 x 60 mL). The organic extracts were washed with aq. HCl (2 M, 2 x 40 

mL), aq. NaOH (2 M, 40 mL) and then dried over MgSO4 before concentrating in vacuo. The crude 

product was purified via flash column chromatography (hexane/ethyl acetate 3:2) to afford the 

title product as a pale, brown solid (0.733 g, 21%). Rf  (hexane/ethyl acetate 3:2) 0.27; δH (400 

MHz; CDCl3) 3.11 (3 H, s, H-12), 3.12 (1 H, dd, J = 13.0, 5.5, H-8a), 3.27 (3 H, br s, H-13), 3.52 (1 

H, dd, J = 13.5, 10.0, H-8b), 4.69 (1 H, br s, H-7), 7.11 – 7.27 (8 H, m, H-Ar), 7.35 – 7.38 (1 H, m, 

H-6), 7.75 (1 H, d, J = 8.0, H-3), 8.20 (1 H, br s, H-1). Spectroscopic data match those reported 

previously.175 
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7.2.3 Indolyl-ynone Products 

1-(1H-Indol-3-yl)-4-phenylbut-3-yn-2-one (2.6a) 

 

Synthesised using general procedure B, from phenylacetylene (7.077 g, 7.6 mL, 69.3 mmol) in 

THF (69 mL), n-BuLi (2.5 M in hexane, 23.1 mL, 57.8 mmol) and 2-(1H-indol-3-yl)-N-methoxy-N-

methylacetamide 2.16a (5.043 g, 23.1 mmol) with THF (115 mL). The work up required saturated 

aq. NH4Cl (100 mL), deionised water (50 mL) and the product was extracted in EtOAc (2 x 50 mL). 

The crude product was purified via flash column chromatography (hexane/ethyl acetate 9:1 to 

5:1) to afford the title product as a brown solid (3.823 g, 64%). Rf  (hexane/ethyl acetate 5:1) 

0.24; δH (400 MHz; CDCl3) 4.10 (2 H, d, J = 1.0, H-7), 7.16 – 7.20 (1 H, m, H-4), 7.22 – 7.27 (2 H, 

m, H-2,5), 7.30 – 7.44 (6 H, m, H-6,8,9,10), 7.67 – 7.70 (1 H, m, H-3), 8.17 (1 H, br s, H-1). 

Spectroscopic data match those reported previously.175 
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1-(1H-Indol-3-yl)oct-3-yn-2-one (2.6b) 

 

Synthesised using general procedure B, from hex-1-yne (739 mg, 1.0 mL, 9.0 mmol) in THF (9 

mL), n-BuLi (1.6 M in hexane, 4.7 mL, 7.5 mmol) and 2-(1H-indol-3-yl)-N-methoxy-N-

methylacetamide 2.16a (655 mg, 3.0 mmol) with THF (15 mL). The work up required saturated 

aq. NH4Cl (15 mL), deionised water (10 mL) and the product was extracted in EtOAc (3 x 30 mL). 

The crude product was purified via flash column chromatography (hexane/ethyl acetate 9:1 to 

3:1) to afford the title product as a brown oil (405 mg, 57%). Rf  (hexane/ethyl acetate 4:1) 0.34; 

δH (400 MHz; CDCl3) 0.90, (3 H, t, J = 7.5, H-11), 1.28 – 1.39 (2 H, m, H-10), 1.42 – 1.51 (2 H, m, 

H-9), 2.30 (2 H, t, J = 7.0, H-8), 4.02 (2 H, d, J = 0.5, H-7), 7.06 (1 H, d, J = 2.5, H-2), 7.17 (1 H, ddd, 

J = 8.0, 7.0, 1.0, H-4/5), 7.23 (1 H, 8.0, 7.0, 1.5, H-4/5), 7.36 – 7.40 (1 H, m, H-6), 7.62 – 7.65 (1 

H, m, H-3), 8.40 (1 H, br s, H-1). Spectroscopic data match those reported previously.175 
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1-(2-Methyl-1H-indol-3-yl)oct-3-yn-2-one (2.6c)  

 

Synthesised using general procedure B, from hex-1-yne (863 mg, 1.2 mL, 10.5 mmol) in THF (11 

mL), n-BuLi (1.6 M in hexane, 5.5 mL, 8.8 mmol) and N-methoxy-N-methyl-2-(2-methyl-1H-indol-

3-yl)acetamide 2.16b (813 mg, 3.5 mmol) with THF (18 mL). The work up required saturated aq. 

NH4Cl (20 mL), deionised water (10 mL) and the product was extracted in EtOAc (3 x 30 mL). The 

crude product was purified via flash column chromatography (hexane/ethyl acetate 9:1 to 4:1) 

to afford the title product as a yellow oil (414 mg, 47%). Rf  (hexane/ethyl acetate 1:1) 0.81; νmax 

(thin film)/cm-1 3398, 2957, 2210, 1664, 1462, 740; δH (400 MHz; CDCl3) 0.84 (3 H, t, J = 7.0, H-

18), 1.21 – 1.33 (2 H, m, H-17), 1.34 – 1.44 (2 H, m, H-16), 2.23 (2 H, t, J = 7.0, H-15), 2.36 (3 H, s, 

H-10), 3.86 (2 H, s, H-11), 7.05 – 7.14 (2 H, m, H-6,7), 7.21 – 7.26 (1 H, m, H-8), 7.50 (1 H, d, J = 

7.5, H-5), 7.98 (1 H, br s, H-1); δC (100 MHz, CDCl3) 11.8 (C-10), 13.6 (C-18), 18.7 (C-15), 21.9 (C-

17), 29.6 (C-16), 41.3 (C-11), 81.1 (C-13), 95.5 (C-14), 103.5 (C-3), 110.5 (C-8), 118.1 (C-5), 119.6 

(C-6/7), 121.3 (C-6/7), 128.7 (C-4), 133.4 (C-2), 135.3 (C-9), 185.8 (C-12); HRMS (ESI+) Found: 

254.1544; C17H20NO (M+H+) Requires 254.1539 (−1.9 ppm error); Found: 276.1363; C17H19NNaO 

(M+Na) Requires 276.1359 (−1.6 ppm error). 
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4-Phenyl-1-(2-methyl-1H-indol-3-yl)but-3-yn-2-one (2.6d) 

 

Synthesised using general procedure B, from phenylacetylene (1.072 g, 1.2 mL, 10.5 mmol) in 

THF (11 mL), n-BuLi (1.6 M in hexane, 5.5 mL, 8.8 mmol) and N-methoxy-N-methyl-2-(2-methyl-

1H-indol-3-yl)acetamide 2.16a (0.813 g, 3.5 mmol) with THF (18 mL). The work up required 

saturated aq. NH4Cl (20 mL), deionised water (10 mL) and the product was extracted in EtOAc (3 

x 30 mL). The crude product was purified via flash column chromatography (hexane/ethyl 

acetate 9:1 to 4:1) to afford the title product as a yellow powder (0.707 g, 74%). Rf  (hexane/ethyl 

acetate 1:1) 0.76; δH (400 MHz; CDCl3) 2.47 (3 H, s, H-2), 4.00 (2 H, s, H-7), 7.11 – 7.19 (2 H, m, 

H-4,5), 7.30 – 7.34 (5 H, m, H-6,8,9), 7.38 – 7.43 (1 H, m, H-10), 7.58 – 7.62 (1 H, m, H-3), 7.95 (1 

H, br s, H-1). Spectroscopic data match those reported previously.174  

 

1-(5-Bromo-1H-indol-3-yl)-4-phenylbut-3-yn-2-one (2.6e) 

 

Synthesised using general procedure B, from phenylacetylene (1.111 g, 1.2 mL, 10.9 mmol) in 

THF (11 mL), n-BuLi (1.6 M in hexane, 5.7 mL, 9.1 mmol) and 2-(5-bromo-1H-indol-3-yl)-N-

methoxy-N-methylacetamide 2.16c (1.077 g, 3.6 mmol) with THF (18 mL). The work up required 

saturated aq. NH4Cl (20 mL), deionised water (10 mL) and the product was extracted in EtOAc (4 

x 30 mL). The crude product was purified via flash column chromatography (hexane/ethyl 

acetate 9:1 to 7:3) to afford the title product as a dark, red powder (0.675 g, 55%). Rf  

(hexane/ethyl acetate 7:3) 0.28; δH (400 MHz; CDCl3) 4.06 (2 H, s, H-6), 7.24 – 7.39 (5 H, m, H-

Ar), 7.41 – 7.47 (3 H, m, H-Ar), 7.83 – 7.85 (1 H, m, H-3), 8.22 (1 H, br s, H-1). Spectroscopic data 

match those reported previously.174  
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1-Benzyl-1-(1H-indol-3-yl)-4-phenylbut-3-yn-2-one (2.6f)  

 

Synthesised using general procedure B, from phenylacetylene (725 mg, 0.8 mL, 7.1 mmol) in THF 

(7 mL), n-BuLi (1.6 M in hexane, 3.7 mL, 5.9 mmol) and 2-(1H-indol-3-yl)-N-methoxy-N-methyl-

3-phenylpropanamide 2.16d (733 mg, 2.4 mmol) with THF (12 mL). The work up required 

saturated aq. NH4Cl (20 mL), deionised water (10 mL) and the product was extracted in EtOAc (4 

x 30 mL). The crude product was purified via flash column chromatography (hexane/diethyl 

ether 1:1) to afford the title product as an orange oil (497 mg, 59%). Rf (hexane/diethyl ether 

1:1) 0.34; δH (400 MHz; CDCl3) 3.28 (1 H, dd, J = 14.0, 7.5, H-8a), 3.68 (1 H, dd, J = 14.0, 8.0, H-

8b), 4.48 (1 H, dd, J = 8.0, 7.5, H-7), 7.14 – 7.26 (8 H, m, H-Ar), 7.28 – 7.34 (2 H, m, H-Ar), 7.37 – 

7.43 (4 H, m, H-Ar), 7.74 (1 H, dd, J = 8.0, 0.5, H-3), 8.18 (1 H, br s, H-1). Spectroscopic data match 

those reported previously.174 
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7.2.4 Spirocyclic Indolenine Products 

2-Phenylspiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7a) 

 

Synthesised using general procedure C, from 1-(1H-indol-3-yl)-4-phenylbut-3-yn-2-one 2.6a 

(109 mg, 0.4 mmol) in DCM (4 mL) and AgOTf (1 mg, 4 µmol). The reaction was complete after 

2 hours and concentrated in vacuo. The crude product was purified by flash column 

chromatography (hexane/ethyl acetate 3:2) to yield the title product as an orange solid (90 mg, 

83%). Rf (hexane/ethyl acetate 3:2) 0.50; δH (400 MHz; CDCl3) 2.70 (1 H, d, J = 18.0, H-6a), 3.06 

(1 H, d, J = 18.0, H-6b), 6.86 (1 H, s, H-7), 6.96 – 7.01 (2 H, m, H-8), 7.17 – 7.23 (2 H, m, H-9), 7.24 

– 7.34 (3 H, m, H-2,3,10), 7.46 (1 H, ddd, J = 7.5, 7.5, 1.5, H-4), 7.78 (1 H, d, J = 8.0, H-5), 8.22 (1 

H, s, H-1). Spectroscopic data match those reported previously.175 
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2-Butylspiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7b) 

 

Synthesised using general procedure C, from 1-(1H-indol-3-yl)oct-3-yn-2-one 2.6b (355 mg, 1.5 

mmol) in DCM (15 mL) and AgOTf (4 mg, 15 µmol). The reaction was complete after 3.5 hours 

and concentrated in vacuo. The crude product was purified by flash column chromatography 

(hexane/ethyl acetate 9:1 to hexane/ethyl acetate 7:3) to yield the title product as a brown oil 

(approximately 1:1.4 ratio of monomer 2.7b:trimer 2.20, 345 mg, 97%). Rf (hexane/ethyl acetate 

4:1) 0.27 (trimer), 0.17 (monomer); δH (400 MHz; CDCl3) 0.67 (3 H, t, J = 7.0, H-11, trimer), 0.73 

– 0.82 (9 H, m, H-17, monomer + trimer), 1.04 – 1.24 (8 H, m, H-9/10, monomer + trimer), 1.30 – 

1.47 (8 H, m, H-9/10, monomer + trimer), 1.66 – 1.84 (3 H, m, H-8, monomer + trimer), 1.85 – 

2.03 (3 H, m, H-8, monomer + trimer), 2.14 – 2.25 (1 H, m, H-8, trimer), 2.32 – 2.44 (1 H, m, H-8, 

trimer), 2.62 (1 H, d, J = 19.5, H-6a, monomer), 2.66 (2 H, d, J = 19.0, H-6, trimer), 2.87 (1 H, d, J 

= 19.0, H-6, trimer), 2.93 (1 H, d, J = 19.0, H-6, trimer), 2.95 (1 H, d, J = 19.5, H-6b, monomer), 

3.03 (1 H, d, J = 19.0, H-6, trimer), 3.27 (1 H, d, J = 19.0, H-6, trimer), 4.61 (1 H, s, H-1, trimer), 

4.83 (1 H, s, H-1, trimer), 5.22 (1 H, s, H-1, trimer), 5.80 (1 H, d, J = 8.0, H-5, trimer), 5.85 (1 H, d, 

J = 8.0, H-5, trimer), 5.96 (1 H, s, H-7, trimer), 6.00 – 6.04 (2 H, m, H-7, trimer), 6.30 – 6.31 (1 H, 

m, H-7, monomer), 6.33 (1 H, d, J = 8.5, H-5, trimer), 6.71 (1 H, ddd, J = 8.0, 8.0, 1.0, H-3/4, 

trimer), 6.77 (1 H, t, J = 7.0, H-3/4, trimer), 6.86 (1 H, t, J = 7.5, H-3/4, trimer), 6.92 – 6.99 (3 H, 

m, H-2/3/4, trimer), 7.08 – 7.13 (2 H, m, H-2/3/4, trimer), 7.20 – 7.24 (2 H, m, H-2, monomer + 

trimer), 7.32 (1 H, t, J = 7.5 , H-3, monomer), 7.44 (1 H, dd, J = 7.5, 7.5, 1.0, H-4, monomer), 7.72 

(1 H, d, J = 7.0, H-5, monomer), 7.97 (1 H, s, H-1, monomer). Spectroscopic data match those 

reported previously.175 
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2-Butyl-2’methylspiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7c) 

 

Synthesised using general procedure C, from 1-(2-methyl-1H-indol-3-yl)oct-3-yn-2-one 2.6c (414 

mg, 1.6 mmol) in DCM (16 mL) and AgOTf (4 mg, 16 µmol). The reaction was complete after 1 

hour and concentrated in vacuo. The crude product was purified by flash column 

chromatography (hexane/ethyl acetate 1:1) to yield the title product as a yellow oil (270 mg, 

65%). Rf (hexane/ethyl acetate 1:1) 0.36; νmax (thin film)/cm-1 2957, 2930, 2871, 1717, 1693, 

1609, 1578, 1456, 755; δH (400 MHz; CDCl3) 0.76 (3 H, t, J = 7.0, H-17), 1.15 (2 H, sex., J = 7.0, H-

16), 1.31 – 1.41 (2 H, m, H-15), 1.53 – 1.71 (2 H, m, H-14), 2.17 (3 H, s, H-1), 2.67 (1 H, d, J = 18.5, 

H-10a), 2.72 (1 H, d, J = 18.5, H-10b), 6.30 (1 H, t, J = 1.5, H-12), 7.13 (1 H, ddd, J = 7.5, 1.5, 0.5, 

H-5), 7.22 (1 H, ddd, J = 7.5, 7.5, 1.0, H-6), 7.37 (1 H, ddd, J = 7.5, 7.5, 1.5, H-7), 7.57 (1 H, d, J = 

7.5, H-8); δC (100 MHz, CDCl3) 13.7 (C-17), 15.5 (C-1), 22.2 (C-16), 28.2 (C-14), 29.0 (C-15), 42.7 

(C-10), 68.6 (C-3), 120.5 (C-8), 121.8 (C-5), 126.3 (C-6), 129.0 (C-7), 131.0 (C-12), 140.2 (C-4), 

155.4 (C-9), 181.6 (C-2/13), 181.7 (C-2/13), 206.1 (C-11); HRMS (ESI+) Found: 254.1541; C17H20NO 

(M+H+) Requires 254.1539 (−0.5 ppm error); Found: 276.1361; C17H19NNaO (M+Na) Requires 

276.1359 (−0.9 ppm error). 
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2-Phenyl-2'-methylspiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7d) 

 

Synthesised using general procedure C, from 4-phenyl-1-(2-methyl-1H-indol-3-yl)but-3-yn-2-

one 2.6d (707 mg, 2.6 mmol) in DCM (26 mL) and AgOTf (7 mg, 26 µmol). The reaction was 

complete after 1 hour and concentrated in vacuo. The crude product was purified by flash 

column chromatography (hexane/ethyl acetate 1:1) to yield the title product as an orange oil 

(700 mg, 99%). Rf (hexane/ethyl acetate 1:1) 0.39; δH (400 MHz; CDCl3) 2.14 (3 H, s, H-1), 2.66 (1 

H, d, J = 18.0, H-6a), 2.77 (1 H, d, J = 18.0, H-6b), 6.83 (1 H, s, H-7), 6.90 – 6.95 (2 H, m, H-8), 7.07 

– 7.15 (4 H, m, H-2,9,10), 7.19 – 7.25 (1 H, m, H-3), 7.28 – 7.36 (1 H, m, H-4), 7.60 (1 H, d, J = 7.5, 

H-5). Spectroscopic data match those reported previously.174 

 

5'-Bromo-2-phenylspiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7e) 

 

Synthesised using general procedure C, from 1-(5-bromo-1H-indol-3-yl)-4-phenylbut-3-yn-2-one 

2.6e (675 mg, 2.0 mmol) in DCM (20 mL) and AgOTf (5 mg, 20 µmol). The reaction was complete 

after 1 hour and concentrated in vacuo. The crude product was purified by flash column 

chromatography (hexane/ethyl acetate 7:3 to hexane/ethyl acetate 1:1) to yield the title product 

as a brown powder (468 mg, 69%). Rf (hexane/ethyl acetate 1:1) 0.39; δH (400 MHz; CDCl3) 2.68 

(1 H, d, J = 19.0, H-5a), 3.06 (1 H, d, J = 19.0, H-5b), 6.87 (1 H, s, H-6), 6.98 – 7.02 (2 H, m, H-7), 

7.21 – 7.26 (2 H, m, H-8), 7.33 – 7.38 (1 H, m, H-9), 7.38 (1 H, dd, J = 2.0, 0.5, H-2), 7.58 (1 H, dd, 

J = 8.0, 2.0, H-3), 7.65 (1 H, d, J = 8.0, H-4), 8.21 (1 H, s, H-1). Spectroscopic data match those 

reported previously.174 
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5-Benzyl-2-phenylspiro[cyclopentane-1,3'-indol]-2-en-4-one (2.7f) 

 

Synthesised using general procedure C, from 1-benzyl-1-(1H-indol-3-yl)-4-phenylbut-3-yn-2-one 

2.6f (497 mg, 1.4 mmol) in DCM (14 mL) and AgOTf (4 mg, 1 µmol). The reaction was complete 

after 2 hours and concentrated in vacuo. The crude product was purified by flash column 

chromatography (hexane/diethyl ether 7:3 to 4:6) to yield the title product as a mixture of 

diastereoisomers (major: minor in a 2:3 ratio) as a brown solid (459 mg, 93%). Rf (hexane/diethyl 

ether 4:6) 0.24, 0.31; δH (400 MHz; CDCl3) 2.11 (1 H, dd, J = 14.5, 10.5, H-7a minor), 2.54 (1 H, 

dd, J = 14.5, 9.0, H-7a, major), 3.18 – 3.30 (2 H, m, H-7b, major + minor), 3.49 (1 H, dd, J = 9.0, 

7.0, H-6, major), 3.58 (1 H, dd, J = 10.5, 4.5, H-6, minor), 6.84 – 6.88 (4 H, m, H-Ar and H-11, 

major + minor), 6.90 – 6.94 (4 H, m, H-Ar, major + minor), 7.00 – 7.10 (6 H, m, H-Ar, major + 

minor), 7.12 – 7.21 (6 H, m, H-Ar, major + minor), 7.22 – 7.37 (5 H, m, H-Ar, major + minor), 7.48 

(1 H, ddd, J = 7.5, 7.5, 1.0, H-4, minor), 7.54 – 7.57, (1 H, m, H-5, major), 7.57 – 7.61 (1 H, m, H-

5, minor), 7.98 (1 H, s, H-1, minor), 8.14 (1 H, s, H-1, major). Spectroscopic data match those 

reported previously.174 
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2-(4-Fluorophenyl)spiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7g) 

 

Synthesised using general procedure C, from 1-(1H-indol-3-yl)-4-(4-fluorophenyl)but-3-yn-2-one 

(956 mg, 3.5 mmol) in DCM (35 mL) and AgOTf (9 mg, 34 µmol). The reaction was complete after 

1 hour and concentrated in vacuo. The crude product was purified by flash column 

chromatography (hexane/ethyl acetate 1:1) to yield the title product as an orange powder (756 

mg, 79%). Rf (hexane/ethyl acetate 1:1) 0.36; δH (400 MHz; CDCl3) 2.70 (1 H, d, J = 18.0, H-6a), 

3.06 (1 H, d, J = 18.0, H-6b), 6.80 (1 H, s, H-7), 6.86 – 6.92 (2 H, m, H-9), 6.95 – 7.01 (2 H, m, H-

8), 7.24 – 7.26 (1 H, m, H-2), 7.31 (1 H, ddd, J = 7.5, 7.5, 1.0, H-3), 7.47 (1 H, ddd, J = 7.5, 7.5, 1.0, 

H-4), 7.67 – 7.80 (1 H, m, H-5), 8.21 (1 H, s, H-1). Spectroscopic data match those reported 

previously.174 

 

2-(4-Methoxyphenyl)spiro[cyclopent[2]ene-1,3'-indol]-4-one (2.7h) 

 

Synthesised using general procedure C, from 1-(1H-indol-3-yl)-4-(4-methoxyphenyl)but-3-yn-2-

one (355 mg, 1.2 mmol) in DCM (12 mL) and AgOTf (3 mg, 12 µmol). The reaction was complete 

after 1.5 hours and concentrated in vacuo. The crude product was purified by flash column 

chromatography (hexane/ethyl acetate 1:1) to yield the title product as an orange powder (329 

mg, 93%). Rf (hexane/ethyl acetate 1:1) 0.37; δH (400 MHz; CDCl3) 2.63 (1 H, d, J = 18.5, H-6a), 

3.01 (1 H, d, J = 18.5, H-6b), 3.71 (3 H, s, H-10), 6.65 – 6.71 (2 H, m, H-9), 6.77 (1 H, s, H-7), 6.91 

– 6.97 (2 H, m, H-8), 7.22 – 7.31 (2 H, m, H-2,3), 7.44 (1 H, ddd, J = 7.5, 7.5, 1.5, H-4), 7.77 (1 H, 

d, J = 7.5, H-5), 8.20 (1 H, s, H-1). Spectroscopic data match those reported previously.175  
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2-Phenyl-5-(4-methylphenyl)spiro[cyclopentane-1,3'-indol]-2-en-4-one (2.7i) 

 

Following a literature procedure,176 to a dry round-bottomed flask, 1-(1H-indol-3-yl)-4-

phenylbut-3-yn-2-one 2.6a (518 mg, 2.0 mmol), 4-iodotoluene (480 mg, 2.2 mmol) and 

bromobis(triphenylphosphine)(N-succinimide)palladium(II) (32 mg, 40 µmol) were added. The 

flask was purged with argon and then dry acetonitrile (20 mL) and triethylamine (0.3 mL, 2.1 

mmol) were added. The reaction was heated to 60 °C with continuous stirring for 3.5 hours. The 

mixture was then cooled to room temperature and concentrated in vacuo. The crude product 

was purified by flash column chromatography (hexane/ethyl acetate 9:1 to hexane/ethyl acetate 

3:1) to yield the title product as a pale, orange solid (307 mg, 44%). Rf (hexane/ethyl acetate 3:1) 

0.19; δH (400 MHz; CDCl3) 2.33 (3 H, s, H-9), 2.88 (1 H, d J = 19.0, H-6a), 3.22 (1 H, d, J = 19.0, H-

6b), 6.66 – 6.71 (2 H, m, H-Ar), 7.00 – 7.05 (2 H, m, H-Ar), 7.08 – 7.18 (5 H, m, H-Ar), 7.31 (1 H, 

ddd, J = 7.5. 7.5, 1.0, H-3), 7.36 (1 H, ddd, J = 7.5, 1.5, 1.0, H-2), 7.42 (1 H, ddd, J = 7.5, 7.5, 1.5, 

H-4), 7.66 (1 H, ddd, J = 7.5, 1.0, 1.0, H-5), 8.19 (1 H, s, H-1). Spectroscopic data match those 

reported previously.176 
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2-Butyl-5-(4-methylphenyl)-2’methylspiro[cyclopentane-1,3'-indol]-2-en-4-one (2.7j) 

 

Following a literature procedure,176 to a dry round-bottomed flask, 1-(2-methyl-1H-indol-3-

yl)oct-3-yn-2-one 2.6c (529 mg, 2.1 mmol), 4-iodotoluene (501 mg, 2.3 mmol) and 

bromobis(triphenylphosphine)(N-succinimide)palladium(II) (32 mg, 40 µmol) were added. The 

flask was purged with argon and then dry acetonitrile (20 mL) and triethylamine (0.3 mL, 2.1 

mmol) were added. The reaction was heated to 60 °C with continuous stirring for 4. The mixture 

was cooled to room temperature and concentrated in vacuo. The crude product was purified by 

flash column chromatography (hexane/ethyl acetate 9:1 to hexane/ethyl acetate 7:3) to yield 

the title product as a pale, yellow oil (489 mg, 71%). Rf (hexane/ethyl acetate 3:1) 0.22; νmax (thin 

film)/cm-1 2957, 1705, 1578, 1408, 755; δH (400 MHz; CDCl3) 0.53 (3 H, t, J = 6.5, H-22), 0.82 – 

1.04 (4 H, m, H-20,21), 1.75 – 1.85 (1 H, m, H-19a), 1.92 – 2.02 (1 H, m, H-19b), 2.24 (3 H, s, H-

1), 2.36 (3 H, s, H-17), 2.78 (1 H, d, J = 19.0, H-10a), 2.83 (1 H, d, J = 19.0, H-10b), 7.19 – 7.26 (6 

H, m, H-5,6,14,15), 7.35 – 7.42 (1 H, m, H-7), 7.60 (1 H, d, J = 7.5, H-8); δC (100 MHz; CDCl3) 13.3 

(C-22), 15.9 (C-1), 21.4 (C-17), 22.8 (C-20/21), 28.3 (C-19), 30.0 (C-20/21), 42.7 (C-10), 67.1 (C-

3), 120.5 (C-8), 122.3 (C-5/6/14/15), 126.1 (C-5/6/14/15), 128.3 (C-13), 128.8 (C-5/6/14/15), 

129.0 (C-5/6/14/15), 129.3 (C-8), 138.3 (C-16), 140.6 (C-12), 143.2 (C-4), 155.6 (C-9), 173.4 (C-

18), 182.6 (C-2), 204.8 (C-11); HRMS (ESI+) Found: 344.2005; C24H26NO (M+H+) Requires 344.2009 

(1.0 ppm error); Found: 366.1825; C24H25NNaO (M+Na) Requires 366.1828 (0.9 ppm error).  
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7.2.5 Quinoline Products 

1-Phenyl-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8a) 

 

Following general procedure D, from 2-phenylspiro[cyclopent[2]ene-1,3'-indol]-4-one 2.7a (194 

mg, 0.8 mmol) in THF (3.8 mL) and LHMDS (0.8 mL, 0.8 mmol, 1 M in THF). The reaction was 

stirred for 30 minutes until complete by TLC analysis. The work up required saturated aq. NH4Cl 

(10 mL), deionised water (5 mL) and the product was extracted with EtOAc (5 x 10 mL). The crude 

product was purified by flash column chromatography (hexane/ethyl acetate 4:1 to 1:1) to yield 

the title product as a pale, brown solid (157 mg, 81%). Rf (hexane/ethyl acetate 1:1) 0.51; δH (400 

MHz; CDCl3) 2.79 (1 H, dd, J = 19.0, 3.0, H-7a), 3.42 (1 H, dd, J = 19.0, 8.0, H-7b), 5.05 (1 H, dd, J 

= 8.0, 3.0, H-6), 7.10 – 7.13 (2 H, m, H-8), 7.27 – 7.34 (3 H, m, H-9,10), 7.48 (1 H, ddd, J = 8.0, 7.0, 

1.0, H-3), 7.71 (1 H, dd, J = 8.0, 1.0, H-2), 7.82 (1 H, ddd, J = 8.0, 7.0, 1.0, H-4), 8.23 (1 H, d, J = 

8.0, H-5), 9.31 (1 H, s, H-1). Spectroscopic data match those reported previously.173 
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1-Butyl-4-methyl-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8c) 

 

Following general procedure D, from 2-butyl-2’methylspiro[cyclopent[2]ene-1,3'-indol]-4-one 

2.7c (127 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in THF). The reaction 

was stirred for 1 hour until complete by TLC analysis. The work up required saturated aq. NH4Cl 

(5 mL), deionised water (5 mL) and the product was extracted with EtOAc (4 x 10 mL). The crude 

product was purified by flash column chromatography (hexane/ethyl acetate 7:3) to yield the 

title product as a yellow powder (76 mg, 60%). Rf (hexane/ethyl acetate 7:3) 0.31; mp 88 – 89 °C; 

νmax (thin film)/cm-1 2929, 2952, 2853, 1708, 1616, 1588, 1417, 773; δH (400 MHz; CDCl3) 0.89 (3 

H, t, J = 6.5, H-17), 1.20 – 1.57 (5 H, m, H-14a,15,16), 2.02 – 2.19 (1 H, m, H-14b), 2.59 (1 H, dd, 

J = 19.0, 1.5, H-12a), 2.94 (1 H, dd, J = 19.0, 7.0, H-12b), 2.95 (3 H, s, H-1), 3.78 – 3.87 (1 H, m, H-

11), 7.60 (1 H, ddd, J = 8.5, 7.0, 1.0, H-7), 7.83 (1 H, ddd, J = 8.5, 7.0, 1.0, H-8), 8.04 (1 H, dd, J = 

8.5, 1.0, H-6), 8.11 (1 H, d, J = 8.5, H-9); δC (100 MHz, CDCl3) 14.1 (C-17), 22.7 (C-16), 22.8 (C-1), 

29.8 (C-15), 36.2 (C-14), 36.9 (C-11), 43.8 (C-12), 124.4 (C-6), 124.4 (C-5), 126.6 (C-7), 128.1 (C-

3), 129.9 (C-9), 132.4 (C-8), 149.7 (C-10), 157.4 (C-2), 169.0 (C-4), 205.5 (C-13); HRMS (ESI+) 

Found: 254.1538; C17H20NO (M+H+) Requires 254.1539 (0.4 ppm error). 
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1-Phenyl-4-methyl-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8d) 

 

Following general procedure D, from 2-phenyl-2'-methylspiro[cyclopent[2]ene-1,3'-indol]-4-one 

2.7d (137 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in THF). The reaction 

was stirred for 1.5 hours until complete by TLC analysis. The work up required saturated aq. 

NH4Cl (5 mL), deionised water (5 mL) and the product was extracted with EtOAc (5 x 10 mL). The 

crude product was purified by flash column chromatography (hexane/ethyl acetate 7:3) to yield 

the title product as an orange powder (97 mg, 71%). Rf (hexane/ethyl acetate 1:1) 0.48; δH (400 

MHz; CDCl3) 2.75 (1 H, dd, J = 19.0, 2.5, H-7a), 3.06 (3 H, s, H-1), 3.38 (1 H, dd, J = 19.0, 7.5, H-

7b), 4.98 (1 H, dd, J = 7.5, 2.5, H-6), 7.09 – 7.13 (2 H, m, H-8), 7.25 – 7.33 (3 H, m, H-9,10), 7.39 

(1 H, ddd, J = 8.5, 7.0, 1.5, H-3), 7.67 (1 H, ddd, J = 8.5, 1.5, 0.5, H-2), 7.77 (1 H, ddd, J = 8.5, 7.0, 

1.5, H-4), 8.11 (1 H, br d, J = 8.5, H-5). Spectroscopic data match those reported previously.174 

  



 
 

282 
 

8-Bromo-1-phenyl-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8e) 

 

Following general procedure D, from 5'-bromo-2-phenylspiro[cyclopent[2]ene-1,3'-indol]-4-one 

2.7e (169 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in THF). The reaction 

was stirred for 30 minutes until complete by TLC analysis. The work up required saturated aq. 

NH4Cl (5 mL), deionised water (5 mL) and the product was extracted with EtOAc (4 x 10 mL). The 

crude product was purified by flash column chromatography (hexane/ethyl acetate 7:3) to yield 

the title product as an orange powder (136 mg, 80%). Rf (hexane/ethyl acetate 7:3) 0.39; δH (400 

MHz; CDCl3) 2.79 (1 H, dd, J = 19.5, 3.0, H-6a), 3.41 (1 H, dd, J = 19.5, 8.0, H-6b), 4.99 (1 H, dd, J 

= 8.0, 3.0, H-5), 7.09 – 7.12 (2 H, m, H-7), 7.28 – 7.37 (3 H, m, H-8,9), 7.84 (1 H, dd, J = 2.0, 0.5, 

H-2), 7.87 (1 H, dd, J = 9.0, 2.0, H-3), 8.09 (1 H, d, J = 9.0, H-4), 9.30 (1 H, s, H-1). Spectroscopic 

data match those reported previously.174 
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1-(4-Fluorophenyl)-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8g) 

 

Following general procedure D, from 2-(4-fluorophenyl)spiro[cyclopent[2]ene-1,3'-indol]-4-one 

2.7g (139 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in THF). The reaction 

was stirred for 30 minutes until complete by TLC analysis. The work up required saturated aq. 

NH4Cl (5 mL), deionised water (5 mL) and the product was extracted with EtOAc (4 x 10 mL). The 

crude product was purified by flash column chromatography (hexane/ethyl acetate 1:1) to yield 

the title product as an orange powder (99 mg, 71%). Rf (hexane/ethyl acetate 1:1) 0.45; δH (400 

MHz; CDCl3) 2.73 (1 H, dd, J = 19.5, 3.0, H-7a), 3.41 (1 H, dd, J = 19.5, 8.0, H-7b), 5.04 (1 H, dd, J 

= 8.0, 3.0, H-6), 6.97 – 7.04 (2 H, m, H-9), 7.05 – 7.11 (2 H, m, H-8), 7.50 (1 H, ddd, J = 8.5, 7.0, 

1.5, H-3), 7.68 (1 H, ddd, J = 8.5, 1.5, 0.5, H-2), 7.85 (1 H, ddd, J = 8.5, 7.0, 1.5, H-4), 8.25 (1 H, d, 

J = 8.5, H-5), 9.31 (1 H, s, H-1). Spectroscopic data match those reported previously.174 
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1-(4-Methoxyphenyl)-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8h) 

 

Following general procedure D, from 2-(4-methoxyphenyl)spiro[cyclopent[2]ene-1,3'-indol]-4-

one 2.7h (145 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in THF). The 

reaction was stirred for 30 minutes until complete by TLC analysis. The work up required 

saturated aq. NH4Cl (10 mL), deionised water (5 mL) and the product was extracted with EtOAc 

(3 x 10 mL). The product was purified by flash column chromatography (hexane/ethyl acetate 

4:1 to 1:1) to yield the title product as an orange powder (133 mg, 92%). Rf (hexane/ethyl acetate 

1:1) 0.39; δH (400 MHz; CDCl3) 2.72 (1 H, dd, J = 19.0, 3.0, H-7a), 3.37 (1 H, dd, J = 19.0, 8.0, H-

7b), 3.76 (3 H, s, H-10), 4.99 (1 H, dd, J = 8.0, 3.0, H-6), 6.80 – 6.84 (2 H, m, H-9), 6.99 – 7.04 (2 

H, m, H-8), 7.47 (1 H, ddd, J = 8.0, 7.0, 1.0, H-3), 7.73 (1 H, dd, J = 8.0, 1.0, H-2), 7.80 (1 H, ddd, J 

= 8.5, 7.0, 1.0, H-4), 8.21 (1 H, d, J = 8.5, H-5), 9.27 (1 H, s, H-1). Spectroscopic data match those 

reported previously.173  

Note that this reaction was performed by Dr Aimee Clarke. 
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trans-1-phenyl-2-(4-methylphenyl)-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8i) 

 

Following general procedure D, from 2-phenyl-3-(4-methylphenyl)spiro[cyclopentane-1,3'-

indol]-2-en-4-one 2.7i (175 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in 

THF). The reaction was stirred for 2.5 hours until complete by TLC analysis. The work up required 

saturated aq. NH4Cl (5 mL), deionised water (5 mL) and the product was extracted with EtOAc 

(4 x 10 mL). The crude product was purified by flash column chromatography (hexane/ethyl 

acetate 9:1 to 3:1) to yield the title product as an orange oil (105 mg, 60%). Rf (hexane/ethyl 

acetate 3:1) 0.33; νmax (thin film)/cm-1 3028, 1714, 1615, 1574, 1512, 1421; δH (400 MHz; CDCl3) 

2.34 (3 H, s, H-21), 3.87 (1 H, d, J = 3.5, H-11), 4.99 (1 H, d, J = 3.5, H-10), 6.99 – 7.03 (2 H, m, H-

18/19), 7.05 – 7.09 (2 H, m, H-14), 7.13 – 7.17 (2 H, m, H-18/19), 7.28 – 7.34 (3 H, m, H-15,16), 

7.45 (1 H, ddd, J = 8.5, 7.0, 1.5, H-6), 7.65 (1 H, ddd, J = 8.5, 1.5, 0.5, H-5), 7.82 (1 H, ddd, J = 8.5, 

7.0, 1.5, H-7), 8.27 (1 H, d, J = 8.5, H-8), 9.37 (1 H, s, H-1); δC (100 MHz; CDCl3) 21.2 (C-21), 54.4 

(C-10), 65.0 (C-11), 125.2 (C, C-Ar), 125.9 (C-5), 127.5 (CH, C-Ar), 127.6 (CH, C-Ar), 127.8 (CH, C-

Ar), 127.9 (CH, C-Ar), 129.4 (CH, C-Ar), 129.7 (C-Ar), 129.8 (CH, C-Ar), 130.7 (C-8), 132.5 (C-7), 

135.2 (C, C-Ar), 137.3 (C-20), 141.9 (C, C-Ar), 146.0 (C-1), 151.1 (C-9), 164.2 (C, C-Ar), 204.0 (C-

12); HRMS (ESI+) Found: 350.1532; C25H20NO (M+H+) Requires 350.1539 (0.7 ppm error), Found: 

372.1351; C25H19NNaO (M+Na) Requires 372.1539 (2.2 ppm error). 
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1-Phenyl-2-(4-methylphenyl)-cyclopenta[c]quinolin-3-one (2.19) 

 

Side product formed during the synthesis of 2.8i. Purification by flash column chromatography 

(hexane/ethyl acetate 9:1 to 3:1) yielded the title product as a red solid (36 mg, 20%). Rf 

(hexane/ethyl acetate 3:1) 0.40; mp 183 – 187 °C; νmax (thin film)/cm-1 2919, 1707, 1618, 1562, 

1511, 1488; δH (400 MHz; CDCl3) 2.31 (3 H, s, H-21), 7.05 – 7.09 (2 H, m, H-18/19), 7.15 – 7.19 (2 

H, m, H-18/19), 7.22 – 7.26 (2 H, m, H-Ar), 7.40 – 7.46 (2 H, m, H-Ar), 7.49 – 7.55 (3 H, m, H-Ar), 

7.68 (1 H, ddd, J = 8.5, 4.5, 4.0, H-Ar), 8.09 (1 H, ddd, J = 8.5, 1.0, 1.0, H-8), 9.05 (1 H, s, H-1); δC 

(100 MHz; CDCl3) 21.5 (C-21), 119.9 (C-3), 122.9 (C, C-Ar), 125.3 (C-14), 126.9 (C, C-Ar), 127.3 

(CH, C-Ar), 128.7 (C-18), 129.0 (C-5/6/16), 129.2 (CH, C-Ar), 129.3 (CH, C-Ar), 130.2 (C-19), 130.8 

(C-8), 131.8 (CH, C-Ar), 134.2 (C, C-Ar), 134.9 (C, C-Ar), 138.7 (C-20), 142.9 (C-1), 153.2 (C, C-Ar), 

153.2 (C-2), 153.8 (C-9), 197.0 (C-12); HRMS (ESI+) Found: 348.1377; C25H18NO (M+H+) Requires 

348.1383 (1.6 ppm error). 
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1-Butyl-2-(4-methylphenyl)-4-methyl-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8j) 

 

Following general procedure D, from 2-butyl-3-(4-methylphenyl)-2’-methylspiro[cyclopentane-

1,3'-indol]-2-en-4-one 2.7j (165 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 

M in THF). The reaction was stirred for 30 minutes until complete by TLC analysis. The work up 

required saturated aq. NH4Cl (10 mL), deionised water (5 mL) and the product was extracted 

with EtOAc (4 x 10 mL). The product was purified by flash column chromatography 

(hexane/acetone 99:1 to 95:5) to yield the title product as a mixture of diastereoisomers 

(major/minor in a 7:3 ratio) as an orange oil (98 mg, 58%). Rf = (hexane/acetone 95:5) 0.08; νmax 

(thin film)/cm-1 2956, 2870, 1706, 1682, 1608, 1578, 755; δH (400 MHz; CDCl3) = 0.57 (3 H, t, J = 

6.5, H-17, minor), 0.89 (3 H, t, J = 7.0, H-17, major), 0.82 – 1.02 (4 H, m, H-15,16, minor), 1.27 – 

1.55 (4 H, m, H-15,16, major), 1.55 – 1.62 (2 H, m, H-14, minor), 1.62 – 1.73 (1 H, m, H-14a, 

major), 2.17 – 2.25 (1 H, m, H-14b, major), 2.30 (3 H, s, H-22, major), 2.39 (3 H, s, H-22, minor), 

2.96 (3 H, s, H-1, major), 3.03 (3 H, s, H-1, minor), 3.71 (1 H, d, J = 1.5, H-12, major), 3.91 (1 H, 

dt, J = 9.5, 3.0, 1.5, H-11, major), 4.15 (1 H, dt, J = 7.0, 4.0, H-11, minor), 4.25 (1 H, d, J = 7.0, H-

12, minor), 6.99 – 7.05 (2 H, m, H-19/20, major), 7.08 – 7.14 (2 H, m, H-19/20, major), 7.19 – 

7.25 (4 H, m, H-19,20, minor), 7.60 – 7.67 (2 H, m, H-7, major + minor), 7.84 – 7.92 (2 H, m, H-8, 

major + minor), 8.06 (1 H, d, J = 8.5, H-6, minor), 8.10 (1 H, d, J = 8.0, H-6, major), 8.14 – 8.19 (2 

H, m, H-9, major + minor); δC (100 MHz; CDCl3) 13.7 (C-17, minor), 14.1 (C-17, major), 21.2 (C-

22, major), 21.3 (C-22, minor), 22.6 (C-16, minor), 22.8 (C-1, major), 22.8 (C-16, major and C-1, 

minor), 29.5 (C-15, minor), 30.0 (C-15, major), 33.1 (C-14, minor), 36.5 (C-14, major), 42.8 (C-11, 

minor), 46.6 (C-11, major), 59.3 (C-12, minor), 60.7 (C-12, major), 124.3 (CH, C-Ar, minor), 125.0 

(CH, C-Ar, major), 126.7 (C-7, minor), 126.8 (C-6, major), 127.3 (C-7, major), 127.8 (C, C-Ar, 

minor), 129.3 (C-19/20, minor), 129.8 (CH, C-Ar, major) 129.8 (C-9, minor), 129.9 (CH, C-Ar, 

major), 130.4 (C-19/20, minor), 132.5 (C-8, minor), 132.6 (C, C-Ar, minor), 132.7 (C-8, major), 

136.6 (C, C-Ar, major), 137.1 (C, C-Ar, minor), 149.7 (C, C-Ar, minor), 149.9 (C, C-Ar, major), 157.6 

(C, C-Ar, minor), 158.1 (C, C-Ar, major), 166.9 (C-Ar, minor), 168.6 (C-Ar, major), 204.6 (C-13, 
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minor), 205.0 (C-13, major); HRMS (ESI+) Found: 366.1821; C24H25NONa (M+Na) Requires 

366.1828 (−1.9 ppm error). 

Note that one quaternary carbon resonance for the minor isomer, and three quaternary carbon 

resonances for the major could not be found in the 13C NMR spectra. It is believed that those 

resonances are overlapping with other resonances. 
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1-(2-((tert-Butyldimethylsilyl)oxy)ethyl)-1,2-dihydro-3H-cyclopenta[c]quinolin-3-one (2.8k) 

 

Following general procedure D, from 2-(2-((tert-butyldimethylsilyl)oxy)ethyl)spiro 

[cyclopentane-1,3'-indol]-2-en-4-one (103 mg, 0.3 mmol) in THF (1.5 mL) and LHMDS (0.3 mL, 

0.3 mmol, 1 M in THF). The reaction was stirred for 1 hour until complete by TLC analysis. The 

work up required NH4Cl (10 mL), deionised water (5 mL) and the product was extracted with 

EtOAc (4 x 10 mL). The crude product was purified by flash column chromatography 

(hexane/ethyl acetate 4:1 to 7:3) to yield the title product as a brown oil (60 mg, 59%). Rf 

(hexane/ethyl acetate 7:3) 0.33; δH (400 MHz; CDCl3) 0.09 (3 H, s, H-10/12), 0.09 (3 H, s, H-10/12), 

0.94 (9 H, s, H-11), 1.61 – 1.70 (1 H, m, H-8a), 2.40 – 2.49 (1 H, m, H-8b), 2.70 (1 H, 19.0, 1.5, H-

7a), 3.01 (1 H, dd, J = 19.0, 7.5, H-7b), 3.73 (1 H, ddd, J = 10.5, 9.5, 4.5, H-9a), 3.85 (1 H, ddd, J = 

10.5, 4.5, 4.5, H-9b), 4.11 – 4.19 (1 H, m, H-6), 7.70 (1 H, ddd, J = 8.5, 7.0, 1.5, H-3), 7.90 (1 H, 

ddd, J = 8.5, 7.0, 1.5, H-4), 8.19 (1 H, dd, J = 8.5, 1.5, H-2), 8.25 (1 H, d, 8.5, H-5), 9.19 (1 H, s, H-

1). Spectroscopic data match those reported previously.173 

  



 
 

290 
 

3-Benzyl-1-phenylcyclopenta[c]quinolin-3-ol (2.21) 

 

Following general procedure D, from 5-benzyl-2-phenylspiro[cyclopentane-1,3'-indol]-2-en-4-

one 2.7f (175 mg, 0.5 mmol) in THF (2.5 mL) and LHMDS (0.6 mL, 0.6 mmol, 1 M in THF). The 

reaction was stirred for 1 hour until complete by TLC analysis. The work up required NH4Cl (5 

mL), deionised water (5 mL) and the product was extracted with EtOAc (4 x 10 mL). The crude 

product was purified by flash column chromatography (hexane/ethyl acetate 6:4) to yield the 

title product as an orange powder (106 mg, 61%). mp 191 – 192 °C; Rf (hexane/ethyl acetate 6:4) 

0.13; νmax (thin film)/cm-1 3076, 2328, 1569, 1506, 699; δH (400 MHz; d6-DMSO) 5.93 (1 H, s, H-

17), 6.50 (1 H, s, H-11), 7.02 – 7.11 (5 H, m, H-Ar), 7.20 – 7.35 (4 H, m, H-Ar), 7.45 – 7.51 (3 H, m, 

H-Ar), 7.60 (1 H, ddd, J = 8.5, 7.0, 1.5, H-7), 8.01 (1 H, d, J = 8.5, H-8), 8.93 (1 H, s, H-1); δC (100 

MHz; d6-DMSO) 43.7 (C-18), 82.8 (C-12), 122.7 (C-Ar), 123.5 (C-Ar), 125.9 (C-Ar), 126.2 (C-Ar), 

127.3 (C-Ar), 128.2 (C-Ar), 128.2 (C-Ar), 128.6 (C-Ar), 128.6 (C-7), 129.9 (C-Ar), 130.2 (C-8), 136.4 

(C-Ar), 136.6 (C-Ar), 141.3 (C-10), 142.2 (C-Ar), 144.8 (C-Ar), 145.1 (C-1), 145.5 (C-11), 148.7 (C-

Ar); HRMS (ESI+) Found: 350.1539; C25H20NO (M+H+) Requires 350.1539 (0.1 ppm error). 

Note that the benzylic protons (H-18) are overlapping with the residual water peak of the d6-

DMSO, as confirmed by 13C and HMQC NMR spectra. 
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7.3 Indole Vinylation 

7.3.1 General Procedures 

General Procedure H: Indole vinylation Reaction Optimisation 

 

Indole 3.16 (12 mg, 0.1 mmol) was dissolved in the desired solvent (1 mL, 0.1 M), and the desired 

quantity of 4-phenyl-3-butyne-2-one 3.27 was added, followed by the chosen Lewis acid 

catalyst. The reaction was stirred at the chosen temperature for the given amount of time before 

the solvent was concentrated in vacuo. 1H NMR spectra were then recorded to determine the 

conversion of indole to the desired product. 

 

General Procedure I: Gold-catalysed alkyne addition to indole 

 

The indole substrate (1 eq) and alkyne (1.5 eq) were dissolved in toluene (0.1 M) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (5 

mol%) was added. The reaction was then stirred at 40 °C for the reported time. The reaction 

mixture was then concentrated in vacuo and the product was purified via flash column 

chromatography using the reported eluent. 
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General Procedure J: NMR Studies 

To a sample vial, [bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) 

toluene adduct (15.7 mg, 0.01 mmol) and the desired amount of substrate were dissolved in d2-

DCM (0.6 mL). 1H and 31P{1H} NMR spectra were then recorded using 16 and 128 scans 

respectively. For the amide (3.39 and 3.41) and ester (3.43 and 3.44) alkynes, anhydrous d2-

DCM was used. Due to the dimeric nature of the gold catalyst, 1 equivalent of substrate = 0.02 

mmol. 

 

7.3.2 Alkyne Synthesis 

4-(4-Methoxyphenyl)-3-butyn-2-one (3.33) 

 

Following a literature procedure,202 to a dry round-bottomed flask, 4-methoxyphenyl acetylene 

3.30 (397 mg, 0.39 mL, 3.0 mmol) was dissolved in THF (50 mL) under an atmosphere of Ar and 

cooled to 0 °C. With vigorous stirring, n-BuLi (1.32 mL, 2.5 M in hexane, 3.3 mmol) was added 

and stirred for 15 minutes, at which point the solution was cooled to –78 °C and N-methyl N-

methoxy acetamide 3.32 (356 mg, 0.36 mL, 3.5 mmol) was added slowly over 3 minutes. The 

reaction was stirred for 30 minutes, before warming to room temperature and stirring for a 

further 2 hours. The reaction was quenched with aq. HCl (7.5 mL, 2 M) and extracted with DCM 

(3 x 50 mL). The organic extracts were combined, dried with MgSO4 and concentrated in vacuo. 

The crude product was purified via flash column chromatography (hexane/ethyl acetate 30:1) 

to yield the title product as a pale, yellow solid (326 mg, 62%). Rf (hexane/ethyl acetate 30:1) 

0.09; δH (400 MHz; CDCl3) 2.43 (3 H, s, H-4), 3.84 (3 H, s, H-1), 6.87 – 6.92 (2 H, m, H-2), 7.50 – 

7.55 (2 H, m, H-3). Spectroscopic data match those reported previously.202 
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4-(4-(Dimethylamino)phenyl)but-3-yn-2-one (3.34) 

 

The synthesis was based on a literature procedure.202 To a dry round-bottomed flask, 4-

dimethylaminophenyl acetylene 3.31 (499 mg, 3.4 mmol) was dissolved in THF (50 mL) under an 

atmosphere of Ar and cooled to 0 °C. With vigorous stirring, n-BuLi (1.5 mL, 2.5 M in hexane, 3.7 

mmol) was added and stirred for 15 minutes, at which point the solution was cooled to –78 °C 

and N-methyl, N-methoxy acetamide 3.32 (403 mg, 0.4 mL, 3.9 mmol) was added slowly over 3 

minutes. The reaction was stirred for 30 minutes, before warming to room temperature and 

stirring for a further 2 hours. The reaction was quenched with deionised water (20 mL) and 

extracted with DCM (3 x 50 mL). The organic extracts were combined, dried with MgSO4 and 

concentrated in vacuo. The crude product was purified via flash column chromatography 

(hexane/diethyl ether 7:3) to yield the title product as a pale, yellow solid (526 mg, 83%). Rf 

(hexane/diethyl ether 9:1) 0.13; mp 97 – 98 °C; νmax (thin film)/cm-1 2905, 2186, 2140, 1656, 816; 

δH (400 MHz; CDCl3) 2.41 (3 H, s, H-9), 3.02 (6 H, s, H-1), 6.59 – 6.64 (2 H, m, H-3), 7.42 – 7.46 (2 

H, m, H-4); δC (100 MHz; CDCl3) 32.6 (C-9), 40.0 (C-1), 89.2 (C-7), 94.8 (C-6), 105.3 (C-5), 111.6 

(C-3), 135.2 (C-4), 151.8 (C-2), 184.7 (C-8); HRMS (ESI+) Found: 188.1074; C12H14NO (MH+) 

Requires 188.1070 (−2.0 ppm error); Found: 210.0895; C12H13NNaO (M+Na) Requires 210.0889 

(−2.6 ppm error). 
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4-(4-Bromophenyl)-3-butyn-2-one (3.37) 

 

Following a literature procedure,202 to a dry round-bottomed flask under an atmosphere of 

argon, ((4-bromophenyl)ethynyl)trimethylsilane 3.35 (203 mg, 0.8 mmol) and freshly distilled 

acetyl chloride 3.36 (0.06 mL, 57 mg, 0.7 mmol) were dissolved in dry DCM (13 mL) and cooled 

to 0 °C. Aluminium chloride (298 mg, 2.2 mmol) was added with vigorous stirring. After 30 

minutes, the reaction was warmed to room temperature and stirred for a further 30 minutes. 

The reaction was quenched with aq. HCl (2 mL, 2 M), diluted with deionised water (10 mL) and 

extracted with DCM (3 x 10 mL). The organic extracts were dried with MgSO4 and concentrated 

in vacuo. The crude product was purified by flash column chromatography (30:1 hexane/ethyl 

acetate) to yield the title product as a yellow powder (138 mg, 86%). Rf (30:1 hexane/ethyl 

acetate) 0.32; δH (400 MHz; CDCl3) 2.46 (3 H, s, H-3), 7.42 – 7.46 (2 H, m, H-1), 7.52 – 7.56 (2 H, 

m, H-2). Spectroscopic data match those reported previously.202 
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N,N-dimethyl-3-phenylpropiolamide (3.39) 

 

Following a literature procedure,203 to a dry-round bottomed flask phenylacetylene 3.13 (204 

mg, 0.22 mL, 2.0 mmol) was dissolved in dry THF (1.3 mL) under an atmosphere of argon and 

cooled to −78 °C. n-BuLi (1.0 mL, 2.5 mmol, 2.5 M in hexanes) was added and stirred for 15 

minutes before dimethylcarbomyl chloride 3.38 (194 mg, 0.17 mL, 1.8 mmol) was added. The 

reaction was stirred for 5 minutes then warmed to room temperature and stirred for a further 

1.5 hours. The reaction was quenched with saturated aq. ammonium chloride (5 mL), diluted 

with deionised water (10 mL) and extracted with ethyl acetate (3 x 10 mL). The organic extracts 

were dried MgSO4 and concentrated in vacuo to yield the crude product. The product was 

purified via flash column chromatography (hexane/ethyl acetate 2:1) to yield the title product 

as a yellow solid (281 mg, 90%). Rf (2:1 hexane/ethyl acetate) 0.28; δH (400 MHz; CDCl3) 3.03 (3 

H, s, H-4a), 3.31 (3 H, s, H-4b), 7.34 – 7.45 (3 H, m, H-1 and H-2), 7.53 – 7.58 (2 H, m, H-3). 

Spectroscopic data match those reported previously.354 
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3-(4-(Methoxy)phenyl)-N,N-dimethylpropiolamide (3.40) 

 

The synthesis was based on a literature procedure.203 To a dry-round bottomed flask 4-

methoxyphenylacetylene 3.30 (0.24 mL, 264 mg, 2.0 mmol) was dissolved in dry THF (1.3 mL) 

under an atmosphere of argon and cooled to −78 °C. n-BuLi (1.0 mL, 2.5 mmol, 2.5 M in hexanes) 

was added and stirred for 15 minutes before dimethylcarbamoyl chloride 3.38 (194 mg, 0.17 mL, 

1.8 mmol) was added. The reaction was stirred for 5 minutes then warmed to room temperature 

and stirred for a further 1.5 hours. The reaction was quenched with deionised water (15 mL) and 

extracted with ethyl acetate (3 x 10 mL). The organic extracts were dried with Na2SO4 and 

concentrated in vacuo to yield the crude product. The product was purified via flash column 

chromatography (6:4 to 1:1 hexane/ethyl acetate) to yield the title product as a pale, yellow 

powder (363 mg, 99%). Rf (7:3 hexane/ethyl acetate) 0.18; δH (400 MHz; CDCl3) 3.04 (3 H, s, H-

4a), 3.30 (3 H, s, H-4b), 3.84 (3 H, s, H-1), 6.82 – 6.94 (2 H, m, H-2), 7.44 – 7.56 (2 H, m, H-3). 

Spectroscopic data match those reported previously.355 
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3-(4-(Dimethylamino)phenyl)-N,N-dimethylpropiolamide (3.41) 

 

The synthesis was based on a literature procedure.203 To a dry-round bottomed flask 4-ethynyl-

N,N-dimethylaniline 3.31 (290 mg, 2.0 mmol) was dissolved in dry THF (1.3 mL) under an 

atmosphere of argon and cooled to −78 °C. n-BuLi (1.0 mL, 2.5 mmol, 2.5 M in hexanes) was 

added and stirred for 15 minutes before dimethylcarbamoyl chloride 3.38 (194 mg, 0.17 mL, 1.8 

mmol) was added. The reaction was stirred for 5 minutes then warmed to room temperature 

and stirred for a further 1.5 hours. The reaction was quenched with deionised water (15 mL) and 

extracted with ethyl acetate (3 x 10 mL). The organic extracts were dried with MgSO4 and 

concentrated in vacuo to yield the crude product. The product was purified via flash column 

chromatography (hexane/ethyl acetate 1:1) to yield the title product as a pale, brown solid (339 

mg, 87%). Rf (1:1 hexane/ethyl acetate) 0.28; mp 142 – 143 °C; νmax (thin film)/cm-1 2908, 2199, 

1608, 1526, 1366, 816; δH (400 MHz; CDCl3) 3.00 (6 H, s, H-1), 3.01 (3 H, s, H-9a), 3.28 (3 H, s, H-

9b), 6.59 – 6.64 (2 H, m, H-3), 7.39 – 7.44 (2 H, m, H-4); δC (100 MHz; CDCl3) 34.2 (C-9a), 38.5 (C-

9b), 40.1 (C-1), 80.8 (C-7), 92.8 (C-6), 106.6 (C-5), 111.6 (C-4), 134.0 (C-3), 151.2 (C-2), 155.5 (C-

8); HRMS (ESI+) Found: 217.1337; C13H17N2O (MH+) Requires 217.1335 (−0.9 ppm error); Found: 

239.1157; C13H16N2NaO (M+Na) Requires 239.1155 (−1.0 ppm error). 
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Methyl 3-phenylpropiolate (3.43) 

 

Based off a literature procedure,203 to a dry round-bottomed flask phenylacetylene 3.13 (613 

mg, 0.66 mL, 6.0 mmol) was dissolved in dry THF (4.0 mL) under an atmosphere of argon and 

cooled to −78 °C. n-BuLi (2.7 mL, 6.8 mmol, 2.5 M in hexanes) was added and stirred for 15 

minutes before methyl chloroformate 3.42 (520 mg, 0.43 mL, 5.5 mmol) was added. The reaction 

was warmed to room temperature and stirred for 1 hour. The reaction was quenched with 

deionised water (20 mL) and extracted with ethyl acetate (3 x 20 mL). The organic extracts were 

dried with MgSO4 and concentrated in vacuo to yield the crude product. The product was 

purified via flash column chromatography (hexane/ethyl acetate 95:5) to yield the title product 

as a yellow oil (640 mg, 73%). Rf (95:5 hexane/ethyl acetate) 0.35; δH (400 MHz; CDCl3) 3.85 (3 

H, s, H-4), 7.36 – 7.41 (2 H, m, H-2), 7.44 – 7.49 (1 H, m, H-1), 7.58 – 7.61 (2 H, m, H-3). 

Spectroscopic data match those reported previously.356 
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Methyl 3-(4-(dimethylamino)phenyl)propiolate (3.44) 

 

Based off a literature procedure,203 to a dry round-bottomed flask 4-ethynyl-N,N-

dimethylaniline (290 mg, 2.0 mmol) was dissolved in dry THF (1.3 mL) under an atmosphere of 

argon and cooled to −78 °C. n-BuLi (1.0 mL, 2.5 mmol, 2.5 M in hexanes) was added and stirred 

for 15 minutes before methyl chloroformate (170 mg, 0.14 mL, 1.8 mmol) was added. The 

reaction was warmed to room temperature and stirred for 1 hour. The reaction was quenched 

with deionised water (15 mL) and extracted with ethyl acetate (3 x 10 mL). The organic extracts 

were dried with MgSO4 and concentrated in vacuo to yield the crude product. The product was 

purified via flash column chromatography (hexane/ethyl acetate 9:1) to yield the title product 

as a pale, yellow solid (195 mg, 53%). Rf (9:1 hexane/ethyl acetate) 0.25; δH (400 MHz; CDCl3) 

3.03 (6 H, s, H-1), 3.82 (3 H, s, H-4), 6.60 – 6.65 (2 H, m, H-2), 7.45 – 7.50 (2 H, m, H-3). 

Spectroscopic data match those reported previously.356 
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4-Iodo-N,N-dimethylaniline (3.46) 

 

Following a literature procedure,205 to a dry round-bottomed flask, N,N-dimethylaniline 3.45 

(121 mg, 0.13 mL, 1.0 mmol) and N-iodosuccinimide (248 mg, 1.1 mmol) were dissolved in DCM 

(1 mL) and [bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene 

adduct (19 mg, 0.01 mmol) was added. The reaction was stirred at room temperature for 19 

hours, and then concentrated in vacuo to yield the crude product. The product was purified via 

flash column chromatography (hexane/ethyl acetate 95:5) to yield the title product as a white 

solid (238 mg, 96%).Rf (95:5 hexane/ethyl acetate) 0.50; δH (400 MHz; CDCl3) 2.94 (6 H, s, H-1), 

6.54 (2 H, br s, H-2), 7.44 – 7.53 (2 H, m, H-3). Spectroscopic data match those reported 

previously.357  
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N,N-dimethyl-4-(phenylethynyl)aniline (3.47) 

 

Following a literature procedure,206 to a dry round-bottomed flask, 4-iodo-N,N-dimethylaniline 

3.46 (25 mg, 0.1 mmol), phenylacetylene 3.13 (13 µL, 12 mg, 0.1 mmol), 

bis(triphenylphosphine)palladium chloride (0.7 mg, 0.001 mmol) and copper(I) iodide (0.4 mg, 

0.002 mmol) were dissolved in thoroughly degassed triethylamine (0.5 mL) under an 

atmosphere of argon. The reaction was stirred at room temperature overnight for 21 hours, and 

then concentrated in vacuo to yield the crude product. The product was purified via flash column 

chromatography (hexane to hexane/ethyl acetate 95:5) to yield the title product as a pale,yellow 

solid (22 mg, 98%).Rf (95:5 hexane/ethyl acetate) 0.31; δH (400 MHz; CDCl3) 3.01 (6 H, s, H-1), 

6.71 (2 H, br s, H-2), 7.28 – 7.36 (3 H, m, H-5 and H-6), 7.43 (2 H, br d, J = 9.0, H-3), 7.49 – 7.53 

(2 H, m, H-4). Spectroscopic data match those reported previously.358   
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7.3.3 N-alkylated Indole Synthesis 

1,3-Dimethylindole (3.49) 

 

Following a literature procedure,207 to a dry round-bottomed flask, 3-methyl indole 3.48 (131 

mg, 1.0 mmol) was dissolved in dry THF (1 mL) under an atmosphere of argon. The solution was 

cooled to 0 °C and sodium hydride (68 mg, 60% w/w dispersion in mineral oil, 1.7 mmol) was 

added. The reaction was brought to room temperature and stirred for 30 minutes, then cooled 

again to 0 °C before methyl iodide (65 μL, 149 mg, 1.1 mmol) was added and the solution was 

warmed to room temperature overnight. The reaction was quenched with the addition of 

deionised water (3 mL), and diluted with ethyl acetate (5 mL). The product was extracted with 

ethyl acetate (3 x 10 mL). The organic extracts were combined, dried using MgSO4 and 

concentrated in vacuo. The crude product was purified via flash column chromatography 

(hexane to hexane/DCM 95:5) to yield the title product as a yellow oil (100 mg, 69%). Rf (hexane) 

0.15; δH (400 MHz; CDCl3) 2.34 (3 H, s, H-3), 3.75 (3 H, s, H-1), 6.84 (1 H, s, H-2), 7.10 – 7.15 (1 H, 

m, H-5/6), 7.21 – 7.26 (1 H, m, H-5/6), 7.30 (1 H, d, J = 8.0, H-7), 7.58 (1 H, d, J = 8.0, H-4). 

Spectroscopic data match those reported previously.359 
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1-Methyl-3-phenylindole (3.51) 

 

Following a literature procedure,208 to a dry round-bottomed flask, sodium hydride (68 mg, 60% 

w/w dispersion in mineral oil, 1.7 mmol) was suspended in dry THF (1.6 mL) under an 

atmosphere of argon, and cooled to 0 °C. A solution of 3-phenyl indole 3.50 (193 mg, 1.0 mmol) 

in dry THF (1.6 mL) under an atmosphere of argon was added and stirred for 1 hour, before 

methyl iodide (0.07 mL, 149 mg, 1.1 mmol) was added. The reaction was brought to room 

temperature and stirred for 1 hour. The reaction was quenched with the addition of deionised 

water (5 mL), and the product was extracted with DCM (3 x 10 mL). The organic extracts were 

combined, dried using MgSO4 and concentrated in vacuo. The crude product was purified via 

flash column chromatography (hexane/ethyl acetate 98:2) to yield the title product as a yellow 

oil (162 mg, 78%). Rf (98:2 hexane/ethyl acetate) 0.23; δH (400 MHz; CDCl3) 3.86 (3 H, s, H-1), 

7.21 (1 H, ddd, J = 8.0, 7.0, 1.5, H-4), 7.26 (1 H, s, H-2), 7.26 – 7.33 (2 H, m, H-Ar), 7.39 (1 H, d, J 

= 8.0, H-6), 7.45 (2 H, dd, J = 8.0, 8.0, H-8), 7.67 (2 H, dd, J = 8.0, 1.5, H-7), 7.96 (1 H, d, J = 8.0, H-

3). Spectroscopic data match those reported previously.208  
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1-Benzyl-3-methylindole (3.52) 

 

Following a literature procedure,208 to a dry round-bottomed flask, sodium hydride (80 mg, 60% 

w/w dispersion in mineral oil, 2.0 mmol) was suspended in dry DMF (0.8 mL) under an 

atmosphere of argon, and cooled to 0 °C. A solution of 3-methyl indole 3.48 (131 mg, 1.0 mmol) 

in dry DMF (0.8 mL) under an atmosphere of argon was added, brought to room temperature 

and stirred for 30 minutes. The solution was cooled to 0 °C before benzyl bromide (0.24 mL, 342 

mg, 2.0 mmol) was added. The reaction was brought to room temperature and stirred for 20 

hours. The reaction was quenched with the addition of deionised water (10 mL), and saturated 

aq. NaCl (5 mL) was added. The product was extracted with DCM (3 x 10 mL). The organic 

extracts were combined, dried using MgSO4 and concentrated in vacuo. The crude product was 

purified via flash column chromatography (hexane/diethyl ether 99:1), and then further purified 

via recrystallisation from hexane, to yield the title product as a white solid (40 mg, 18%). Rf (98:2 

hexane/ethyl acetate) 0.43; δH (400 MHz; CDCl3) 2.35 (3 H, s, H-6), 5.28 (2 H, s, H-4), 6.91 (1 H, 

s, H-5), 7.09 – 7.15 (3 H, m, H-Ar), 7.15 – 7.20 (1 H, m, H-1), 7.24 – 7.31 (4 H, m, H-Ar), 7.60 (1 H, 

d, J = 8.0, H-7). Spectroscopic data match those reported previously.208  

  



 
 

305 
 

7.3.4 Vinylated-indole Products 

4-(1H-Indol-3-yl)-4-phenylbut-3-en-2-one (3.28) 

 

Synthesised using general procedure I from indole 3.16 (59 mg, 0.50 mmol), 4-phenyl-3-butyne-

2-one 3.27 (0.11 mL, 108 mg, 0.75 mmol) and [bis(trifluoromethanesulfonyl)imidate]-

(triphenylphosphine)gold(I) (2:1) toluene adduct (40 mg, 0.03 mmol) in toluene (5 mL) for 2 

hours at 40 °C. Purification by flash column chromatography (1:1 hexane/diethyl ether) afforded 

the title product as a yellow solid, as a mixture of E and Z stereoisomers (90 mg, 69%, E:Z = 

74:26). Rf (hexane/diethyl ether 1:1) 0.14; mp 99–105 °C; νmax (thin film)/cm-1 3267 (br), 3061, 

2928, 1612, 1579, 1554, 1512, 1420, 742; δH (400 MHz; CDCl3) 1.88 (3 H, s, H-17, E), 1.99 (3 H, s, 

H-17, Z), 6.50 (1 H, s, H-15, Z), 6.79 (1 H, d, J = 3.0, H-2, E), 6.86 (1 H, s, H-15, E), 6.96 – 6.98 (2 H, 

m, H-Ar, Z), 7.11 – 7.24 (4 H, m, H-Ar, E and Z), 7.26 – 7.32 (5 H, m, H-Ar, E and Z), 7.32 – 7.40 (7 

H, m, H-Ar, E and Z), 7.74 (1 H, d, J = 8.0, H-5, E), 8.96 (1 H, br s, H-1, Z), 9.15 (1 H, br s, H-1, E); 

δC (100 MHz; CDCl3) 30.0 (C-17, Z), 30.6 (C-17, E), 111.8 (CH, C-Ar, Z), 112.3 (CH, C-Ar, E), 114.2 

(C-3, Z), 118.4 (C-3, E), 120.5 (CH, C-Ar, Z), 120.6 (CH, C-Ar, Z), 120.8 (CH, C-Ar, E), 121.4 (CH, C-

Ar, E), 122.6 (CH, C-Ar, Z), 122.8 (C-15, E)l, 123.1 (CH, C-Ar, E), 125.0 (C-4, E), 126.4 (C-15, Z), 

126.8 (C, C-Ar), 128.3 (CH, C-Ar), 128.4 (CH, C-Ar), 128.4 (CH, C-Ar), 128.5 (CH, C-Ar), 129.0 (CH, 

C-Ar), 129.4 (CH, C-Ar), 129.5 (CH, C-Ar), 130.6 (C-2, E), 136.4 (C, C-Ar), 137.5 (C-9, E), 140.3 (C-

10, E), 141.6 (C-10, Z), 148.9 (C-11, Z), 151.7 (C-11, E), 200.6 (C-16, E), 201.1 (C-16, Z); HRMS 

(ESI+) Found: 262.1228; C18H16NO (M+H+) Requires 262.1226 (−0.8 ppm error); Found: 284.1049; 

C18H15NNaO (M+Na) Requires 284.1046 (−1.1 ppm error). 
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4-(5-Methyl-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.57) 

 

Synthesised using general procedure I from 5-methylindole (26 mg, 0.20 mmol), 4-phenyl-3-

butyne-2-one 3.27 (44 μL, 43 mg, 0.30 mmol) and [bis(trifluoromethanesulfonyl)imidate]-

(triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 0.01 mmol) in toluene (2 mL) for 2 

hours at 40 °C. Purification by flash column chromatography (6:4 hexane/diethyl ether) afforded 

the title product as a yellow solid, as a mixture of E and Z stereoisomers (32 mg, 58%, E:Z = 

70:30). Rf (hexane/diethyl ether 6:4) 0.17; mp 133–137 °C; νmax (thin film)/cm-1 3263 (br), 3054, 

2922, 1619, 1555, 1511, 1420, 720, 699; δH (400 MHz; CDCl3) 1.87 (3 H, s, H-18, E), 1.99 (3 H, s, 

H-18, Z), 2.31 (3 H, s, H-10, Z), 2.48 (3 H, s, H-10, E), 6.54 (1 H, s, H-16, Z), 6.78 – 6.82 (2 H, m, H-

Ar, E and Z), 6.88 (1 H, s, H-16, E), 7.03 (1 H, dd, J = 8.5, 1.5, H-7, Z), 7.11 (1 H, dd, J = 8.5, 1.5, H-

7, E), 7.29 (1 H, d, J = 8.5, H-8, E), 7.30 (1 H, d, J = 8.5, Z), 7.32 – 7.36 (5 H, m, H-Ar, E and Z), 7.37 

– 7.45 (6 H, m, H-Ar, E and Z), 7.66 (1 H, d, J = 1.5, H-5, E), 8.60 (1 H, br s, H-1, Z), 8.63 (1 H, br s, 

H-1, E); δC (100 MHz; CDCl3) 21.6 (C-10, Z), 21.8 (C-10, E), 29.9 (C-18, Z), 30.5 (C-18, E), 111.3 (C-

8, Z), 111.6 (C-8, E), 114.1 (C-3, Z), 118.5 (C-3, E), 120.3 (C-5, Z), 120.8 (C-5, E), 123.8 (C-16, E), 

124.5 (C-7, Z), 125.0 (C-7, E), 125.3 (C, C-Ar), 127.2 (C-16, Z), 127.9 (CH, C-Ar), 128.4 (CH, C-Ar), 

128.4 (CH, C-Ar), 128.6 (CH, C-Ar), 128.9 (CH, C-Ar), 129.5 (CH, C-Ar), 129.5 (CH, C-Ar), 130.1 (C-

6, Z), 130.2 (C-2, E), 131.1 (C-6, E), 134.7 (C-9, Z), 135.6 (C-9, E), 140.5 (C-11, E), 141.5 (C-11, Z), 

148.3 (C-12, Z), 151.0 (C-12, E), 200.5 (C-17, E), 201.0 (C-17, Z); HRMS (ESI+) Found: 276.1386; 

C19H18NO (M+H+) Requires 276.1383 (−1.0 ppm error); Found: 298.1201; C19H17NNaO (M+Na) 

Requires 298.1202 (0.6 ppm error). 

Note that one quaternary carbon resonance could not be found in the 13C NMR spectra, it is 

believed that it is overlapping with another resonance. 
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4-(5-Bromo-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.58) 

 

Synthesised using general procedure I from 5-bromo-1H-indole (39 mg, 0.20 mmol), 4-phenyl-

3-butyne-2-one 3.27 (44 μL, 43 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 18 hours at 40 °C. Purification by flash column chromatography 

(9:1 toluene/ethyl acetate) afforded the title product as a yellow solid, as a mixture of E and Z 

stereoisomers (46 mg, 67%, E:Z = 73:27). Rf (toluene/ethyl acetate 9:1) 0.18; mp 138–142 °C; 

νmax (thin film)/cm-1 3267 (br), 1666, 1628, 1552, 1515, 1456, 1421, 728; δH (400 MHz; CDCl3) 

1.89 (3 H, s, H-17, E), 2.05 (3 H, s, H-17, Z), 6.57 (1 H, s, H-15, Z), 6.77 (1 H, s, H-15, E), 6.90 (1 H, 

d, J = 3.0, H-2, E), 7.08 (1 H, br s, H-Ar, Z), 7.27 – 7.47 (14 H, m, H-Ar, E and Z), 7.49 (1 H, d, J = 

2.5, H-Ar, Z), 7.89 (1 H, d, J = 2.0, H-5, E), 8.52 (1 H, br s, H-1, E), 8.57 (1 H, br s, H-1, Z); δC (100 

MHz; CDCl3) 30.5 (C-17, Z), 30.7 (C-17, E), 113.3 (CH, C-Ar), 113.5 (CH, C-Ar), 113.8 (C-6, Z), 113.9 

(C-3, Z), 114.9 (C-6, E), 118.2 (C-3, E), 123.1 (C-5, Z), 123.4 (C-5, E), 123.6 (C-15, E), 125.6 (CH, C-

Ar), 126.1 (CH, C-Ar), 126.5 (C, C-Ar), 126.7 (C-15, Z), 128.5 (CH, C-Ar), 128.6 (CH, C-Ar), 128.8 

(CH, C-Ar), 128.8 (CH, C-Ar), 129.2 (CH, C-Ar), 129.4 (CH, C-Ar), 129.8 (CH, C-Ar), 130.8 (C-2, E), 

135.0 (C-9, Z), 136.0 (C-9, E), 140.0 (C-10, E), 141.2 (C-10, Z), 147.9 (C-11, Z), 150.5 (C-11, E), 

200.3 (C-16, Z), 200.5 (C-16, E); HRMS (ESI+) Found: 340.0330; C18H15
79BrNO (M+H+) Requires 

340.0332 (0.5 ppm error); Found: 362.0149; C18H14
79BrNNaO (M+Na) Requires 362.0151 (0.4 

ppm error). 

Note that one quaternary carbon resonance could not be found in the 13C NMR spectra, it is 

believed that it is overlapping with another resonance. 
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4-(5-Fluoro-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.59) 

 

Synthesised using general procedure I from 5-fluoro-1H-indole (27 mg, 0.20 mmol), 4-phenyl-3-

butyne-2-one 3.27 (44 μL, 43 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 18 hours at 40 °C. Purification by flash column chromatography 

(9:1 toluene/ethyl acetate) afforded the title product as a yellow solid, as a mixture of E and Z 

stereoisomers (44 mg, 79%, E:Z = 72:28). Rf (toluene/ethyl acetate 9:1) 0.19;  mp 131–134 °C; 

νmax (thin film)/cm-1 3267 (br), 2924, 1627, 1585, 1554, 1514, 1483, 721; δH (600 MHz; CDCl3) 

1.92 (3 H, s, H-17, E), 2.09 (3 H, s, H-17, Z), 6.54 (1 H, s, H-15, Z), 6.57 (1 H, dd, J = 9.5, 2.5, H-5, 

Z), 6.75 (1 H, s, H-15, E), 6.92 (1 H, ddd, J = 9.5, 9.0, 2.5, H-7, Z), 6.94 (1 H, d, J = 3.0, H-2, E), 7.00 

(1 H, ddd, J = 9.5, 9.0, 2.5, H-7, E), 7.27 – 7.37 (7 H, m, H-Ar, E and Z), 7.38 – 7.45 (6 H, m, H-Ar, 

E and Z), 7.49 (1 H, d, J = 2.5, H-2, Z), 8.82 (1 H, br s, H-1, Z), 8.88 (1 H, br s, H-1, E); δC (151 MHz; 

CDCl3) 30.4 (C-17, Z), 30.6 (C-17, E), 105.8 (d, J = 24.5, C-5, Z), 106.3 (d, J = 25.0, C-5, E), 111.2 (d, 

J = 26.5, C-7, Z), 111.6 (d, J = 26.5, C-7, E), 112.4 (d, J = 9.5, C-8), 112.7 (d, J = 10.0, C-8), 114.4 (d, 

J = 5.0, C-9, Z), 118.9 (d, J = 4.5, C-9, E), 123.4 (C-15, E), 125.6 (d, J = 10.0, C-4, E), 126.5 (C-15, Z), 

127.4 (d, J = 10.0, C-4), 128.5 (CH, C-Ar), 128.6 (CH, C-Ar), 128.8 (CH, C-Ar), 128.9 (CH, C-Ar), 

129.4 (CH, C-Ar), 129.7 (CH, C-Ar), 129.9 (CH, C-Ar), 130.9 (C-2, E), 132.8 (C, C-Ar), 133.8 (C, C-

Ar), 140.0 (C, C-Ar), 141.3 (C, C-Ar), 147.9 (C, C-Ar), 150.4 (C, C-Ar), 158.3 (d, J = 236.0, C-6, Z), 

158.9 (d, J = 236.5, C-6, E), 200.1 (C-16, Z), 200.2 (C-16, E); δF (565 MHz; CDCl3); −122.83 (ddd, J 

= 9.5, 9.5, 4.5, Z), −121.77 (ddd, J = 9.5, 9.5, 4.5, E); HRMS (ESI+) Found: 280.1132; C18H15FNO 

(M+H+) Requires 280.1132 (0.2 ppm error); Found: 302.0949; C18H14FNNaO (M+Na) Requires 

302.0952 (0.8 ppm error). 
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4-(5-Methoxy-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.60) 

 

Synthesised using general procedure I from 5-methoxy-1H-indole (29 mg, 0.20 mmol), 4-phenyl-

3-butyne-2-one 3.27 (44 μL, 43 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 18 hours at 40 °C. Purification by flash column chromatography 

(9:1 toluene/diethyl ether), followed by recrystallisation (hexane/diethyl) afforded the title 

product as an orange solid, as a mixture of E and Z stereoisomers (18 mg, 31%, E:Z = 76:24). Rf 

(toluene/diethyl ether 9:1) 0.19; mp 109–112 °C; νmax (thin film)/cm-1 3271 (br), 2940, 2831, 

1623, 1583, 1554, 1509, 1480, 1212, 720, 699; δH (400 MHz; CDCl3) 1.88 (3 H, s, H-18, E), 2.04 (3 

H, s, H-18, Z), 3.61 (3 H, s, H-10, Z), 3.80 (3 H, s, H-10, E), 6.38 (1 H, d, J = 2.5, H-5, Z), 6.51 (1 H, 

s, H-16, Z), 6.79 (1 H, s, H-16, E), 6.85 (1 H, dd, J = 9.0, 2.5, H-7, Z), 6.89 – 6.93 (2 H, m, H-Ar, E), 

7.08 (1 H, d, J = 2.5, H-5, E), 7.29 (1 H, d, J = 9.0, H-8, E), 7.29 (1 H, d, J = 9.0, H-8, Z), 7.32 – 7.37 

(4 H, m, H-Ar, E and Z), 7.39 – 7.46 (7 H, m, H-Ar, E and Z), 8.56 (2 H, br s, H-1, E and Z); δC (100 

MHz; CDCl3) 30.0 (C-18, Z), 30.5 (C-18, E), 55.6 (C-10, Z), 56.0 (C-18, E), 101.9 (C-5, Z), 103.2 (C-

5, E), 112.3 (C-8, Z), 112.6 (C-8, E),113.0 (C-7, Z), 113.2 (C-7, E), 114.2 (C-3, Z), 118.6 (C-3, E), 

119.3 (C, C-Ar), 123.4 (C-16, E), 125.8 (C-4, E), 126.7 (C-16, Z), 128.4 (CH, C-Ar), 128.5 (CH, C-Ar), 

128.6 (CH, C-Ar), 128.7 (CH, C-Ar), 129.0 (CH, C-Ar), 129.5 (CH, C-Ar), 129.6 (CH, C-Ar), 129.8 (CH, 

C-Ar), 131.3 (C-9, Z), 132.3 (C-9, E), 140.4 (C-11, E), 141.5 (C-11, Z), 148.2 (C, C-Ar, Z), 150.9 (C, 

C-Ar, E), 154.8 (C-6, Z), 155.4 (C-6, E), 200.3 (C-17, E), 200.6 (C-17, Z); HRMS (ESI+) Found: 

292.1337; C19H18NO2 (M+H+) Requires 292.1332 (−1.7 ppm error); Found: 314.1156; 

C19H17NNaO2 (M+Na) Requires 314.1151 (0.8 ppm error). 
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4-(6-Methoxy-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.61) 

 

Synthesised using general procedure I from 6-methoxy-1H-indole (29 mg, 0.20 mmol), 4-phenyl-

3-butyne-2-one 3.27 (44 μL, 43 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 21 hours at room temperature. Purification by flash column 

chromatography (95:5 to 9:1 toluene/diethyl ether) afforded the title product as a yellow solid, 

as a mixture of E and Z stereoisomers (18 mg, 30%, E:Z = 74:26). Rf (toluene/diethyl ether 95:5) 

0.12; mp 45–50 °C; νmax (thin film)/cm-1 3282 (br), 2931, 1627, 1557, 1519, 1453, 1415, 1238, 

1159, 718; δH (400 MHz; CD2Cl2) 1.89 (3 H, s, H-18, E), 2.00 (3 H, s, H-18, Z), 3.80 (3 H, s, H-8, Z), 

3.83 (3 H, s, H-8, E), 6.48 (1 H, s, H-16), 6.63 (1 H, dd, J = 9.0, 2.5, H-6, Z), 6.78 (1 H, d, J = 3.0, H-

2, E), 6.79 (1 H, s, H-16, E), 6.83 (1 H, dd, J = 9.0, 2.5, H-6, E), 6.90 (1 H, d, J = 2.5, H-9, E), 6.91 (1 

H, d, J = 2.5, H-9, Z), 7.29 – 7.36 (5 H, m, H-Ar, E and Z), 7.37 – 7.44 (7 H, m, H-Ar, E and Z), 7.62 

(1 H, d, J = 9.0, H-5, E), 8.66 (2 H, br s, H-1, E and Z); δC (100 MHz; CD2Cl2) 30.1 (C-18, Z), 30.8 (C-

18, E), 55.9 (C-8, E and Z), 95.0 (C-9, Z), 95.5 (C-9, E), 110.7 (C-6, Z), 111.3 (C-6, E), 114.6 (C-3, Z), 

119.0 (C-3, E), 119.6 (C, C-Ar), 121.4 (CH, C-Ar), 121.8 (C-5, E), 123.2 (C-16, E), 127.2 (CH, C-Ar), 

127.2 (CH, C-Ar), 128.4 (CH, C-Ar), 128.6 (CH, C-Ar), 129.1 (CH, C-Ar), 129.2 (CH, C-Ar), 129.6 (CH, 

C-Ar), 129.8 (CH, C-Ar), 137.5 (C, C-Ar), 138.6 (C, C-Ar), 140.7 (C-11, E), 142.1 (C-11, Z), 147.9 (C, 

C-Ar), 150.5 (C, C-Ar), 157.1 (C-7, Z), 157.3 (C-7, E), 199.4 (C-17, E), 200.3 (C-17, Z); HRMS (ESI+) 

Found: 292.1321; C19H18NO2 (M+H+) Requires 292.1332 (3.6 ppm error); Found: 314.1139; 

C19H17NNaO2 (M+Na) Requires 314.1151 (4.1 ppm error). 

Note that one quaternary and one methine carbon resonance could not be found in the 13C NMR 

spectra, it is believed that  they are overlapping with other resonances. 
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4-(6-Nitro-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.62) 

 

Synthesised using general procedure I from 6-nitro-1H-indole (32 mg, 0.20 mmol), 4-phenyl-3-

butyne-2-one 3.27 (44 μL, 43 mg, 0.30 mmol) and [bis(trifluoromethanesulfonyl)imidate]-

(triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 0.01 mmol) in toluene (2 mL) for 24 

hours at 100 °C. Purification by flash column chromatography (9:1 to 7:3 toluene/diethyl ether) 

afforded the title product as a yellow solid, as a mixture of E and Z stereoisomers (42 mg, 69%, 

E:Z = 68:32). Rf (toluene/diethyl ether 7:3) 0.22;  mp 50–54 °C;  νmax (thin film)/cm-1 3297 (br), 

2925, 1590, 1507, 1337, 1311, 734; δH (400 MHz; CDCl3) 1.97 (3 H, s, H-17, E), 2.27 (3 H, s, H-17, 

Z), 6.68 (1 H, s, H-15, Z), 6.80 (1 H, s, H-15, E), 6.92 (1 H, d, J = 9.0, H-5, Z), 7.22 (1 H, d, J = 2.5, H-

2, E), 7.30 – 7.46 (10 H, m, H-Ar, E and Z), 7.58 (1 H, d, J = 9.0, H-5, E), 7.69 (1 H, d, J = 2.0, H-2, 

Z), 7.81 (1 H, dd, J = 9.0, 2.0, H-6, Z), 8.00 (1 H, dd, J = 9.0, 2.0, H-6, E), 8.20 (1 H, d, J = 2.0, H-8, 

Z), 8.33 (1 H, d, J = 2.0, H-8, E), 9.88 (2 H, br s, H-1, E and Z); δC (100 MHz; CDCl3) 30.7 (C-17, E), 

31.4 (C-17, Z), 108.8 (C-8, Z), 109.0 (C-8, E), 114.6 (C-3, Z), 115.8 (C-6, Z), 116.5 (C-6, E), 119.2 (C-

3, E), 120.6 (C-5, Z), 120.8 (C-5, E), 124.6 (C-15, E), 125.9 (C-15, Z), 128.7 (CH, C-Ar), 128.9 (CH, 

C-Ar), 129.2 (CH, C-Ar), 129.4 (CH, C-Ar), 129.8 (C, C-Ar), 130.1 (CH, C-Ar), 131.4 (C, C-Ar), 133.8 

(C-2, Z), 133.9 (C-2, E), 134.9 (C, C-Ar), 136.0 (C, C-Ar), 139.5 (C, C-Ar), 141.3 (C, C-Ar), 143.2 (C-

7, Z), 143.6 (C-7, E), 147.5 (C, C-Ar), 149.6 (C, C-Ar), 199.5 (C-16, Z), 200.6 (C-16, E); HRMS (ESI+) 

Found: 307.1084; C18H15N2O3 (M+H+) Requires 307.1077 (−2.1 ppm error); Found: 329.0904; 

C18H14N2NaO3 (M+Na) Requires 329.0897 (−2.2 ppm error). 

Note that one methine carbon resonance could not be found in the 13C NMR spectra, it is 

believed that it is overlapping with another resonance. 
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(E)-4-(4-Methyl-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.63) 

 

Synthesised using general procedure I from 4-methyl-1H-indole (26 mg, 0.20 mmol), 4-phenyl-

3-butyne-2-one 3.27 (44 μL, 43 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 2 hours at 40 °C. Purification by flash column chromatography 

(95:5 toluene/diethyl ether) afforded the title product as a yellow solid (39 mg, 71%) as a single 

geometrical isomer (E). Rf (toluene/diethyl ether 95:5) 0.19; mp 45–47 °C;  νmax (thin film)/cm-1 

3300 (br), 2922, 1630, 1589, 1568, 1409, 751, 731; δH (400 MHz; CDCl3) 1.84 (3 H, s, H-18), 2.07 

(3 H, s, H-10), 6.75 (1 H, s, H-16), 6.85 (1 H, d, J = 7.0, H-6), 7.14 (1 H, d, J = 2.5, H-2), 7.16 (1 H, 

d, J = 7.5, H-8), 7.29 – 7.36 (4 H, m ,H-Ar), 7.38 – 7.42 (2 H, m, H-Ar), 8.66 (1 H, br s, H-1); δC (100 

MHz; CDCl3) 19.8 (C-10), 29.8 (C-18), 109.4 (CH, C-Ar), 114.6 (C-3), 122.0 (C-6), 123.3 (CH, C-Ar), 

125.7 (C-4), 125.8 (C-2), 128.1 (CH, C-Ar), 128.7 (CH, C-Ar), 129.6 (CH, C-Ar), 129.8 (C-16), 131.3 

(C-5), 136.9 (C-9), 141.6 (C-11), 149.4 (C-12), 201.9 (C-17); HRMS (ESI+) Found: 276.1384; 

C19H18NO (M+H+) Requires 276.1383 (−0.5 ppm error); Found: 298.1203; C19H17NNaO (M+Na) 

Requires 298.1202 (−0.2 ppm error). 
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4-(4-Nitro-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.64) 

 

Synthesised using general procedure I from 4-nitro-1H-indole (32 mg, 0.20 mmol), 4-phenyl-3-

butyne-2-one 3.27 (44 μL, 43 mg, 0.30 mmol) and [bis(trifluoromethanesulfonyl)imidate]-

(triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 0.01 mmol) in toluene (2 mL) for 24 

hours at 100 °C. Purification by flash column chromatography (diethyl ether/hexane 7:3 to 8:2) 

afforded the title product as a yellow solid, as a mixture of E and Z stereoisomers (28 mg, 46%, 

E:Z = 97:3). 1H and 13C NMR data reported for the major E-isomer only. Rf (hexane/diethyl ether 

3:7) 0.13;  mp 182–184 °C;  νmax (thin film)/cm-1 3285 (br), 2924, 1661, 1566, 1515, 1447, 1355, 

1332, 736; δH (400 MHz; d6-DMSO) 1.95 (3 H, s, H-17), 6.66 (1 H, s, H-15), 7.23 – 7.36 (6 H, m, H-

Ar), 7.68 (1 H, d, J = 2.5, H-2), 7.79 (1 H, d, J = 8.0, H-8), 7.91 (1 H, d, J = 8.0, H-6), 12.32 (1 H, br 

s, H-1); δC (100 MHz; d6-DMSO) 30.4 (C-17), 111.9 (C-3), 117.2 (C-8), 118.5 (C-4), 118.7 (C-6), 

120.9 (CH, C-Ar), 125.8 (C-15), 127.8 (CH, C-Ar), 128.4 (CH, C-Ar), 129.1 (CH, C-Ar), 132.7 (C-2), 

138.9 (C-9), 141.7 (C, C-Ar), 141.8 (C, C-Ar), 147.2 (C-10), 198.2 (C-16); HRMS (ESI+) Found: 

307.1077; C18H15N2O3 (M+H+) Requires 307.1077 (0.2 ppm error); Found: 329.0894; C18H14N2O3 

(M+Na) Requires 329.0897 (0.8 ppm error). 

Characteristic NMR resonances for the minor Z-isomer can be found at: δH 6.01 (1 H, s, H-15, Z). 
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4-(2-Methyl-1H-indol-3-yl)-4-phenylbut-3-en-2-one (3.65) 

 

Synthesised using general procedure I from 2-methyl-1H-indole (26 mg, 0.20 mmol), 4-phenyl-

3-butyne-2-one 3.27 (44 μL, 43 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 19 hours at 40 °C. Purification by flash column chromatography 

(1:1 hexane/diethyl ether) afforded the title product as an orange oil, as a mixture of E and Z 

stereoisomers (40 mg, 73%, E:Z = 77:23). Rf (hexane/diethyl ether 1:1) 0.20;  νmax (thin film)/cm-

1 3284 (br), 3058, 1631, 1585, 1555, 1459, 1429, 743; δH (400 MHz; CDCl3) 1.89 (3 H, s, H-18, E), 

1.96 (3 H, s, H-18, Z), 2.12 (3 H, s, H-3, Z), 2.26 (3 H, s, H-3, E), 6.47 (1 H, s, H-16, Z), 6.69 (1 H, s, 

H-16, E), 6.97 – 7.05 (3 H, m, H-Ar, E and Z), 7.12 – 7.17 (2 H, m, H-Ar, E and Z), 7.20 (1 H, d, J = 

8.0, H-Ar, Z), 7.28 – 7.44 (12 H, m, H-Ar, E and Z), 8.16 (1 H, br s, H-1, Z), 8.23 (1 H, br s, H-1, E); 

δC (100 MHz; CDCl3) 12.7 (C-3, E), 13.7 (C-3, Z), 29.2 (C-18, E), 30.5 (C-18, Z), 110.7 (CH, C-Ar), 

110.7 (CH,C-Ar), 111.8 (C, C-Ar, E), 114.5 (C, C-Ar, Z), 119.6 (CH, C-Ar), 119.8 (CH, C-Ar), 120.5 

(CH, C-Ar), 120.7 (CH, C-Ar), 121.9 (CH, C-Ar), 122.0 (CH, C-Ar, Z), 126.9 (C-16, Z), 127.8 (C, C-Ar), 

128.3 (CH, C-Ar), 128.5 (CH, C-Ar), 128.5 (CH, C-Ar), 128.6 (C, C-Ar), 128.6 (CH, C-Ar), 129.1 (CH, 

C-Ar), 129.6 (CH, C-Ar), 130.0 (CH, C-Ar), 135.5 (C, C-Ar), 135.6 (C, C-Ar), 135.9 (C, C-Ar), 137.2 

(C, C-Ar), 140.6 (C, C-Ar, Z), 141.0 (C, C-Ar), 148.3 (C, C-Ar, E), 150.8 (C, C-Ar, Z), 200.8 (C-17, E), 

200.9 (C-17, Z); HRMS (ESI+) Found: 276.1385; C19H18NO (M+H+) Requires 276.1383 (−0.6 ppm 

error); Found: 298.1202; C19H17NNaO (M+Na) Requires 298.1202 (0.2 ppm error). 
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4-Phenyl-4-(2-phenyl-1H-indol-3-yl)but-3-en-2-one (3.66) 

 

Synthesised using general procedure I from 2-phenyl-1H-indole (39 mg, 0.20 mmol), 4-phenyl-

3-butyne-2-one (44 μL, 43 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 19 hours at 40 °C. Purification by flash column chromatography 

(7:3 to 1:1 hexane/diethyl ether) afforded the title product as a yellow solid, as a mixture of E 

and Z stereoisomers (55 mg, 81%, E:Z = 92:8). 1H and 13C NMR data reported for the major E-

isomer only. Rf (hexane/diethyl ether 7:3) 0.12; mp 153–155 °C; νmax (thin film)/cm-1 3295 (br), 

2924, 1631, 1449, 1432, 759, 743, 730, 694; δH (400 MHz; CDCl3) 1.75 (3 H, s, H-21), 6.75 (1 H, s, 

H-19), 7.05 – 7.10 (1 H, m, H-Ar), 7.18 – 7.34 (8 H, m, H-Ar), 7.44 (1 H, d, J = 8.0, H-9), 7.43 – 7.53 

(4 H, m, H-Ar), 8.64 (1 H, br s, H-1); δC (100 MHz; CDCl3) 29.0 (C-21), 111.3 (CH, C-Ar), 111.5 (C, 

C-Ar), 120.0 (CH, C-Ar), 121.1 (CH, C-Ar), 123.2 (CH, C-Ar), 127.2 (CH, C-Ar), 128.2 (CH, C-Ar), 

128.3 (CH, C-Ar), 128.7 (CH, C-Ar), 129.1 (CH, C-Ar), 129.2 (C, C-Ar), 129.7 (CH, C-Ar), 130.4 (C-

19), 131.7 (C, C-Ar), 136.1 (C, C-Ar), 136.8 (C, C-Ar), 140.5 (C, C-Ar), 147.8 (C, C-Ar), 200.3 (C-20); 

HRMS (ESI+) Found: 338.1540; C24H20NO (M+H+) Requires 338.1539 (−0.1 ppm error); Found: 

360.1361; C24H19NNaO (M+Na) Requires 360.1359 (−0.5 ppm error). 

Characteristic NMR resonances for the minor Z-isomer can be found at: δH 1.92 (3 H, s, H-21, Z), 

6.38 (1 H, s, H-19, Z), 8.48 (1 H, br s, H-1, Z). 
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4-(1-Methyl-indol-3-yl)-4-phenylbut-3-en-2-one (3.67) 

 

Synthesised using general procedure I from 1-methylindole (66 mg, 0.50 mmol), 4-phenyl-3-

butyne-2-one 3.27 (0.11 mL, 108 mg, 0.75 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (40 mg, 

0.03 mmol) in toluene (5 mL) for 3 hours at 40 °C. Purification by flash column chromatography 

(7:3 hexane/diethyl ether) afforded the title product as an orange oil, as a mixture of E and Z 

stereoisomers (108 mg, 78%, E:Z = 82:18). Rf (hexane/diethyl ether) 0.17;  νmax (thin film)/cm-1 

3053, 2097, 1633, 1579, 1560, 1521, 1374, 1247, 740, 706; δH (600 MHz; CDCl3) 1.89 (3 H, s, H-

13, E), 2.06 (3 H, s, H-13, Z), 3.73 (3 H, s, H-1, E), 3.88 (3 H, s, H-1, Z), 6.49 (1 H, s, H-11, Z), 6.76 

(1 H, s, H-2, E), 6.88 (1 H, s, H-11, E), 6.96 (1 H, ddd, J = 8.0, 1.0, 1.0, H-Ar, Z), 7.03 (1 H, ddd, J = 

8.0 Hz, 7.0 Hz, 1.0 Hz, H-Ar, Z), 7.23 – 7.28 (2 H, m, H-Ar, E + Z), 7.31 – 7.39 (7 H, m, H-Ar, E + Z), 

7.40 – 7.42 (1 H, m, H-Ar, Z), 7.43 – 7.50 (6 H, m, H-Ar, E + Z), 7.85 (1 H, d, J = 8.0 Hz, H-5, E); δC 

(151 MHz; CDCl3) 30.2 (C-13, Z), 30.5 (C-13, E), 33.2 (C-1, E), 33.3 (C-1, Z), 109.7 (CH, C-Ar), 110.1 

(C, C-Ar), 112.9 (C, C-Ar), 117.4 (C, C-Ar), 120.4 (CH, C-Ar), 121.0 (CH, C-Ar), 121.2 (CH, C-Ar), 

121.4 (CH, C-Ar), 122.3 (CH, C-Ar), 123.0 (CH, C-Ar), 123.3 (C-11, E), 125.7 (C, C-Ar), 126.3 (C-11, 

Z), 127.7 (C, C-Ar), 128.3 (CH, C-Ar), 128.4 (CH, C-Ar), 128.5 (CH, C-Ar), 129.0 (CH, C-Ar), 129.3 

(CH, C-Ar), 129.5 (CH, C-Ar), 132.8 (C-2, Z), 134.1 (C-2, E), 137.3 (C-9, Z), 138.3 (C-9, E), 140.5 (C, 

C-Ar), 142.1 (C, C-Ar), 148.0 (C-10, Z), 150.4 (C-10, E), 199.8 (C-12, E), 200.1 (C-12, Z); HRMS (ESI+) 

Found: 276.1373; C19H18NO (M+H+) Requires 276.1383 (3.6 ppm error); Found: 298.1192; 

C19H17NNaO (M+Na) Requires 298.1202 (3.4 ppm error). 
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3-(1H-Indol-3-yl)-1,3-diphenylprop-2-en-1-one (3.69) 

 

Synthesised using general procedure I from indole 3.16 (23 mg, 0.20 mmol), diphenylpropynone 

(62 mg, 0.30 mmol) and [bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) 

toluene adduct (16 mg, 0.01 mmol) in toluene (2 mL) for 2 hours at 40 °C. Purification by flash 

column chromatography (9:1 to 7:3 hexane/diethyl ether) afforded the title product as a yellow 

solid, as a mixture of E and Z stereoisomers (38 mg, 59%, E:Z = 53:47). Rf (hexane/diethyl ether 

7:3) 0.16; mp 170–174 °C; νmax (thin film)/cm-1 3284 (br), 3058, 2926, 1637, 1598, 1580, 1547, 

1512, 1422, 744, 698; δH (600 MHz; d6-DMSO) 6.67 (1 H, d, J = 7.5, H-5, Z), 6.81 (1 H, t, J = 7.5, 

H-6, Z), 6.99 (1 H, s, H-15, Z), 7.02 (1 H, t, J = 7.5, H-7, Z), 7.09 (1 H, t, J = 7.5, H-6, E), 7.19 (1 H, t, 

J = 7.5, H-7, E), 7.21 – 7.25 (2 H, m, H-Ar, E), 7.26 (1 H, d, J = 3.0, H-2, E), 7.31 – 7.39 (6 H, m, H-

Ar, E and Z), 7.40 – 7.52 (11 H, m, H-Ar, E and Z), 7.52 (1 H, d, J = 2.5, H-2, Z), 7.56 (1 H, t, J = 7.5, 

H-Ar, E), 7.86 – 7.89 (2 H, m, H-18, Z), 7.89 – 7.92 (2 H, m, H-18, E), 11.42 (1 H, s, H-1, Z), 11.73 

(1 H, s, H-1, E); δC (151 MHz; d6-DMSO) 111.8 (C-8, Z), 112.5 (C-8, E), 112.9 (C, C-Ar, Z), 116.8 (C-

15, E), 117.1 (C, C-Ar, E), 119.3 (C-6, Z), 119.9 (C-5, Z), 120.2 (C-5, E), 120.7 (C-6, E), 121.3 (C-7, 

Z), 121.9 (C-15, Z), 122.2 (C-7, E), 125.0 (C, C-Ar, E), 126.4 (C, C-Ar, Z), 127.7 (CH, C-Ar), 127.7 

(CH, C-Ar), 128.0 (C-18, E), 128.1 (C-18, Z), 128.3 (CH, C-Ar), 128.4 (CH, C-Ar), 128.5 (CH, C-Ar), 

128.6 (CH, C-Ar), 129.0 (CH, C-Ar), 129.2 (CH, C-Ar), 129.5 (C-2, Z), 130.4 (C-2, E), 132.1 (CH, C-

Ar, E), 132.2 (CH, C-Ar, Z), 136.2 (C-9, Z), 137.4 (C-9, E), 138.4 (C, C-Ar), 139.2 (C, C-Ar), 140.4 (C, 

C-Ar, E), 141.9 (C, C-Ar, Z), 147.9 (C, C-Ar, Z), 151.5 (C, C-Ar), 189.9 (C-16, E), 191.5 (C-16, Z); 

HRMS (ESI+) Found: 324.1391; C23H18NO (M+H+) Requires 324.1383 (−2.6 ppm error); Found: 

346.1204; C23H17NNaO (M+Na) Requires 346.1202 (−0.4 ppm error). 
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4-(4-Bromophenyl)-4-(1H-indol-3-yl)but-3-en-2-one (3.71) 

 

Synthesised using general procedure I from indole 3.16 (29 mg, 0.25 mmol), 4-(4-

bromophenyl)but-3-yn-2-one 3.37 (84 mg, 0.38 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (20 mg, 

0.01 mmol) in toluene (2.5 mL) for 2 hours at 40 °C. Purification by flash column chromatography 

(9:1 to 6:4 hexane/diethyl ether) afforded the title product as a yellow solid, as a mixture of E 

and Z stereoisomers (55 mg, 64%, E:Z = 64:36). Rf (hexane/diethyl ether 1:1) 0.14;  mp 135–138 

°C;  νmax (thin film)/cm-1 3302 (br), 3061, 2926, 1666, 1552, 1514, 1486, 742; δH (400 MHz; CDCl3) 

2.02 (6 H, s, H-17, E and Z), 6.50 (1 H, s, H-15, Z), 6.87 (1 H, d, J = 3.0, H-2, E), 6.89 (1 H, s, H-15, 

E), 6.99 (1 H, d, J = 8.5, H-Ar, Z), 7.01 – 7.07 (1 H, m, H-Ar, Z), 7.19 – 7.23 (3 H, m, H-Ar, E and Z), 

7.23 – 7.26 (1 H, m, H-Ar, E), 7.26 – 7.31 (3 H, m, H-Ar, E and Z), 7.39 – 7.43 (3 H, m, H-Ar, E and 

Z), 7.45 – 7.49 (2 H, m, H-12, Z), 7.53 – 7.57 (2 H, m, H-12, E), 7.79 (1 H, d, J = 7.5, H-5, E), 8.73 (2 

H, br s, H-1, E and Z); δC (100 MHz; CDCl3) 30.1 (C-17, Z), 31.1 (C-17, E), 111.8 (CH), 112.1 (CH), 

113.8 (C-3, Z), 118.5 (C-3, E), 120.7 (CH), 120.8 (CH), 120.9 (C-5, E), 121.7 (CH), 122.8 (C- 14, E), 

122.9 (C-15, E), 123.0 (CH), 123.5 (CH), 123.9 (C-14, Z), 125.0 (C), 126.7 (C), 127.0 (C-15, Z), 128.1 

(CH), 129.8 (C-2, E), 130.4 (CH), 131.1 (CH), 131.6 (CH), 131.7 (CH), 136.4 (C-9, Z), 137.4 (C-9, E), 

139.3 (C-10, E), 140.5 (C-10, Z), 146.8 (C-11, Z), 149.3 (C-11, E), 199.3 (C-16, E), 200.6 (C-16, Z); 

HRMS (ESI+) Found: 362.0153; C18H14
79BrNNaO (M+Na) Requires 362.0151 (−0.5 ppm error); 

Found: 364.0133; C18H14
81BrNNaO (M+Na) Requires 364.0131 (0.5 ppm error). 
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4-(1H-Indol-3-yl)-4-(4-methoxyphenyl)but-3-en-2-one (3.72) 

 

Synthesised using general procedure I from indole 3.16 (29 mg, 0.25 mmol), 4-(4-

methoxyphenyl)but-3-yn-2-one 3.33 (65 mg, 0.38 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (20 mg, 

0.01 mmol) in toluene (2.5 mL) for 2 hours at 40 °C. Purification by flash column chromatography 

(1:1 hexane/diethyl ether) afforded the title product as a brown solid, as a mixture of E and Z 

stereoisomers (64 mg, 88%, E:Z = 66:34). Rf (hexane/diethyl ether 1:1) 0.09; mp 52–55 °C;  νmax 

(thin film)/cm-1 3282 (br), 1605, 1581, 1556, 1508, 1422, 1248, 743; δH (600 MHz; CDCl3) 1.91 (3 

H, s, H-18, E), 1.96 (3 H, s, H-18, Z), 3.84 (3 H, s, H-15, Z), 3.88 (3 H, s, H-15, E), 6.52 (1 H, s, H-16, 

Z), 6.79 (1 H, s, H-16, E), 6.84 – 6.88 (2 H, m, H-13, Z), 6.94 – 6.97 (2 H, m, H-13, E), 6.98 (1 H, d, 

J = 3.0, H-2, E), 7.01 – 7.08 (2 H, m, H-Ar, Z), 7.18 – 7.23 (2 H, m, H-Ar, E and Z), 7.25 – 7.30 (3 H, 

m, H-Ar, E), 7.35 – 7.39 (2 H, m, H-12, Z), 7.39 – 7.45 (3 H, m, H-Ar, E and Z) 7.73 (1 H, d, J = 8.0, 

H-5, E), 8.53 (1 H, br s, H-1, E), 8.57 (1 H, br s, H-1, Z); δC (151 MHz; CDCl3) 29.9 (C-18, Z), 30.5 (C-

18, E), 55.5 (C-15, E), 55.5 (C-15, Z), 111.6 (CH, C-Ar, Z), 111.9 (CH, C-Ar, E), 113.8 (C-13, E), 113.9 

(C-13, Z), 114.8 (C-3, Z), 119.4 (C-3, E), 120.7 (CH, C-Ar, Z), 120.9 (CH, C-Ar, Z), 121.1 (C-5, E), 

121.5 (CH, C-Ar, E), 122.8 (CH, C-Ar, Z), 123.3 (CH, C-Ar, E), 124.1 (C-16, E), 125.4 (C-4, E), 126.0 

(C-16, Z), 127.1 (C, C-Ar, Z), 127.7 (CH, C-Ar, Z), 129.1 (C-2, E), 130.3 (C-12, Z), 131.2 (C-12, E), 

132.5 (C-11, E), 133.8 (C-10, Z), 136.4 (C-9, Z), 137.3 (C-9, E), 147.7 (C-10, Z), 150.2 (C-10, E), 

160.3 (C-14, E), 161.0 (C-14, Z), 200.5 (C-17, E), 200.6 (C-17, Z); HRMS (ESI+) Found: 292.1333; 

C19H18NO2 (M+H+) Requires 292.1332 (−0.4 ppm error); Found: 314.1152; C19H17NNaO2 (M+Na) 

Requires 314.1151 (−0.3 ppm error). 
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4-(4-(Dimethylamino)phenyl)-4-(1H-indol-3-yl)but-3-en-2-one (3.73) 

 

Synthesised using general procedure I from indole 3.16 (29 mg, 0.25 mmol), 4-(4-

(dimethylamino)phenyl)but-3-yn-2-one 3.34 (70 mg, 0.38 mmol) and 

[bis(trifluoromethanesulfonyl)-imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (20 

mg, 0.01 mmol) in toluene (2.5 mL) for 2 hours at 40 °C. Purification by flash column 

chromatography (1:1 to 3:7 hexane/diethyl ether) afforded the title product as a yellow solid, as 

a mixture of E and Z stereoisomers (66 mg, 86%, E:Z = 56:44). Rf (hexane/diethyl ether 1:1) 0.12; 

mp 62–66 °C; νmax (thin film)/cm-1 3254 (br), 2922, 1604, 1561, 1519, 1428, 742; δH (400 MHz; 

CDCl3) 1.91 (3 H, s, H-18, Z), 1.93 (3 H, s, H-18, E), 3.00 (6 H, s, H-15, Z), 3.02 (6 H, s, H-15, E), 6.56 

(1 H, s, H-16, Z), 6.61 – 6.62 (2 H, m, H-13, Z), 6.69 – 6.74 (2 H, m, H-13, E), 6.70 (1 H, s, H-16, E), 

7.01 – 7.07 (2 H, m, H-Ar, E and Z), 7.15 – 7.29 (7 H, m, H-Ar, E and Z), 7.31 – 7.35 (2 H, m, H-12, 

Z), 7.38 – 7.43 (2 H, m, H-Ar, E and Z), 7.72 (1 H, d, J = 8.0, H-5, E), 8.83 (1 H, br s, H-1, Z), 8.87 (1 

H, br s, H-1, E); δC (100 MHz; CDCl3) 29.8 (C-18, Z), 39.2 (C-18, E), 40.3 (C-15, Z), 40.4 (C-15, E), 

111.6 (C-13, E and Z), 111.9 (CH, C-Ar), 115.1 (C-3, Z), 119.5 (C-3, E), 120.5 (CH, C-Ar), 120.9 (CH, 

C-Ar), 121.0 (CH, C-Ar), 121.2 (CH, C-Ar), 122.6 (CH, C-Ar), 123.0 (CH, C-Ar), 123.5 (C-16, E), 124.0 

(C-16, Z), 125.7 (C, C-Ar), 127.3 (C, C-Ar), 127.6 (CH, C-Ar), 128.5 (C, C-Ar), 129.3 (C-2, E), 130.3 

(C-12, Z), 131.4 (C-12, E), 136.4 (C-9, Z), 137.3 (C-9, E), 149.0 (C, C-Ar), 151.1 (C, C-Ar), 151.5 (C, 

C-Ar), 151.7 (C, C-Ar), 200.7 (C-17, Z), 201.3 (C-17, E); HRMS (ESI+) Found: 305.1646; C20H21N2O 

(M+H+) Requires 305.1648 (0.9 ppm error); Found: 327.1465; C20H20N2NaO (M+Na) Requires 

327.1468 (1.0 ppm error). 

Note that one quaternary and one methine carbon resonance could not be found in the 13C NMR 

spectra, it is believed that they are overlapping with other resonances. 
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Methyl 3-(1H-indol-3-yl)-3-phenylacrylate (3.74) 

 

Synthesised using general procedure I from indole 3.16 (23 mg, 0.20 mmol), methyl 

phenylpropiolate 3.43 (44 μL, 48 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 2 hours at 40 °C. Purification by flash column chromatography 

(7:3 hexane/diethyl ether) afforded the title product as a pale, yellow solid, as a mixture of E and 

Z stereoisomers (47 mg, 85%, E:Z = 78:22). Rf (hexane/diethyl ether 7:3) 0.17; δH (400 MHz; 

CDCl3) 3.63 (3 H, s, H-11, E), 3.65 (3 H, s, H-11, Z), 6.26 (1 H, s, H-10, Z), 6.59 (1 H, s, H-10, E), 6.89 

(1 H, d, J = 3.0, H-2, E), 6.93 (1 H, d, J = 8.0, H-Ar, Z), 6.99 (1 H, d, J = 7.5, H-Ar, Z), 7.14 – 7.19 (1 

H, m, H-Ar, Z), 7.21 – 7.30 (2 H, m, H-Ar, E), 7.31 – 7.36 (4 H, m, H-Ar, E and Z), 7.37 – 7.44 (8 H, 

m, E and Z), 7.55 (1 H, d, J = 2.5, H-2, Z), 7.82 (1 H, d, J = 8.5, H-3, E), 8.41 (2 H, br s, H-1, E and 

Z). Spectroscopic data match those reported previously.213 
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Methyl 3-(4-(dimethylamino)phenyl)-3-(1H-indol-3-yl)acrylate (3.75) 

 

Synthesised using general procedure I from indole 3.16 (23 mg, 0.20 mmol), methyl 3-(4-

(dimethylamino)phenyl)propiolate 3.44 (61 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 2 hours at 40 °C. Purification by flash column chromatography 

(8:2 to 7:3 hexane/ethyl acetate) afforded the title product as a yellow solid, as a mixture of E 

and Z stereoisomers (39 mg, 61%, E:Z = 58:42). Rf (hexane/ethyl acetate 8:2) 0.15, 0.10; mp 58-

65 °C; νmax (thin film)/cm-1 3327 (br), 2945, 1691, 1607, 1585, 1520, 1155, 819, 744; δH (600 MHz; 

CDCl3) 3.00 (6 H, s, H-15, E), 3.00 (6 H, s, H-15, Z), 3.63 (3 H, s, H-18, Z), 3.68 (3 H, s, H-18, E), 6.25 

(1 H, s, H-16, Z), 6.41 (1 H, s, H-16, E), 6.61 – 6.65 (2 H, m, H-13, Z), 6.69 – 6.75 (2 H, m, H-13, E), 

6.98 (1 H, d, J = 2.5, H-2, E), 7.01 (1 H, ddd, J = 8.0, 7.0, 1.0, H-Ar, Z), 7.12 (1 H, dd, J = 8.0, 1.0, H-

Ar, Z), 7.13 – 7.19 (2 H, m, H-Ar, E), 7.21 – 7.25 (1 H, m, H-Ar, E), 7.25 – 7.27 (2 H, m, H-12, Z), 

7.31 – 7.37 (5 H, m, H-Ar, E and Z), 7.71 (1 H, dd, J = 8.0, 1.0, H-5, E), 8.55 (2 H, br s, H-1, E and 

Z); δC (151 MHz; CDCl3) 40.3 (C-15, Z), 40.5 (C-15, E), 51.0 (C-18, E), 51.1 (C-18, Z), 110.6 (C-16, 

E), 111.3 (CH, C-Ar), 111.4 (CH, C-Ar), 111.6 (CH, C-Ar), 111.7 (CH, C-Ar), 111.8 (CH, C-Ar), 114.2 

(C-3, Z), 119.7 (C-3, E), 120.1 (CH, C-Ar), 120.8 (CH, C-Ar), 121.0 (CH, C-Ar), 121.1 (CH, C-Ar), 122.1 

(CH, C-Ar), 122.8 (CH, C-Ar), 125.8 (C-4, E), 127.3 (C, C-Ar), 127.5 (C, C-Ar), 127.5 (CH, C-Ar), 128.9 

(C-2, E), 129.4 (C-11, Z), 130.2 (C-12, E), 130.9 (C-12, Z), 136.1 (C-9, Z), 137.1 (C-9, E), 150.7 (C, C-

Ar), 151.3 (C, C-Ar), 151.5 (C, C-Ar), 153.5 (C-11, E), 167.6 (C-17, Z), 167.8 (C-17, E); HRMS (ESI+) 

Found: 321.1584; C20H21N2O2 (M+H+) Requires 321.1598 (4.2 ppm error); Found: 343.1403; 

C20H20N2NaO2 (M+Na) Requires 343.1417 (4.0 ppm error); Found: 289.1322; C19H17N2O 

(M−OMe) Requires 289.1335 (−4.5 ppm error). 
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3-(1H-Indol-3-yl)-N,N-dimethyl-3-phenylacrylamide (3.76) 

 

Synthesised using general procedure I from indole 3.16 (23 mg, 0.20 mmol), N,N-dimethyl-3-

phenylpropiolamide 3.39 (52 mg, 0.30 mmol) and [bis(trifluoromethanesulfonyl)imidate]-

(triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 0.01 mmol) in toluene (2 mL) for 24 

hours at 40 °C. Purification by flash column chromatography (7:3 diethyl ether/hexane to ethyl 

acetate) afforded the title product as a pale, brown solid, as a mixture of E and Z stereoisomers 

(33 mg, 56%, E:Z = 26:74). Rf  (hexane/ethyl acetate 3:7) 0.33; mp 124–129 °C; νmax (thin film)/cm-

1 3218 (br), 2925, 1613, 1494, 1399, 1199, 736; δH (600 MHz; CDCl3) 2.78 (3 H, s, H-17a, Z), 2.85 

(3 H, s, H-17a, E), 2.86 (3 H, s, H-17b, E), 2.87 (3 H, s, H-17b, Z), 6.28 (1 H, s, H-15, Z), 6.55 (1 H, 

s, H-15, E), 6.88 (1 H, d, J = 8.0, H-5, Z), 6.93 (1 H, dd, J = 8.0, 8.0, H-6, Z), 6.98 (1 H, d, J = 2.5, H-

2, E), 7.14 (2 H, m, H-Ar, E and Z), 7.23 (1 H, dd, J = 7.0, 7.0, H-7, E), 7.29 – 7.42 (12 H, m, H-Ar, E 

and Z), 7.43 (1 H, d, J = 2.5, H-2, Z), 7.61 (1 H, d, J = 8.0, H-5, E), 8.52 (1 H, br s, H-1, E), 8.72 (1 H, 

br s, H-1, Z); δC (151 MHz; CDCl3) 34.7 (C-17a, E), 34.7 (C-17a, Z), 38.1 (C-17b, E), 38.1 (C-17b, Z), 

111.5 (CH, C-Ar), 111.8 (CH, C-Ar), 114.1 (C-3, Z), 117.7 (C-15, E), 118.4 (C-3, E), 119.9 (C-15, Z), 

120.0 (C-6, Z), 120.6 (C-5, E), 120.7 (C-5, Z), 120.8 (C-7, E), 122.2 (C-6, Z), 122.8 (C-7, E), 125.8 (C, 

C-Ar), 126.2 (C-2, Z), 126.4 (C-2, E), 126.6 (C, C-Ar), 128.1 (2 x CH, C-Ar), 128.3 (CH, C-Ar), 128.4 

(CH, C-Ar), 128.6 (CH, C-Ar), 129.3 (CH, C-Ar), 136.3 (C-9, Z), 137.0 (C-9, E), 140.2 (C, C-Ar, E), 

141.2 (C, C-Ar, Z), 141.4 (C, C-Ar, Z), 142.8 (C, C-Ar, E), 169.2 (C-16, E), 169.6 (C-16, Z); HRMS 

(ESI+) Found: 291.1491; C19H19N2O (M+H+) Requires 291.1492 (0.2 ppm error); Found: 313.1310; 

C19H18N2NaO (M+Na) Requires 313.1311 (0.5 ppm error). 
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3-(1H-Indol-3-yl)-3-(4-methoxyphenyl)-N,N-dimethylacrylamide (3.77) 

 

Synthesised using general procedure I from indole 3.16 (23 mg, 0.20 mmol), 3-(4-

methoxyphenyl)-N,N-dimethylpropiolamide 3.40 (61 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 2 hours at 40 °C. Purification by flash column chromatography 

(1:1 to 2:8 hexane/ethyl acetate) afforded the title product as a pale, brown solid, as a mixture 

of E and Z stereoisomers (64 mg, 100%, E:Z = 45:55). Rf (hexane/ethyl acetate 3:7) 0.23; mp 78–

85 °C; νmax (thin film)/cm-1 3205 (br), 2927, 1604, 1509, 1457, 1439, 1397, 1247, 742; δH (600 

MHz; CDCl3) 2.76 (3 H, s, H-18a, Z), 2.85 (3 H, s, H-18b, Z), 2.86 (3 H, s, H-18a, E), 2.91 (3 H, s, H-

18b, E), 3.78 (3 H, s, H-15, E), 3.82 (3 H, s, H-15, Z), 6.21 (1 H, s, H-16, Z), 6.40 (1 H, s, H-16, E), 

6.78 – 6.82 (2 H, m ,H-13, E), 6.82 – 6.85 (2 H, m, H-13, Z), 6.90 – 6.94 (3 H, m, H-Ar, Z and E), 

7.06 – 7.10 (2 H, m, H-Ar, Z and E), 7.16 (1 H, t, J = 7.5, H-Ar, E), 7.23 – 7.27 (2 H, m, H-12, E), 7.30 

– 7.33 (3 H, m, H-Ar, Z), 7.34 (1 H, d, J = 8.5, H-Ar, Z), 7.37 (1 H, d, J = 8.5, H-Ar, E), 7.53 (1 H, d, J 

= 8.0, H-5, E), 9.39 (1 H, br s, H-1, E), 9.44 (1 H, br s, H-1, Z); δC (151 MHz; CDCl3) 34.7 (C-18a, E), 

34.8 (C-18a, Z), 38.1 (C-18b, E), 38.1 (C-18b, Z),55.3 (C-15, E), 55.4 (C-15, Z), 111.7 (CH, C-Ar), 

112.0 (CH, C-Ar), 113.5 (C-13, E), 113.7 (C-13, Z), 113.9 (C-3, Z), 116.4 (C-16, E), 117.8 (C-16, Z), 

118.0 (C-3, E), 119.8 (CH, C-Ar), 120.3 (CH, C-Ar), 120.5 (CH, C-Ar), 121.9 (CH, C-Ar), 122.3 (CH, 

C-Ar), 125.8 (C-4, E), 126.4 (C-2, E), 126.6 (C-4, Z), 126.8 (C-2, Z), 129.4 (C-12, Z), 130.6 (C-12, E), 

132.5 (C, C-Ar), 133.7 (C, C-Ar), 136.5 (C-9, Z), 137.1 (C-9, E), 141.5 (C, C-Ar), 142.9 (C, C-Ar), 159.6 

(C-14, E), 160.0 (C-14, Z), 169.8 (C-17, E), 170.0 (C-17, Z); HRMS (ESI+) Found: 321.1590; 

C20H21N2O2 (M+H+) Requires 321.1598 (2.4 ppm error); Found: 343.1411; C20H20N2NaO2 (M+Na) 

Requires 343.1417 (1.8 ppm error). 
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3,9-Dimethyl-9-(3-methyl-1H-indol-2-yl)-1-phenyl-9H-pyrrolo[1,2-α]indole (3.79) 

 

Synthesised using general procedure I from 3-methyl-1H-indole 3.48 (26 mg, 0.20 mmol), 4-

phenyl-3-butyne-2-one 3.27 (44 μL, 43 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 24 hours at 40 °C. Purification by flash column chromatography 

(99:1 to 98:2 hexane/diethyl ether) afforded the title product as a brown solid (13 mg, 33%). Rf 

(hexane/diethyl ether 98:2) 0.08; δH (400 MHz; CDCl3) 2.01 (3 H, s, H-7), 2.09 (3 H, s, H-6), 2.69 

(3 H, s, H-12), 6.35 (1 H, s, H-11), 6.99 – 7.08 (2 H, m, H-Ar), 7.09 – 7.13 (5 H, m, H-Ar), 7.15 (1 H, 

dd, J = 7.0, 1.5, H-Ar), 7.21 – 7.25 (1 H, m, H-Ar), 7.25 – 7.29 (2 H, m, H-Ar), 7.42 (1 H, d, J = 8.0, 

H-Ar), 7.51 (1 H, d, J = 8.0, H-Ar), 7.98 (1 H, br s, H-1). Spectroscopic data match those reported 

previously.214 
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4-(1,3-Dimethyl-indol-2-yl)-4-phenylbut-3-en-2-one (3.89) 

 

Synthesised using general procedure I from 1,3-dimethylindole 3.49 (73 mg, 0.50 mmol), 4-

phenyl-3-butyne-2-one 3.27 (0.11 mL, 108 mg, 0.75 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (40 mg, 

0.03 mmol) in toluene (5 mL) for 27 hours at 40 °C. Purification by flash column chromatography 

(9:1 to 8:2 hexane/diethyl ether) afforded the title product as an orange oil, as a mixture of E 

and Z stereoisomers (107 mg, 74%, E:Z = 5:95). 1H and 13C NMR data reported for the major Z-

isomer only. Rf (hexane/diethyl ether 8:2) 0.23; νmax (thin film)/cm-1 3060, 2919, 1657, 1599, 

1573, 1467, 1244, 739; δH (400 MHz; CDCl3) 1.89 (3 H, s, H-14), 2.26 (3 H, s, H-4), 3.49 (3 H, s, H-

1), 6.95 (1 H, s, H-12), 7.24 (1 H, ddd, J = 8.0, 6.5, 1.5, H-Ar), 7.32 – 7.45 (7 H, m, H-Ar), 7.63 (1 H, 

ddd, J = 8.0, 1.0, 1.0, H-Ar); δC (100 MHz; CDCl3) 9.3 (C-4), 28.7 (C-14), 30.6 (C-1), 109.4 (CH, C-

Ar), 112.4 (C-3), 119.4 (CH, C-Ar), 119.5 (CH, C-Ar), 122.7 (CH, C-Ar), 127.5 (CH, C-Ar), 128.2 (C-

5), 129.0 (CH, C-Ar), 130.0 (CH, C-Ar), 131.8 (C-12), 133.0 (C-2), 137.6 (C-10), 138.7 (C-11), 143.5 

(C-15), 199.8 (C-13); HRMS (ESI+) Found: 290.1530; C20H20NO (M+H+) Requires 290.1539 (3.3 

ppm error); Found: 312.1349; C20H19NNaO (M+Na) Requires 312.1359 (3.2 ppm error). 

Characteristic NMR resonances for the minor E-isomer can be found at: δH 2.14 (3 H, s, H-14, E), 

2.39 (3 H, s, H-4, E), 3.34 (3 H, s, H-1, E), 6.37 (1 H, s, H-12, E). 
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4-(1-Methyl-3-phenyl-indol-2-yl)-4-phenylbut-3-en-2-one (3.92) 

 

Synthesised using general procedure I from 1-methyl-3-phenylindole 3.51 (42 mg, 0.20 mmol), 

4-phenyl-3-butyne-2-one 3.27 (44 μL, 43 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 24 hours at 40 °C. Purification by flash column chromatography 

(9:1 to 8:2 hexane/diethyl ether) afforded the title product as an orange solid, as a mixture of E 

and Z stereoisomers (29 mg, 41%, E:Z = 2:98). 1H and 13C NMR data reported for the major Z-

isomer only. Rf  (hexane/diethyl ether 8:2) 0.19; mp 145–148 °C; νmax (thin film)/cm-1 3056, 2931, 

1690, 1659, 1602, 1465, 772, 760, 747, 699; δH (400 MHz; CDCl3) 1.74 (3 H, s, H-17), 3.53 (3 H, s, 

H-1), 6.82 (1 H, s, H-15), 7.19 – 7.26 (2 H, m, H-Ar), 7.29 – 7.44 (11 H, m, H-Ar), 7.84 (1 H, d, J = 

8.0, H-Ar); δC (100 MHz; CDCl3) 28.9 (C-17), 30.7 (C-1), 109.8 (CH), 118.1 (C, C-Ar), 120.3 (C-5), 

120.5 (CH, C-Ar), 123.0 (CH, C-Ar), 126.4 (CH, C-Ar), 126.9 (C, C-Ar), 127.6 (CH, C-Ar), 128.7 (CH, 

C-Ar), 128.9 (CH, C-Ar), 129.2 (CH, C-Ar), 130.2 (CH, C-Ar), 132.4 (C-15), 133.0 (C-2), 134.5 (C, C-

Ar), 137.8 (C-9), 138.9 (C, C-Ar), 142.6 (C, C-Ar), 199.0 (C-16); HRMS (ESI+) Found: 352.1699; 

C25H22NO (M+H+) Requires 352.1696 (−0.7 ppm error); Found: 374.1517; C25H21NNaO (M+Na) 

Requires 374.1515 (−0.4 ppm error). 

Characteristic NMR resonances for the minor E-isomer can be found at: δH 1.91 (3H, s, H-17, E), 

3.36 (3 H, s, H-1, E), 6.18 (1 H, s, 15, E). 
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4-(1-Benzyl-3-methyl-indol-2-yl)-4-phenylbut-3-en-2-one (3.93) 

 

Synthesised using general procedure I from 1-benzyl-3-methylindole 3.52 (40 mg, 0.18 mmol), 

4-phenyl-3-butyne-2-one 3.27 (39 μL, 39 mg, 0.27 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (14 mg, 

0.01 mmol) in toluene (1.8 mL) for 24 hours at 40 °C. Purification by flash column 

chromatography (9:1 to 8:2 hexane/diethyl ether) afforded the title product as an orange solid, 

as a mixture of E and Z stereoisomers (41 mg, 62%, E:Z = 7:93). 1H and 13C NMR data reported 

for the major Z-isomer only. Rf (hexane/diethyl ether 8:2) 0.30; mp 93–95 °C; νmax (thin film)/cm-

1 3057, 2919, 1689, 1657, 1602, 1462, 1448, 742, 696; δH (400 MHz; CDCl3) 1.63 (3 H, s, H-18), 

2.23 (3 H, s, H-14), 4.72 (1 H, d, J = 16.0, H-1a), 5.12 (1 H, d, J = 16.0, H-1b), 6.73 (1 H, s, H-16), 

6.97 – 7.02 (2 H, m, H-Ar), 7.13 – 7.39 (11 H, m, H-Ar), 7.67 (1 H, d, J = 7.5, H-9); δC (100 MHz; 

CDCl3) 9.5 (C-14), 28.5 (C-18), 47.9 (C-1), 110.2 (CH, C-Ar), 113.9 (C-7), 119.7 (C-9), 123.1 (CH, C-

Ar), 127.2 (CH, C-Ar), 127.6 (CH, C-Ar), 127.8 (CH, C-Ar), 128.4 (C, C-Ar), 128.5 (C, C-Ar), 128.6 

(CH, C-Ar), 129.0 (CH, C-Ar), 130.0 (CH, C-Ar), 132.0 (C-16), 132.8 (C-6), 137.7 (C, C-Ar), 137.8 (C-

13), 139.0 (C-15), 143.4 (C, C-Ar), 199.7 (C-17); HRMS (ESI+) Found: 366.1858; C26H24NO (M+H+) 

Requires 366.1852 (−1.6 ppm error); Found: 388.1677; C26H23NNaO (M+Na) Requires 388.1672 

(−1.2 ppm error). 

Characteristic NMR resonances for the minor E-isomer can be found at: δH 1.97 (3 H, s, H-18, E), 

2.29 (3 H, s, H-14, E), 4.99 (2 H, s, H-1, E), 6.24 (1 H, s, H-16, E). 
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Methyl (Z)-3-(1,3-dimethyl-indol-2-yl)-3-phenylacrylate (3.94) 

 

Synthesised using general procedure I from 1,3-dimethylindole 3.49 (29 mg, 0.20 mmol), methyl 

phenylpropiolate 3.43 (44 μL, 48 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 24 hours at 40 °C. Purification by flash column chromatography 

(9:1 hexane/diethyl ether) afforded the title product as a yellow oil (43 mg, 70%) as a single 

geometrical isomer (Z). Rf (hexane/diethyl ether 9:1) 0.17; νmax (thin film)/cm-1 3061, 2950, 1690, 

1728, 1623, 1467,1449, 1260, 741; δH (400 MHz; CDCl3) 2.17 (3 H, s, H-10), 3.44 (3 H, s, H-1), 3.64 

(3 H, s, H-18), 6.74 (1 H, s, H-12), 7.15 (1 H, ddd, J = 8.0, 6.5, 1.0, H-6), 7.24 – 7.28 (1 H, m, H-Ar), 

7.29 – 7.43 (6 H, m, H-Ar), 7.63 (1 H, d, J = 8.0, H-5); δC (100 MHz; CDCl3) 9.3 (C-10), 30.7 (C-1), 

51.8 (C-18), 109.3 (CH, C-Ar), 110.7 (C-3), 118.9 (C-6), 119.3 (C-5), 121.1 (C-12), 122.0 (CH, C-Ar), 

127.6 (CH, C-Ar), 128.3 (C-4), 129.0 (CH, C-Ar), 130.0 (CH, C-Ar), 133.5 (C-2), 137.6 (C-9), 139.0 

(C-11), 146.5 (C-13), 166.0 (C-17); HRMS (ESI+) Found: 306.1489; C20H20NO2 (M+H+) Requires 

306.1489 (0.0 ppm error); Found: 328.1311; C20H19NNaO2 (M+Na) Requires 328.1308 (−0.9 ppm 

error); Found: 274.1227; C19H16NO (M−OMe) Requires 274.1226 (0.4 ppm error). 
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3-(1,3-Dimethyl-indol-2-yl)-N,N-dimethyl-3-phenylacrylamide (3.95) 

 

Synthesised using general procedure I from 1,3-dimethylindole 3.49 (29 mg, 0.20 mmol), N,N-

dimethyl-3-phenylpropiolamide 3.39 (52 mg, 0.30 mmol) and 

[bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 

0.01 mmol) in toluene (2 mL) for 48 hours at 40 °C. Purification by flash column chromatography 

(8:2 to 2:1 hexane/diethyl ether) afforded the title product as a yellow oil, as a mixture of E and 

Z stereoisomers (38 mg, 59%, E:Z = 7:93). 1H and 13C NMR data reported for the major Z-isomer 

only. Rf  (hexane/ethyl acetate 2:1) 0.20; νmax (thin film)/cm-1 3053, 2924, 1629, 1493,1469, 1139, 

732, 696; δH (400 MHz; CDCl3) 2.20 (3 H, s, H-10), 2.93 (6 H, br s, H-18), 3.44 (3 H, s, H-1), 6.89 (1 

H, s, H-12), 7.11 – 7.16 (1 H, m, H-6), 7.21 – 7.30 (4 H, m, H-Ar), 7.30 – 7.36 (3 H, m, H-Ar), 7.60 

(1 H, d, J = 8.0, H-5); δC (100 MHz; CDCl3) 9.5 (C-10), 31.0 (C-1), 35.1 (br, C-18a), 37.9 (br, C-18b), 

109.4 (CH, C-Ar), 110.4 (C-3), 118.9 (C-6), 119.2 (C-5), 121.9 (CH, C-Ar), 125.8 (C-12), 127.0 (CH, 

C-Ar), 128.4 (C-4), 128.9 (CH, C-Ar), 129.1 (CH, C-Ar), 133.9 (C-2), 137.6 (C-9), 139.4 (C, C-Ar), 

139.4 (C, C-Ar), 167.3 (C-17); HRMS (ESI+) Found: 319.1804; C21H23N2O (M+H+) Requires 319.1805 

(0.2 ppm error); Found: 341.1624; C21H22N2NaO (M+Na) Requires 341.1624 (−0.0 ppm error); 

Found: 278.1228; C19H16NO (M−NMe2) Requires 278.1226 (0.7 ppm error). 

Characteristic NMR resonances for the minor E-isomer can be found at: δH 2.44 (3 H, s, H-10, E), 

3.30 (3 H, s, H-1, E), 6.24 (1 H, s, H-12, E). 
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7.3.5 Gold-pyrylium Complex 

3-Acetyl-2,4-bis(4-(dimethylamino)phenyl)-6-methylpyryl-5-yl(triphenylphosphine)gold(I) 

bis[(trifluoromethane)sulfonyl]azanide (3.102) 

 

For the 1H, 19F and 31P NMR spectra, the clearest data for the title product was observed when a 

more dilute sample was prepared, using 4 equivalents (a 2-fold excess) of the starting ynone. As 

such, to a sample vial, 4-(4-(dimethylamino)phenyl)but-3-yn-2-one 3.34 (15 mg, 0.08 mmol) was 

dissolved in d2-DCM (0.6 mL), and [bis(trifluoromethanesulfonyl)imidate]-

(triphenylphosphine)gold(I) (2:1) toluene adduct (16 mg, 0.01 mmol) was added, which resulted 

in an immediate colour change to dark red. The sample was transferred to an NMR tube and 1H, 

19F and 31P data were recorded immediately. 

For the 13C NMR spectra, a more concentrated sample was prepared using the same method, 

with 4-(4-(dimethylamino)phenyl)but-3-yn-2-one 3.34 (78 mg, 0.4 mmol) and 

[bis(trifluoromethanesulfonyl)-imidate](triphenylphosphine)gold(I) (2:1) toluene adduct (163 

mg, 0.1 mmol). After transferring the sample to an NMR tube, 13C NMR data was recorded 

immediately. 

νmax (thin film)/cm-1 2910, 1705, 1597, 1423, 1348, 1137, 1056; δH (400 MHz; CD2Cl2) 2.05 (3 H, 

s, H-13), 2.97 (6 H, s, H-11 or H-18), 3.03 (3 H, s, H-6), 3.13 (6 H, s, H-11 or H-18), 6.54 – 6.59 (2 

H, m, H-9 or H-16), 6.76 – 6.80 (2 H, m, H-9 or H-16), 7.35 – 7.50 (15 H, m, PPh3), 7.57 – 7.61 (2 

H, m, H-8 or H-15), 7.69 – 7.73 (2 H, m, H-8 or H-15); δC (100 MHz; CD2Cl2) 25.9 (C-13), 32.1 (C-

6), 40.1 (C-11 or C-18), 40.2 (C-11 or C-18), 111.5 (C-9 or C-16), 111.2 (C-9 or C-16), 115.7 (C-7 or 

C-14), 120.3 (q, 1JC-F = 322.0, C-23), 127.2 (C-7 or C-14), 129.6 (d, 3JC-P = 11.5, C-21),  129.8 (d, 1JC-

P = 55.0, C-19), 131.0 (d, 4JC-P = 4.0, C-2), 131.7 (C-8 or C-15), 131.8 (C8 or C-15), 132.2 (d, 4JC-P = 

2.0, C-22), 134.4 (d, 2JC-P = 13.5, C-20), 152.4 (C-10 or C-17), 154.1 (C-10 or C-17), 161.4 (d, 2JC-P = 

111.0, C-4), 165.5 (C-3), 172.1 (C-1), 175.7 (d, 3JC-P = 5.0, C-5), 202.3 (C-12); δP (162 MHz; CD2Cl2) 
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41.9; δF (376 MHz; CD2Cl2) −79.4; HRMS (ESI+) Found: 833.2579; C42H41AuN2O2P (M+) Requires 

833.2566 (−1.6 ppm error). 

Note that toluene is present in the 1H and 13C NMR spectra due to its inclusion in the crystal 

structure of gold triflimide. 
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(E)-4-(4-(dimethylamino)phenyl)but-3-en-2-one (3.128) 

 

Following a literature procedure,224 4-(4-(dimethylamino)phenyl)but-3-yn-2-one 3.34 (37 mg, 

0.2 mmol) and [bis(trifluoromethanesulfonyl)imidate](triphenylphosphine)gold(I) (2:1) toluene 

adduct (8 mg, 0.005 mmol) were dissolved in dry toluene (1 mL) under an atmosphere of argon 

and diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (HEH, 30 mg, 0.1 mmol) was 

added. The reaction was stirred at room temperature for 24 hours before being concentrated in 

vacuo. The product was purified via flash column chromatography (9:1 toluene/diethyl ether) to 

give the title product as a mixture with oxidised HEH 3.129 as an orange solid (45 mol% 3.128 by 

1H NMR, 19 mg of mixture, calculated 7 mg of product, 32%). Rf (toluene/diethyl ether 9:1) 0.40; 

δH (400 MHz; CDCl3) 2.35 (3 H, s, H-6), 3.03 (6 H, s, H-1), 6.55 (1 H, d, J = 16.0 Hz, H-5), 6.65 – 

6.70 (2 H, m, H-2), 7.42 – 7.47 (2 H, m, H-3), 7.47 (1 H, d, J = 16.0 Hz, H-4). Spectroscopic data 

match those reported previously.360 
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7.4 S-Acyl Transfer 

7.4.1 General Procedures 

General Procedure K: S-Acyl Transfer Reaction Optimisation 

 

Lactam 5.41 (37 mg, 0.2 mmol) was dissolved in the desired solvent (0.3 mL, 0.6 M), and the 

desired quantity of 4-phenyl-3-butyne-2-one 3.27 was added, followed by the chosen base. The 

reaction was stirred at the chosen temperature for 18 hours, then trimethoxybenzene (100 μL, 

0.2 M in DCM) was added before the solvent was concentrated in vacuo. 1H NMR spectra were 

then recorded to determine the conversion of lactam 5.41 to the desired product 5.84. 
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7.4.1 Lactam Synthesis 

Methyl N2,N6-bis(tert-butoxycarbonyl)-L-lysinate (5.37) 

 

Following a literature procedure,317 to a dry round-bottomed flask, (S)-lysine methyl ester 

dihydrochloride salt 5.36 (2.331 g, 10.0 mmol) was dissolved in dry MeOH (50 mL) under an 

atmosphere of argon. Di-tert-butyl dicarbonate (5.456 g, 25.0 mmol) and sodium hydrogen 

carbonate (5.041 g, 60 mmol) were added, and the mixture was stirred at room temperature for 

24 hours. The reaction mixture was filtered and concentrated in vacuo. Diethyl ether (150 mL) 

was added to the residue, and the solution filtered through Celite and concentrated in vacuo. 

The crude product was purified via flash column chromatography (hexane/ethyl acetate 3:1) to 

yield the title product as a white solid (3.242 g, 90%). Rf (hexane/ethyl acetate 3:1) 0.34; δH (400 

MHz; CDCl3) 1.28 – 1.55 (4 H, m, H-6,7), 1.43 (18 H, s, H-4,10), 1.59 – 1.69 (1 H, m, H-5a), 1.73 – 

1.83 (1 H, m, H-5b), 3.09 (2 H, app. q, J = 6.5, H-8), 3.72 (3 H, s, H-1), 4.22 – 4.31 (1 H, m, H-2), 

4.61 (1 H, app. br s, H-9), 5.11 (1 H, br d, J = 6.5, H-3). Spectroscopic data match those reported 

previously.317  
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Methyl (S)-2,6-bis((tert-butoxycarbonyl)amino)-6-oxohexanoate (5.38) 

 

Following a literature procedure,317 to a dry round-bottomed flask, 5.37 (3.242 g, 9.0 mmol) was 

dissolved in ethyl acetate (30 mL). A sodium periodate solution (10% w/w in H2O, 100 mL) and 

ruthenium(III) chloride (187 mg, 0.9 mmol) were added, and the biphasic mixture was stirred at 

room temperature for 18 hours. The reaction mixture was extracted with ethyl acetate (3 x 50 

mL). The organic extracts were combined and stirred with iso-propanol (20 mL) for 2 hours. The 

mixture was filtered through Celite and concentrated in vacuo. The crude product was purified 

via flash column chromatography (hexane/ethyl acetate 2:1) to yield the title product as a yellow 

oil (1.811 g, 54%). Rf (hexane/ethyl acetate 2:1) 0.22; δH (400 MHz; CDCl3) 1.45 (9 H, s, H-4/9), 

1.49 (9 H, s, H-4/9), 1.63 – 1.76 (3 H, m, H-5a,6), 1.79 – 1.92 (1 H, m, H-5b), 2.66 – 2.83 (2 H, m, 

H-7), 3.75 (3 H, s, H-1), 4.27 – 4.36 (1 H, m, H-2), 5.12 (1 H, br d, J = 8.5, H-3), 7.35 (1 H, br s, H-

8). Spectroscopic data match those reported previously.317  
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Methyl (S)-6-oxopiperidine-2-carboxylate (5.39) 

 

Following a literature procedure,317 to a dry round-bottomed flask, 5.38 (1.811 g, 4.8 mmol) was 

dissolved in trifluoroacetic acid (40 mL) and refluxed for 18 hours. The reaction mixture was 

cooled and concentrated in vacuo. The crude product was purified via flash column 

chromatography (ethyl acetate to ethyl acetate/methanol 96:4) to yield the title product as a 

yellow oil (754 mg, 100%). Rf (ethyl acetate/methanol 96:4) 0.25; δH (400 MHz; CDCl3) 1.73 – 1.96 

(3 H, m, H-Alk), 2.13 – 2.17 (1 H, m ,H-Alk), 2.32 – 2.49 (2 H, m, H-Alk), 3.79 (3 H, s, H-6), 4.12 (1 

H, dd, J = 7.5, 6.0, H-4), 6.50 (1 H, br s, H-5). Spectroscopic data match those reported 

previously.317  
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(S)-6-(Hydroxymethyl)piperidin-2-one (5.18) 

 

Following a literature procedure,317 to a dry round-bottomed flask, 5.39 (754 mg, 4.8 mmol) was 

dissolved in dry ethanol (48 mL) under an atmosphere of argon and cooled to 0 °C. Sodium 

borohydride (352 mg, 9.3 mmol) was added and the reaction was brought to room temperature, 

and stirred for 24 hours. Acetic acid (1 mL) was added, and the reaction was stirred for a further 

19 hours. The reaction mixture was concentrated in vacuo and the residue was redissolved in 

DCM (100 mL). The mixture was dried using K2CO3, filtered and concentrated in vacuo. The crude 

product was purified via flash column chromatography (ethyl acetate/methanol 95:5 to 7:3) to 

yield the title product as a pale, brown solid (554 mg, 73%). Rf (ethyl acetate/methanol 7:3) 0.42; 

δH (400 MHz; CDCl3) 1.31 – 1.41 (1 H, m, H-2a), 1.67 – 1.81 (1 H, m, H-Alk), 1.80 – 1.96 (2 H, m, 

H-Alk), 2.28 (1 H, ddd, J = 17.5, 11.0, 6.0, H-3a), 2.42 (1 H, dddd, J = 17.5, 5.5, 3.5, 1.5, H-3b), 3.46 

(1 H, dd, J = 10.5, 8.5, H-6a), 3.50 – 3.58 (1 H, m, H-4), 3.70 (1 H, dd, J = 10.5, 3.0, H-6b), 6.96 (1 

H, br s, H-5). Spectroscopic data match those reported previously.317  
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(S)-S-((6-Oxopiperidin-2-yl)methyl) ethanethioate (5.41) 

 

Based on a literature procedure,318 to a dry round-bottomed flask, triphenylphosphine (1.364 g, 

5.2 mmol) and DIAD (1.00 mL, 1.051 g, 5.2 mmol) were dissolved in dry THF (17 mL) under an 

atmosphere of argon and cooled to 0 °C. The mixture was stirred for 20 minutes before a solution 

of 5.18 (554 mg, 4.3 mmol) and thioacetic acid (0.36 mL, 393 mg, 5.2 mmol) in dry THF (10 mL) 

was added (Note: 5.18 is sparingly soluble in THF and required mild heating to fully dissolve). 

The reaction mixture was brought to room temperature and stirred for 18 hours. The reaction 

mixture was concentrated in vacuo. The crude product was purified via flash column 

chromatography (ethyl acetate to ethyl acetate/methanol 95:5) to yield the title product as a 

pale, brown solid (719 mg, 89%). Rf (ethyl acetate) 0.14; mp 68 – 70 °C; νmax (thin film)/cm-1
 3212, 

2949, 2875, 1689, 1656, 1329, 1306, 625; δH (400 MHz; CDCl3) 1.42 – 1.52 (1 H, m, H-4a), 1.65 – 

1.77 (1 H, m, H-3a), 1.88 – 2.01 (2 H, m, H-3b,4b), 2.25 – 2.35 (1 H, m, H-2a), 2.36 – 2.44 (1 H, m, 

H-2b), 2.38 (3 H, s, H-9), 2.84 (1 H, dd, J = 14.0, 7.0, H-7a), 3.17 (1 H, dd, J = 14.0, 5.0, H-7b), 3.51 

– 3.59 (1 H, m, H-5), 5.84 (1 H, br s, H-6); δC (126 MHz; CDCl3) 19.3 (C-3), 27.4 (C-4), 30.7 (C-9), 

31.2 (C-2), 34.7 (C-7), 52.3 (C-5), 172.4 (C-1), 195.0 (C-8); HRMS (ESI+) Found: 188.0741; 

C8H14NO2S (M+H+) Requires 188.0740 (−0.5 ppm error); Found: 210.0561; C8H13NNaO2S (M+Na) 

Requires 210.0559 (−1.0 ppm error). 
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(S)-6-(Mercaptomethyl)piperidin-2-one (5.21) 

 

To a dry round-bottomed flask, 5.41 (56 mg, 0.3 mmol) was dissolved in degassed MeOH (1.5 

mL) under an atmosphere of argon and a degassed solution of aq. NaOH (1 M, 0.3 mL) was 

added. The mixture was stirred at room temperature for 1 hour. A solution of aq. HCl (1 M, 0.3 

mL) was added, followed by saturated aq. NaCl (10 mL). The product was extracted with ethyl 

acetate (3 x 10 mL), dried using MgSO4 and concentrated in vacuo. The crude product was 

purified via flash column chromatography (ethyl acetate to ethyl acetate/methanol 95:5) to 

yield the title product as a white solid (38 mg, 86%). Rf (ethyl acetate/methanol 95:5) 0.41; mp 

74 – 76 °C; νmax (thin film)/cm-1
 3186, 3077, 2949, 2580, 1650, 1311, 809; δH (400 MHz; CDCl3) 

1.40 – 1.51 (1 H, m, H-H-3a), 1.44 (1 H, dd, J = 10.0, 7.5, H-8), 1.62 – 1.74 (1 H, m, H-4a), 1.83 – 

1.91 (1 H, m, H-3b), 1.92 – 2.00 (1 H, m, H-4b), 2.20 – 2.31 (1 H, m, H-2a), 2.36 (1 H, dddd, J = 

17.5, 5.5, 4.0, 1.5, H-2b), 2.48 (1 H, ddd, J = 13.5, 10.0, 7.5, H-7a), 2.70 (1 H, ddd, J = 13.5, 7.5, 

5.5, H-7b), 3.36 – 3.44 (1 H, m, H-5), 7.00 (1 H, br s, H-6); δC (100 MHz; CDCl3) 19.5 (C-3), 27.5 (C-

4), 30.8 (C-2), 31.4 (C-7), 55.0 (C-5), 172.7 (C-1); HRMS (ESI+) Found: 146.0634; C6H12NOS (M+H+) 

Requires 146.0634 (0.0 ppm error); Found: 168.0455; C6H11NNaOS (M+H+) Requires 168.0454 

(−0.7 ppm error). 
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(6S,6'S)-6,6'-(Disulfanediylbis(methylene))bis(piperidin-2-one) (5.42) 

 

This is a side product formed during the synthesis of 5.21 when the solvents were not degassed, 

performed at the same scale as described above, with 5.41 (56 mg, 0.3 mmol) in MeOH (1.5 mL) 

and aq. NaOH (1 M, 0.3 mL). Purification by flash column chromatography ethyl acetate to ethyl 

acetate/methanol 7:3) yielded the title product as a white solid (7 mg, 17%). Rf (ethyl 

acetate/methanol 7:3) 0.41; mp 130 – 131 °C; νmax (thin film)/cm-1
 3402, 3193, 2949, 2871, 1652, 

1404, 1331, 1308; δH (400 MHz; CDCl3) 1.42 – 1.54 (2 H, m, H-H-3a), 1.67 – 1.84 (2 H, m, H-4a), 

1.85 – 1.94 (2 H, m, H-3b), 1.94 – 2.02 (2 H, m, H-4b), 2.24 – 2.34 (2 H, m, H-2a), 2.36 – 2.45 (2 

H, m, H-2b), 2.63 (2 H, dd, J = 13.5, 8.5, H-7a), 2.86 (2 H, dd, J = 13.5, 4.5, H-7b), 3.63 – 3.72 (2 H, 

m, H-5), 6.45 (1 H, br s, H-6); δC (100 MHz; CDCl3) 19.6 (C-3), 28.1 (C-4), 31.5 (C-2), 44.7 (C-7), 

51.2 (C-5), 172.2 (C-1); HRMS (ESI+) Found: 289.1039; C12H21N2O2S2 (M+H+) Requires 289.1039 

(−0.1 ppm error); Found: 311.0857; C12H20N2NaO2S2 (M+Na) Requires 311.0858 (0.3 ppm error). 
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(S)-5-(Hydroxymethyl)pyrrolidin-2-one (5.45) 

 

Following a literature procedure,321 (S)-pyroglutamic acid 5.43 (2.581 g, 20.0 mmol) was 

suspended in dry ethanol (9 mL) under an atmosphere of argon and cooled to 0 °C. Thionyl 

chloride (1.8 mL, 2.855 g, 24.0 mmol) was added and the reaction was brought to room 

temperature and stirred for 20 hours. The reaction mixture was concentrated in vacuo, and the 

residue was redissolved in ethyl acetate (50 mL), dried over K2CO3, filtered and concentrated in 

vacuo. The crude ethyl ester 5.44 (3.143 g) was dissolved in dry ethanol (16 mL) under an 

atmosphere of argon and cooled to 0 °C. Sodium borohydride (1.740 g, 46.0 mmol) was added, 

and the reaction was brought to room temperature and stirred for 20 hours. Acetic acid (6 mL) 

was added and the reaction was filtered and concentrated in vacuo. The crude product was 

purified via flash column chromatography (DCM/methanol 96:4 to 9:1) to yield the title product 

as a brown oil (1.116 g, 48%). Rf (DCM/methanol 9:1) 0.31; δH (400 MHz; CDCl3) 1.75- 1.89 (1 H, 

m, H-1/2), 2.13 – 2.27 (1 H, m, H-1/2), 2.28 – 2.47 (2 H, m, H-1/2), 3.43 – 3.55 (1 H, m, H-5a), 

3.66 – 3.76 (1 H, m, H-5b), 3.78 – 3.88 (1 H, m, H-3), 6.88 – 7.25 (1 H, br m, H-4). Spectroscopic 

data match those reported previously.361  
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(S)-S-((5-Oxopyrrolidin-2-yl)methyl) ethanethioate (5.46) 

 

Based on a literature procedure,318 to a dry round-bottomed flask, triphenylphosphine (2.990 g, 

11.4 mmol) and DIAD (2.2 mL, 2.305 g, 11.4 mmol) were dissolved in dry THF (38 mL) under an 

atmosphere of argon and cooled to 0 °C. The mixture was stirred for 20 minutes before a solution 

of 5.45 (1.094 g, 9.5 mmol) and thioacetic acid 5.40 (0.8 mL, 868 mg, 11.4 mmol) in dry THF (21 

mL) was added. The reaction mixture was brought to room temperature and stirred for 18 hours. 

The reaction mixture was concentrated in vacuo. The crude product was purified via flash 

column chromatography (ethyl acetate) to yield the title product as a yellow oil (1.144 g, 70%). 

Rf (ethyl acetate) 0.18; δH (400 MHz; CDCl3) 1.75 – 1.87 (1 H, m, H-1/2), 2.25 – 2.49 (3 H, m, H-

1,2), 2.38 (3 H, s, H-6), 2.90 (1 H, dd, J = 14.0, 6.0, H-5a), 3.18 (1 H, dd, J = 14.0, 5.0, H-5b), 3.84 

– 3.92 (1 H, m, H-3), 5.92 (1 H, br s, H-4). Spectroscopic data match those reported previously.318 
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6-Ethylpiperidin-2-one (5.48) 

 

Following a literature procedure,322 to a dry round-bottomed flask, piperidine-2,6-dione 5.47 

(1.450 g, 12.8 mmol) was dissolved in dry THF (51 mL) under an atmosphere of argon and cooled 

to 0 °C. Ethyl magnesium bromide (13 mL, 38.5 mmol, 3 M in Et2O) was added and the reaction 

was brought to room temperature and stirred for 19 hours. Sodium cyanoborohydride (885 mg, 

14.1 mmol) and acetic acid (3.7 mL, 3.843 g, 64.0 mmol) were added and stirred at room 

temperature for 1 hour. A saturated aq. NaHCO3 solution (50 mL) was added, and the product 

was extracted with ethyl acetate (3 x 50 mL), dried using Na2SO4 and concentrated in vacuo. The 

crude product was purified via flash column chromatography (diethyl ether to diethyl 

ether/methanol 98:2) to yield the title product as a white solid (770 mg, 47%). Rf (diethyl 

ether/methanol 98:2) 0.28; δH (500 MHz; CDCl3) 0.95 (3 H, t, J = 7.5, H-7), 1.31 – 1.41 (1 H, m, H-

Alk), 1.52 (2 H, pent., J = 7.5, H-6), 1.64 – 1.75 (1 H, m, H-Alk), 1.87 – 1.96 (2 H, m, H-Alk), 2.29 

(1 H, ddd, J = 17.5, 11.0, 6.0, H-1a), 2.36 – 2.44 (1 H, m, H-1b), 3.26 – 3.33 (1 H, m, H-4), 5.85 (1 

H, br s, H-5). Spectroscopic data match those reported previously.322 
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7.4.2 Michael Acceptor Synthesis 

(E)-3-Benzylidene-1-ethylpyrrolidine-2,5-dione (5.50) 

 

Following a literature procedure,324 N-ethyl maleimide 5.49 (125 mg, 1.0 mmol) and 

triphenylphosphine (315 mg, 1.2 mmol) were dissolved in ethanol (8 mL) and stirred for 5 

minutes. Benzaldehyde 1.36 (0.14 mL, 144 mg, 1.4 mmol) was added and the reaction mixture 

was stirred at room temperature for 18 hours. The mixture was concentrated in vacuo and the 

crude product was purified via flash column chromatography (hexane/ethyl acetate 8:2 to 7:3) 

to yield the title product as a white solid (147 mg, 68%). Rf (hexane/ethyl acetate 8:2) 0.37; δH 

(400 MHz; CDCl3) 1.26 (3 H, t, J = 7.5, H-1), 3.58 (2 H, d, J = 2.5, H-3), 3.71 (2 H, q, J = 7.5, H-2), 

7.40 – 7.53 (5 H, m, H-Ar), 7.63 (1 H, t, J = 2.5, H-4). Spectroscopic data match those reported 

previously.324  

 

1-Phenylprop-2-yn-1-ol (1.5) 

 

Following a literature procedure,327 benzaldehyde 1.36 (1.0 mL, 1.061 g, 1.0 mmol) was dissolved 

in dry THF (20 mL) under an atmosphere of argon and cooled to −78 °C. Ethynyl magnesium 

bromide (48 mL, 24.0 mmol, 0.5 M in THF) was added and the reaction mixture was brought to 

room temperature and stirred for 2.5 hours. The reaction was quenched with saturated aq. 

NH4Cl (50 mL) and the product was extracted with DCM (3 x 50 mL). The organic extracts were 

combined and dried over MgSO4, filtered and concentrated in vacuo. The crude product was 

purified via flash column chromatography (DCM/hexane 4:1) to yield the title product as a pale, 

yellow oil (1.073 g, 81%). Rf (DCM/hexane 4:1) 0.33; δH (400 MHz; CDCl3) 2.19 (1 H, d, J = 6.5, H-

3), 2.69 (1 H, d, J = 2.5, H-1), 5.49 (1 H, dd, J = 6.5, 2.5, H-2), 7.33 – 7.43 (3 H, m, H-5,6), 7.55 – 

7.99 (2 H, m, H-4). Spectroscopic data match those reported previously.327   



 
 

346 
 

1-Phenylprop-2-yn-1-one (5.52) 

 

Following a literature procedure,326 1-phenylprop-2-yn-1-ol 1.5 (1.073 g, 8.1 mmol) was 

dissolved in DCM (27 mL) and activated magnesium oxide (4.929 g, 56.7 mmol) was added. The 

reaction mixture was stirred at room temperature for 20 hours, then filtered through Celite and 

concentrated in vacuo. The crude product was purified via flash column chromatography 

(hexane/ethyl acetate 30:1) to yield the title product as a pale, brown solid (451 mg, 43%). Rf 

(hexane/ethyl acetate 30:1) 0.30; δH (400 MHz; CDCl3) 3.45 (1 H, s, H-1), 7.49 – 7.55 (2 H, m, H-

3), 7.62 – 7.68 (1 H, m, H-4), 8.16 – 8.20 (2 H, m, H-2). Spectroscopic data match those reported 

previously.326  
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7.4.3 Thiol Coupling 

3-((tert-Butoxycarbonyl)(methyl)amino)propanoic acid (5.54) 

 

Following a literature procedure,328 to a dry round-bottomed flask, N-Boc β-alanine 5.53 (946 

mg, 5.0 mmol) and methyl iodide (3.2 mL, 7.097 g, 50.0 mmol) were dissolved in dry THF (50 mL) 

under an atmosphere of argon. The reaction mixture was cooled to 0 °C and sodium hydride 

(2.000 g, 50.0 mmol, 60% w/w dispersion in mineral oil) was added. The reaction mixture was 

stirred for 30 minutes before being brought to room temperature and stirred for a further 17 

hours. The reaction was quenched with the addition of deionised water (50 mL) and the organic 

soluble impurities were extracted with ethyl acetate (4 x 50 mL). The aqueous extract was 

acidified to pH = 3 with aq. HCl (1 M, 10 mL) and extracted with ethyl acetate (3 x 50 mL). The 

organic extracts were combined and dried over Na2SO4, filtered and concentrated in vacuo. The 

title product was isolated as a brown oil without further purification (938 mg, 92%). δH (400 MHz; 

CDCl3) 1.46 (9 H, s, H-5), 2.59 – 2.67 (2 H, br m, H-2), 2.90 (3 H, s, H-4), 3.53 (2 H, t, J = 7.0, H-3). 

Spectroscopic data match those reported previously.328 
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(S)-S-((6-Oxopiperidin-2-yl)methyl) 3-((((9H-fluoren-9-yl)methoxy)carbonyl)(benzyl) 

amino)propanethioate (5.56) 

 

Based on a reported procedure,304 to a dry round-bottomed flask, 5.55 (161 mg, 0.4 mmol), 

HATU (152 mg, 0.4 mmol) and DIPEA (70 μL, 52 mg, 0.3 mmol) were dissolved in dry DMF (1 mL) 

under an atmosphere of argon. To this a solution of 5.21 (44 mg, 0.3 mmol) in dry DMF (1.3 mL) 

under an atmosphere of argon, was added and the reaction was stirred at room temperature 

for 4 hours. The reaction was concentrated in vacuo, then the residue was dissolved in ethyl 

acetate (20 mL) and deionised water (10 mL) was added. The product was extracted with ethyl 

acetate (5 x 10 mL). The organic extracts were combined and washed with sat. aq. NaCl (3 x 20 

mL), dried with MgSO4, filtered, and concentrated in vacuo. The crude product was purified via 

flash column chromatography (ethyl acetate) to give the title product as a mixture with 

tetramethylurea as an orange oil (75 mol% 5.56 by 1H NMR, 98 mg of mixture, calculated 90 mg 

of product, 57%.) 

To avoid the impurity, 5.56 was made using an alternative method. To a dry round-bottomed 

flask, 5.55 (161 mg, 0.4 mmol), T3P (235 mg, 0.4 mmol, 50% w/w in ethyl acetate) and DIPEA 

(0.1 mL, 78 mg, 0.6 mmol) were dissolved in dry DCM (4 mL) under an atmosphere of argon. To 

this a solution of 5.21 (44 mg, 0.3 mmol) in dry DCM (0.6 mL) under an atmosphere of argon, 

was added and the reaction was stirred at room temperature for 21 hours. The reaction was 

diluted with deionised water (15 mL) and the product was extracted with ethyl acetate (3 x 15 

mL). The organic extracts were dried with MgSO4, filtered, and concentrated in vacuo. The crude 

product was purified via flash column chromatography (ethyl acetate) to yield the title product 

as an orange oil, which exists as a mixture of rotamers in CDCl3 (denoted as A and B) (86 mg, 

54%, A:B = 1.1:1). Rf (ethyl acetate) 0.20; νmax (thin film)/cm-1 3280, 3065, 2950, 1692, 1660, 1476, 

1451, 1419, 736; δH (400 MHz; CDCl3) 1.35 – 1.48 (2 H, m, H-4a, A and B), 1.61 – 1.74 (2 H, m, H-

3a, A and B), 1.82 – 1.96 (4 H, m, H-3b,4b, A and B), 2.23 – 2.33 (2 H, m, H-2a, A and B), 2.33 – 

2.43 (4 H, m, H-2b, A and B, and H-9, B), 2.79 – 2.90 (4 H, m, H-7a, A and B, and H-9, A), 3.03 – 

3.13 (2 H, m, H-7b, A and B), 3.21 (2 H, t, J = 6.5, H-10, B), 3.44 – 3.51 (2 H, m, H-5, A and B), 3.55 
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(2 H, t, J = 6.5, H-10, A), 4.22 (1 H, t, J = 6.0, H-18, A), 4.26 (1 H, t, J = 5.0, H-18, B), 4.37 (2 H, s, 

H-11, A), 4.40 (2 H, s, H-11, B), 4.53 (2 H, d, J = 6.0, H-17, A), 4.68 (2 H, d, J = 5.0, H-17, B), 6.26 

(1 H, br s, H-6, A), 6.30 (1 H, br s, H-6, B), 7.00 – 7.07 (2 H, m, H-Ar, A), 7.10 – 7.16 (2 H, m, H-Ar, 

B), 7.21 – 7.50 (X H, m, H-Ar, A and B), 7.61 (2 H, d, J = 7.5, H-23, B), 7.73 (2 H, d, J = 7.5, H-20, 

A), 7.77 (2 H, d, J = 7.5, H-20, B); δC (100 MHz; CDCl3) 19.3 (2 x C-3, A and B), 27.6 (2 x C-4, A and 

B), 31.3 (2 x C-2, A and B), 34.7 (2 x C-7, A and B), 42.4 (C-9, A or C-10, B), 42.5 (C-9, A or C-10, 

B), 42.6 (C-9, B), 43.7 (C-10, A), 47.3 (C-18, A or B), 47.6 (C-18, A or B), 51.1 (C-11, A or B), 51.3 

(C-11, A or B), 52.3 (C-5, A or B), 52.4 (C-5, A or B), 66.9 (C-17, B), 67.5 (C-17, A), 120.0 (C-20, A 

or B), 120.1 (C-20, A or B), 124.8 (C-23, A or B), 124.9 (C-23, A or B), 127.1 (CH, C-Ar, A or B), 

127.3 (CH, C-Ar, A or B), 127.6 (CH, C-Ar, A or B), 127.7 (CH, C-Ar, A or B), 127.8 (CH, C-Ar, A or 

B), 127.9 (CH, C-Ar, A or B), 128.7 (CH, C-Ar, A or B), 128.8 (CH, C-Ar, A or B), 137.3 (C-12, A), 

137.4 (C-12, B), 141.4 (C, C-19/24, A or B), 141.5 (C, C-19/24, A and B), 143.9 (2 x C, C-19/24, A 

and B), 156.1 (C-16, A), 156.3 (C-16, B), 172.3 (2 x C-1, A and B), 196.6 (C-8, B), 196.9 (C-8, A); 

HRMS (ESI+) Found: 529.5127; C31H33N2O4S (M+H+) Requires 529.5216 (−0.3 ppm error); Found: 

551.1967; C31H32N2NaO4S (M+Na) Requires 551.1975 (1.4 ppm error). 

Note that two aromatic CH carbon resonances could not be found in the 13C NMR spectra. It is 

believed that they are overlapping with other resonances. 
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(S)-S-((6-Oxopiperidin-2-yl)methyl) 3-((tert-butoxycarbonyl)(methyl)amino) propanethioate 

(5.57) 

 

To a dry round-bottomed flask, 5.54 (87 mg, 0.6 mmol), T3P (955 mg, 1.5 mmol, 50% w/w in 

ethyl acetate) and DIPEA (0.4 mL, 310 mg, 2.4 mmol) were dissolved in dry DCM (15 mL) under 

an atmosphere of argon. To this a solution of 5.21 (87 mg, 0.6 mmol) in dry DCM (1 mL) under 

an atmosphere of argon, was added and the reaction was stirred at room temperature for 21 

hours. The reaction was diluted with deionised water (5 mL) and the product was extracted with 

ethyl acetate (3 x 20 mL). The organic extracts were dried with MgSO4, filtered, and concentrated 

in vacuo. The crude product was purified via flash column chromatography (ethyl acetate/acetic 

acid 98:2) to yield the title product as a yellow oil (103 mg, 52%). Note that the 13C NMR spectrum 

showed that the product exists as a mixture of rotamers in CDCl3 (A and B). The rotamers are 

indistinguishable in the 1H NMR spectrum, however based on the 13C NMR spectrum, the 

rotamers are approximately in a 1:1 ratio. Rf (ethyl acetate/acetic acid 98:2) 0.30; νmax (thin 

film)/cm-1 3218, 2933, 1688, 1660, 1480, 1146, 728; δH (400 MHz; CDCl3) 1.31 – 1.45 (10 H, m, 

H-4a,14, A and B), 1.57 – 1.69 (1 H, m, H-3, A and B), 1.79 – 1.91 (2 H, m, H-3b,4b, A and B), 2.17 

– 2.27 (1 H, m, H-2a, A and B), 2.27 – 2.35 (1 H, m, H-2b, A and B), 2.67 – 2.83 (5 H, m, H-8/9 and 

11, A and B), 2.83 – 2.93 (1 H, m ,H-7a, A and B), 3.06 (1 H, dd, J = 14.0, 5.5, H-7b, A and B), 3.38 

– 3.55 (3 H, m, H-5 and 8/9, A and B), 6.59 (1 H, br s, H-6, A and B); δC (100 MHz; CDCl3) 18.9 (2 

x C-3, A and B), 26.5 (2 x C-4, A and B), 27.9 (2 x C-14, A and B), 30.7 (2 x C-2, A and B), 33.8 (2 x 

C-7, A and B), 34.4 (C-11, A or B), 34.6 (C-11, A or B), 41.9 (C-9/10, A or B), 42.3 (C-9/10, A or B), 

44.9 (C-9/10, A or B), 51.8 (2 x C-5, A and B), 79.2 (2 x C-13, A and B), 154.8 (C-12, A or B), 154.9 

(C-12, A or B), 172.2 (2 x C-1, A and B), 196.2 (C-8, A or B), 196.4 (C-8, A or B); HRMS (ESI+) Found: 

353.1500; C15H26N2NaO4S (M+Na) Requires 353.1505 (1.7 ppm error). 
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(S)-S-((6-Oxopiperidin-2-yl)methyl) 3-(benzyloxy)propanethioate (5.59) 

 

To a dry round-bottomed flask, 3-(benzyloxy)propanoic acid 5.58 (270 mg, 1.5 mmol), T3P (955 

mg, 1.5 mmol, 50% w/w in ethyl acetate) and DIPEA (0.4 mL, 310 mg, 2.4 mmol) were dissolved 

in dry DCM (15 mL) under an atmosphere of argon. To this a solution of 5.21 (87 mg, 0.6 mmol) 

in dry DCM (1 mL) under an atmosphere of argon, was added and the reaction was stirred at 

room temperature for 21 hours. The reaction was diluted with deionised water (5 mL) and the 

product was extracted with ethyl acetate (3 x 20 mL). The organic extracts were dried with 

MgSO4, filtered, and concentrated in vacuo. The crude product was purified via flash column 

chromatography (ethyl acetate) to yield the title product as a white solid (91 mg, 49%). Rf (ethyl 

acetate) 0.16; mp 47 – 48 °C; νmax (thin film)/cm-1
 3210, 3063, 2949, 2868, 1688, 1659, 1406, 

1306, 1100, 738, 698; δH (400 MHz; CDCl3) 1.38 – 1.50 (1 H, m, H-3a/4a), 1.60 – 1.74 (1 H, m, H-

3a/4b), 1.82 – 1.97 (2 H, m, H-3b,4b), 2.20 – 2.31 (1 H, m, H-2a), 2.31 – 2.40 (1 H, m, H-2b), 2.87 

(2 H, t, J = 6.0, H-9), 2.90 (1 H, dd, J = 14.0, 6.5, H-7a), 3.14 (1 H, dd, J = 14.0, 5.5, H-7b), 3.49 – 

3.55 (1 H, m, H-5), 3.75 (3 H, t, J = 6.0, H-10), 4.51 (2 H, s, H-11), 6.32 (1 H, br s, H-6), 7.25 – 7.26 

(5 H, m ,H-Ar); δC (100 MHz; CDCl3) 19.4 (C-3), 27.6 (C-4), 31.3 (C-2), 34.7 (C-7), 44.5 (C-9), 52.5 

(C-5), 65.6 (C-10), 73.2 (C-11), 127.7 (CH, C-Ar), 127.8 (CH, C-Ar), 128.5 (CH, C-Ar), 137.9 (C-12), 

172.3 (C-1), 196.7 (C-8); HRMS (ESI+) Found: 308.1312; C16H22NO3S (M+H+) Requires 308.1315 

(1.0 ppm error); Found: 330.1127; C16H21NNaO3S (M+Na) Requires 330.1134 (2.1 ppm error). 
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7.4.4 Michael Acceptor Screening 

Nucleophilic Addition to N-ethyl maleimide (5.49) 

 

Based on a literature procedure,331 isobutyl mercaptan 5.77 (11 μL, 9 mg, 0.1 mmol) or 5.48 (13 

mg, 0.1 mmol) were dissolved in chloroform (1 mL), and N-ethyl maleimide 5.49 (12 mg, 0.1 

mmol) and triethylamine (29 μL, 20 mg, 0.2 mmol) were added. The reactions were stirred for 1 

hour, then concentrated in vacuo, and a 1H NMR spectrum was recorded. No nucleophilic 

addition to 5.49 was seen when 5.48 was the nucleophile. However, nucleophilic addition was 

seen when isobutyl mercaptan 5.77 was used, to yield 1-ethyl-3-(isobutylthio)pyrrolidine-2,5-

dione (5.79), which wasn’t isolated. The 1H NMR data for 5.79 is reported here: 

 

δH (400 MHz; CDCl3) 1.01 (6 H, d, J = 6.5, H-1), 1.18 (3 H, t, J = 7.0, H-7), 1.87 (1 H, m, H-2), 2.64 

(1 H, dd, J = 12.5, 7.5, H-3a), 2.78 (1 H, dd, J = 12.5, 6.5, H-3b), 2.51 (1 H, dd, J = 18.5, 3.5, H-5a), 

3.11 (1 H, dd, J = 18.5, 9.0, H-5b) 3.57 (2 H, q, J = 7.0, H-6), 3.67 (1 H, dd, J = 9.0, 3.5, H-4). 
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Nucleophilic Addition to 5.50 

 

Isobutyl mercaptan 5.77 (11 μL, 9 mg, 0.1 mmol) or 5.48 (13 mg, 0.1 mmol) were dissolved in 

dry THF (1 mL) under an atmosphere of argon, and 5.50 (21 mg, 0.1 mmol) and triethylamine 

(29 μL, 20 mg, 0.2 mmol) were added. The reactions were stirred for 19 hours, then 

concentrated in vacuo, and a 1H NMR spectrum was recorded. No nucleophilic addition to 5.50 

was seen with either 5.48 or 5.77 was used as the nucleophile. 
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Nucleophilic Addition to Ynone 3.27 

 

Based on a literature procedure,338 isobutyl mercaptan 5.77 (22 μL, 18 mg, 0.2 mmol) or 5.48 

(25 mg, 0.2 mmol) were dissolved in chloroform (0.3 mL), and 4-phenyl-3-butyne-2-one 3.27 (29 

μL, 29 mg, 0.2 mmol) and potassium carbonate (28 mg, 0.2 mmol) were added. The reactions 

were heated to 80 °C and stirred for 1 hour, then concentrated in vacuo, and a 1H NMR spectrum 

was recorded. No nucleophilic addition to 3.27 was seen when 5.48 was the nucleophile. 

However, nucleophilic addition was seen when isobutyl mercaptan 5.77 was used, to yield 4-

(isobutylthio)-4-phenylbut-3-en-2-one (5.82) as a mixture of stereoisomers (E:Z = 2:1), which 

wasn’t isolated. The 1H NMR data for 5.82 is reported here: 

 

δH (400 MHz; CDCl3) 0.82 (6 H, d, J = 7.0, H-1, E), 1.03 (6 H, d, J = 6.5, H-1, Z), 1.61 (1 H, m, H-2, 

E), 1.77 (3 H, s, H-5, Z), 1.95 (1 H, m, H-2, Z), 2.24 (2 H, d, J, 7.0, H-3, E), 2.27 (3 H, s, H-5, E), 2.65 

(2 H, d, J = 7.0, H-3, Z), 6.05 (1 H, s, H-4, Z), 6.31 (1 H, s, H-4, Z), 7.27 – 7.33 (4 H, m, H-Ar, E and 

Z), 7.35 – 7.41 (6 H, m, H-Ar, E and Z). 
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7.4.5 Acyl Transfer Products 

(S)-S-((6-Oxo-1-propionylpiperidin-2-yl)methyl) ethanethioate (5.74) 

 

To a dry round-bottomed flask, 5.41 (38 mg, 0.2 mmol) was dissolved in dry THF (2 mL) under 

an atmosphere of argon, and propionyl chloride 5.67 (26 μL, 28 mg, 0.3 mmol) and pyridine (16 

μL, 16 mg, 0.2 mmol) were added and the reaction was stirred for 22 hours. The reaction was 

diluted with deionised water (10 mL) and the product was extracted with ethyl acetate (4 x 10 

mL). The organic extracts were combined, dried over MgSO4, filtered, and concentrated in 

vacuo. The crude product was purified via flash column chromatography (hexane/ethyl acetate 

8:2) to yield the title product as a pale, yellow oil (28 mg, 58%). Rf (hexane/ethyl acetate 8:2) 

0.23; νmax (thin film)/cm-1 3288, 2926, 1690, 1662, 1352, 1166, 626; δH (400 MHz; CDCl3) 1.12 (3 

H, t, J = 7.5, H-8), 1.70 – 1.85 (2 H, m, H-3a,4a), 1.85 – 1.95 (1 H, m, H-3b/4b), 1.85 – 2.10 (1 H, 

m, H-3b/4b), 2.34 (3 H, s, H-11), 2.51 (1 H, ddd, J = 18.0, 9.5, 7.0, H-2a), 2.57 – 2.67 (1 H, m, H-

2b), 2.75 (1 H, dd, J = 18.0, 7.5, H-7a), 2.92 (1 H, dd, J = 18.0, 7.5, H-7b), 2.98 (1 H, dd, J = 13.5, 

4.5, H-9a), 3.25 (1 H, dd, J = 13.5, 9.0, H-9b), 4.64 (1 H, dq, J = 9.0, 4.5, H-5), δC (100 MHz; CDCl3) 

9.4 (C-8), 17.0 (C-3/4), 25.0 (C-3/4), 30.6 (C-11), 31.3 (C-2), 32.9 (C-7), 34.6 (C-9), 52.5 (C-5), 173.6 

(C-1/6), 177.6 (C-1/6), 194.8 (C-10); HRMS (ESI+) Found: 266.0826; C11H17NNaO3S (M+Na) 

Requires 266.0821 (−1.7 ppm error). 
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(S)-S-((5-Oxo-1-propionylpyrrolidin-2-yl)methyl) ethanethioate (5.76) 

 

To a dry round-bottomed flask, 5.46 (35 mg, 0.2 mmol) was dissolved in dry THF (2 mL) under 

an atmosphere of argon, and propionyl chloride 5.67 (26 μL, 28 mg, 0.3 mmol) and pyridine (16 

μL, 16 mg, 0.2 mmol) were added and the reaction was stirred for 22 hours. The reaction was 

diluted with deionised water (10 mL) and the product was extracted with ethyl acetate (4 x 10 

mL). The organic extracts were combined, dried over MgSO4, filtered, and concentrated in 

vacuo. The crude product was purified via flash column chromatography (hexane/ethyl acetate 

8:2) to yield the title product as a pale, yellow oil (16 mg, 35%). Rf (hexane/ethyl acetate 8:2) 

0.21; νmax (thin film)/cm-1 2980, 2941, 1739, 1695, 1364, 1226, 625; δH (600 MHz; CDCl3) 1.15 (3 

H, t, J = 7.5, H-10), 1.83 (1 H, ddt, J = 13.5, 9.5, 2.0, H-3a), 2.11 (1 H, dq, J = 13.5, 10.0, H-3b), 2.37 

(3 H, s, H-7), 2.49 (1 H, ddd, J = 18.0, 10.0, 2.0, H-2a), 2.81 (1 H, ddd, J = 18.0, 10.0, 9.5, H-2b), 

2.90 (2 H, q, J = 7.5, H-9), 3.20 (1 H, dd, J = 14.0, 3.0, H-5a), 3.37 (1 H, dd, J = 14.0, 7.5, H-5b), 

4.56 (1 H, dddd, J = 9.5, 7.5, 3.0, 2.0, H-4); δC (151 MHz; CDCl3) 8.4 (C-10), 21.7 (C-3), 30.7 (C-

7/9), 30.9 (C-7/9), 31.4 (C-5), 32.4 (C-2), 56.3 (C-4), 175.1 (C-1/8), 175.5 (C-1/8), 195.0 (C-6); 

HRMS (ESI+) Found: 252.0670; C10H15NNaO3S (M+Na) Requires 252.0665 (2.0 ppm error). 
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(S)-1-Acetyl-6-(((3-oxo-1-phenylbut-1-en-1-yl)thio)methyl)piperidin-2-one (5.84) 

 

To a dry round-bottomed flask, 5.41 (26 mg, 0.1 mmol) and 4-phenyl-3-butyne-2-one 3.27 (29 

μL, 29 mg, 0.2 mmol) were dissolved in dry acetonitrile (0.2 mL) under an atmosphere of argon, 

and potassium carbonate (29 mg, 0.2 mmol) was added. The reaction mixture was stirred at 40 

°C for 18 hours. The mixture was concentrated in vacuo and the crude product was purified via 

flash column chromatography (hexane/ethyl acetate 9:1 to 7:3) to yield the title product as a 

yellow oil, as a mixture of E and Z stereoisomers (34 mg, 72%, E:Z = 7:3). Rf (hexane/ethyl acetate 

7:3) 0.15; νmax (thin film)/cm-1 3280, 3058, 2952, 1693, 1657, 1538, 1365, 1235, 1174, 762, 730, 

700; δH (400 MHz; CDCl3) 1.60 – 1.74 (4 H, m, H-Alk, E and Z), 1.78 – 1.89 (2 H, m, H-Alk, E and 

Z), 1.89 (3 H, s, H-12, Z), 2.06 – 2.11 (1 H, m, H-Alk, E), 2.18 – 2.24 (1 H, m, H-Alk, Z), 2.27 (3 H, s, 

H-12, E), 2.34 (3 H, s, H-7, E), 2.40 – 2.44 (2 H, m, H-2, E), 2.48 (3 H, s, H-7, Z), 2.49 – 2.52 (1 H, 

m, H-8a, E), 2.55 – 2.58 (2 H, m, H-2, Z), 2.68 (1 H, dd, J = 13.0, 4.5, H-8b, E), 2.76 (1 H, dd, J = 

13.5, 10.0, H-8a, Z), 3.16 (1 H, dd, J = 13.5, 4.0, H-8b, Z), 4.44 – 4.49 (1 H, m, H-5, E), 4.78 – 4.84 

(1 H, m, H-5, Z), 6.37 (1 H, s, H-10, E), 6.42 (1 H, s, H-10, Z), 7.28 – 7.37 (4 H, m, H-Ar, E and Z), 

7.35 – 7.42 (6 H, m, H-Ar, E and Z); δC (100 MHz; CDCl3) 16.9 (C-3, Z), 16.9 (C-3, E), 24.7 (C-4, E), 

25.0 (C-4, Z), 27.5 (C-7, E), 27.6 (C-7, Z), 30.6 (C-12, Z), 30.8 (C-12, E), 34.3 (C-2, E), 34.4 (C-2, Z), 

34.6 (C-8, Z), 34.9 (C-8, E), 51.2 (C-5, Z), 52.5 (C-5, E), 122.4 (C-10, Z), 124.9 (C-10, E), 128.2 (CH, 

C-Ar, E), 128.5 (CH, C-Ar, Z), 128.7 (CH, C-Ar, Z), 128.8 (CH, C-Ar, E), 129.3 (CH, C-Ar, Z), 129.6 

(CH, C-Ar, E), 137.2 (C-13, Z), 138.3 (C-13, E), 156.0 (C-9, Z), 158.1 (C-9, E), 173.0 (C-1/6, E), 173.3 

(C-1/6, Z), 173.4 (C-1/6, E), 173.7 (C-1/6, Z), 195.9 (C-11, Z), 196.1 (C-11, E); HRMS (ESI+) Found: 

354.1127; C18H21NNaO3S (M+Na) Requires 354.1134 (−2.0 ppm error). 
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(S)-S-((1-Acetyl-6-oxopiperidin-2-yl)methyl) ethanethioate (5.85)  

 

Isolated as a side-product from the acyl transfer reaction of 5.41, using the unoptimised 

conditions. 5.41 (37 mg, 0.2 mmol) and 4-phenyl-3-butyne-2-one 3.27 (29 μL, 29 mg, 0.2 mmol) 

were dissolved in chloroform (0.3 mL), and potassium carbonate (28 mg, 0.2 mmol) was added 

and the reaction mixture was stirred at 80 °C for 18 hours. The mixture was concentrated in 

vacuo and the crude product was purified via flash column chromatography (hexane/ethyl 

acetate 9:1 to 7:3) to yield the title product as a pale, yellow oil (8 mg, 34%). Rf (hexane/ethyl 

acetate 7:3) 0.41; νmax (thin film)/cm-1
 3376, 2922, 2851, 1691, 1380, 1367, 1244; δH (400 MHz; 

CDCl3) 1.75 – 1.85 (2 H, m, H-3a and H-4a), 1.89 – 1.85 (1 H, m, H-4b), 2.00 – 2.11 (1 H, m, H-3b), 

2.35 (3 H, s, H-8), 2.48 (3 H, s, H-10), 2.50 – 2.57 (1 H, m, H-2a), 2.60 – 2.66 (1 H, m, H-2b), 3.00 

(1 H, dd, J = 13.5, 4.0, H-6a), 3.27 (1 H, dd, J = 13.5, 9.0, H-6b), 4.67 (1 H, dddd, J = 9.0, 4.5, 4.0, 

4.0, H-5); δC (100 MHz; CDCl3) 17.1 (C-3), 25.0 (C-4), 27.7 (C-10), 30.6 (C-8), 31.3 (C-6), 34.6 (C-

2), 52.4 (C-5), 173.5 (C, C-1 or C-10), 173.8 (C, C-1 or C-10), 194.8 (C-7); HRMS (ESI+) Found: 

C10H16NO3S; 230.0841 (M+H+) Requires 230.0845 (−1.7 ppm error); Found: C10H15NNaO3S; 

252.0655 (M+Na) Requires 252.0665 (−4.3 ppm error). 
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(S)-1-Acetyl-5-(((3-oxo-1-phenylbut-1-en-1-yl)thio)methyl)pyrrolidin-2-one (5.89) 

 

To a dry round-bottomed flask, 5.46 (52 mg, 0.30 mmol) and 4-phenyl-3-butyne-2-one 3.27 (65 

μL, 65 mg, 0.45 mmol) were dissolved in dry acetonitrile (1 mL) under an atmosphere of argon, 

and potassium carbonate (62 mg, 0.45 mmol) was added. The reaction mixture was stirred at 40 

°C for 20 hours. The mixture was concentrated in vacuo and the crude product was purified via 

flash column chromatography (hexane/ethyl acetate 1:1) to yield the title product as an orange 

oil, as a mixture of E and Z stereoisomers (70 mg, 73%, E:Z = 7:3). Rf (hexane/ethyl acetate 1:1) 

0.32; νmax (thin film)/cm-1 3301, 3059, 2932, 1737, 1692, 1658, 1538, 1359, 1288, 1269, 762, 700; 

δH (600 MHz; CDCl3) 1.89 (3 H, s, H-11, Z), 1.94 – 2.08 (4 H, m, H-Alk, E and Z), 2.26 (3 H, s, H-11, 

E), 2.35 (3 H, s, H-6, E), 2.35 – 2.41 (1 H, m, H-2a, E), 2.48 (3 H, s, H-6, Z), 2.50 – 2.58 (2 H, m, H-

2a, E and Z), 2.65 (1 H, dd, J = 13.5, 8.0, H-7a, E), 2.68 – 2.74 (1 H, m, H-2b, Z), 2.80 (1 H, dd, J = 

13.5, 9.0, H-7a, Z), 2.84 (1 H, dd, J = 13.5, 3.5, H-7b, E), 3.28 (1 H, dd, J = 13.5, 3.0, H-7b, Z), 4.30 

(1 H, dddd, J = 9.0, 8.5, 3.0, 2.0, H-4, E), 4.58 – 4.63 (1 H, m, H-4, Z), 6.38 (1 H, s, H-9, E), 6.46 (1 

H, s, H-9, Z), 7.26 – 7.30 (4 H, m, H-Ar, E and Z), 7.34 – 7.41 (6 H, m, H-Ar, E and Z); δC (151 MHz; 

CDCl3) 21.6 (C-3, E), 22.0 (C-3, Z), 25.3 (2 x C-6, E and Z), 30.6 (C-11, Z), 30.9 (C-11, E), 31.6 (C-2, 

Z), 31.7 (C-2, E), 34.6 (C-7, Z), 34.8 (C-7, E), 54.9 (C-4, Z), 56.2 (C-4, E), 122.1 (C-9, Z), 125.0 (C-9, 

E), 128.2 (CH, C-Ar, E), 128.5 (CH, C-Ar, Z), 128.6 (CH, C-Ar, Z), 128.9 (CH, C-Ar, E), 129.4 (CH, C-

Ar, E), 129.6 (CH, C-Ar, Z), 137.0 (C-12, Z), 138.0 (C-12, E), 155.7 (C-8, Z), 157.9 (C-8, E), 170.6 (C-

1/5, E), 171.2 (C-1/5, Z), 175.1 (C-1/5, Z), 175.3 (C-1/5, E), 195.8 (C-10, Z), 196.0 (C-10, E); HRMS 

(ESI+) Found: 318.1157; C17H20NO3S (M+H+) Requires 318.1158 (0.5 ppm error); Found: 340.0974; 

C17H19NNaO3S (M+Na) Requires 340.0978 (1.2 ppm error). 
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(S)-1-Acetyl-6-(((3-oxo-3-phenylprop-1-en-1-yl)thio)methyl)piperidin-2-one (5.90) 

 

To a dry round-bottomed flask, 5.41 (37 mg, 0.2 mmol) and 5.52 (39 mg, 0.3 mmol) were 

dissolved in dry acetonitrile (0.3 mL) under an atmosphere of argon, and potassium carbonate 

(42 mg, 0.3 mmol) was added. The reaction mixture was stirred at 40 °C for 18 hours. The mixture 

was concentrated in vacuo and the crude product was purified via flash column chromatography 

(hexane/ethyl acetate 9:1 to 7:3) to yield the title product as an orange solid, as a mixture of E 

and Z stereoisomers (31 mg, 49%, E:Z = 58:42). Rf (hexane/ethyl acetate 7:3) 0.27, 0.20; mp 53 – 

58 °C; νmax (thin film)/cm-1 3060, 2954, 2925, 1689, 1640, 1531, 1378, 1367, 1237, 733, 694; δH 

(400 MHz; CDCl3) 1.72 – 1.92 (6 H, m, H-3,4a, E and Z), 2.21 – 2.29 (1 H, m, H-4b, E), 2.29 – 2.36 

(1 H, m, H-4b, Z), 2.52 (3 H, s, H-7, Z), 2.52 (3 H, s, H-7, E), 2.55 – 2.66 (4 H, m, H-2, E and Z), 2.72 

– 2.87 (2 H, m, H-8a, E and Z), 2.99 – 3.06 (1 H, m, H-8b, Z), 3.38 (1 H, dd, J = 14.0, 3.5, H-8b, E), 

4.61 (1 H, ddt, J = 11.5, 6.0, 3.0, 3.0, H-5, Z), 4.81 (1 H, ddd, J = 11.0, 5.5, 3.5, H-5, E), 7.17 (1 H, 

d, J = 10.0, H-10, Z), 7.42 (1 H, d, J = 15.0, H-10, E), 7.44 – 7.59 (6 H, m, H-Ar, E and Z), 7.69 (1 H, 

d, J = 10.0, H-9, Z), 7.88 (1 H, d, J = 15.0, H-9, E), 7.94 – 7.99 (2 H, m, H-13, Z), 8.07 – 8.13 (2 H, 

m, H-13, E); δC (100 MHz; CDCl3) 16.8 (C-3, E or Z), 16.9 (C-3, E or Z), 23.7 (C-4, Z), 24.5 (C-4, E), 

27.8 (C-7, E or Z), 28.0 (C-7, E or Z), 33.8 (C-8, E), 34.6 (C-2, E or Z), 34.6 (C-2, E or Z), 38.1 (C-8, 

Z), 51.8 (C-5, E), 54.4 (C-5, Z), 117.6 (C-10, Z), 119.5 (C-10, E), 128.2 (CH, C-Ar, E or Z), 128.7 (CH, 

C-Ar, E or Z), 128.8 (CH, C-Ar, E or Z), 132.7 (C-15, E or Z), 132.8 (C-15, E or Z), 137.9 (C-12, E or 

Z), 137.9 (C-12, E or Z), 146.1 (C-9, E), 151.2 (C-9, Z), 173.4 (C-1/6, E or Z), 174.0 (C-1/6, E or Z), 

174.2 (C-1/6, E or Z), 186.9 (C-11, E), 189.3 (C-11, Z); HRMS (ESI+) Found: 318.1162; C17H20NO3S 

(M+H+) Requires 318.1158 (−1.0 ppm error); Found: 340.0978; C17H20NNaO3S (M+Na) Requires 

340.0978 (−0.1 ppm error). 

Note that two quaternary carbon resonances could not be found in the 13C NMR spectra. It is 

believed that those resonances are for an imide carbonyl, and an aromatic C–H, which are 

overlapping with other resonances. 
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tert-Butyl (S)-methyl(3-oxo-3-(2-oxo-6-(((3-oxo-1-phenylbut-1-en-1-yl)thio)methyl)piperidin-

1-yl)propyl)carbamate (5.98) 

 

To a dry round-bottomed flask, 5.57 (253 mg, 0.8 mmol) and 4-phenyl-3-butyne-2-one 3.27 (0.16 

mL, 159 mg, 1.1 mmol) were dissolved in dry acetonitrile (1.3 mL) under an atmosphere of argon, 

and potassium carbonate (159 mg, 1.2 mmol) was added. The reaction mixture was stirred at 80 

°C for 24 hours. The mixture was concentrated in vacuo and the residue was dissolved in DCM 

(10 mL). Deionised water (10 mL) was added and the product was extracted with DCM (2 x 10 

mL). The organic extracts were combined, dried using MgSO4, then filtered and concentrated in 

vacuo. The crude product was purified via flash column chromatography (hexane/ethyl acetate 

9:1 to 7:3) to yield the title product as an orange oil, as a mixture of E and Z stereoisomers (162 

mg, 45%, E:Z = 3:1). Note that the 13C NMR spectrum showed that the Z stereoisomer product 

exists as a mixture of rotamers in CDCl3 (A and B The rotamers are indistinguishable in the 1H 

NMR spectrum, however based on the 13C NMR spectrum, the rotamers are approximately in a 

1:1 ratio. Rf (hexane/ethyl acetate 7:3) 0.19; νmax (thin film)/cm-1 2972, 2936, 1683, 1541, 1391, 

1365, 1163, 1141, 723, 701; δH (600 MHz; CDCl3) 1.42 (9 H, s, H-12, E), 1.43 (9 H, s, H-12, Z), 1.65 

– 1.76 (3 H, m, H-3a,4a, E and H-3a, Z), 1.79 – 1.93 (6 H, m, H-3b, E and H-3b,4a,21, Z), 2.03 – 

2.09 (1 H, m, H-4b, E), 2.15 – 2.22 (1 H, m, H-4b, Z), 2.27 (3 H, s, H-21, E), 2.36 – 2.44 (2 H, m, H-

2, E), 2.50 (1 H, dd, J = 13.0, 10.0, H-13a, E), 2.56 – 2.58 (2 H, m, H-2, Z), 2.62 – 2.69 (1 H, m, H-

13b, Z), 2.73 – 2.82 (4 H, m, H-9, E and H-13a, Z), 2.86 (3 H, s, H-9, Z), 2.92 – 3.00 (2 H, m, H-7, 

E), 3.07 – 3.18 (3 H, m, H-7,13b, Z), 3.34 – 3.46 (2 H, m, H-8, E), 3.46 – 3.60 (2 H, m, H-8, Z), 4.37 

– 4.50 (1 H, m, H-5, E), 4.70 – 4.82 (1 H, m, H-5, Z), 6.36 (1 H, s, H-19, E), 6.42 (1 H, br s, H-19, Z), 

7.27 – 7.32 (4 H, m, H-Ar, E and Z), 7.34 – 7.42 (6 H, m, H-Ar, E and Z); δC (151 MHz; CDCl3) 16.8 

(C-3, E), 16.8 (C-3, Z, A and B), 24.7 (C-4, E), 24.9 (C-4, Z, A and B), 28.5 (C-12, E and Z, A and B), 

30.6 (C-21, Z, A and B), 30.8 (C-21, E), 34.3 (C-2, E), 34.4 (C-2, Z, A and B), 34.6 (C-13, Z, A and B), 

34.7 (C-9, E), 34.8 (C-9, Z, A and B), 35.0 (C-13, E), 37.5 (C-7, E), 38.1 (C-7, Z, A and B), 44.9 (C-8, 

E), 45.1 (C-8, Z, A or B), 45.3 (C-8, Z, A or B), 51.4 (C-5, Z, A and B), 52.8 (C-5, E), 79.5 (C-11, E and 
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Z, A and B), 122.1 (C-19, Z, A or B), 122.5 (C-19, Z, A or B), 124.8 (C-19, E), 128.2 (CH, C-Ar, E), 

128.5 (CH, C-Ar, Z, A and B), 128.7 (CH, C-Ar, Z, A and B), 128.8 (CH, C-Ar, E), 129.3 (CH, C-Ar, E), 

129.6 (CH, C-Ar, Z, A and B), 137.2 (C-15, Z, A and B), 138.3 (C-15, E), 155.7 (C-10, E), 155.7 (C-

10, Z, A or B), 155.7 (C-10, Z, A or B), 156.1 (C-14, Z, A and B), 158.1 (C-14, E), 173.3 (C-1/6, Z, A 

and B), 173.4 (C-1/6, E), 174.3 (C-1/6, E), 174.9 (C-1/6, Z, A and B), 195.9 (C-20, Z, A and B), 196.1 

(C-20, E); HRMS (ESI+) Found: 475.2266; C25H35N2O5S (M+H+) Requires 475.2261 (−1.0 ppm 

error); Found: 497.2077; C25H35N2NaO5S (M+Na) Requires 497.2081 (0.7 ppm error). 
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(S)-5-Methyl-10-(((3-oxo-1-phenylbut-1-en-1-yl)thio)methyl)-1,5-diazecane-2,6-dione (5.99) 

 

Following a literature procedure,272 to a dry round-bottomed flask 5.98 (162.6 mg, 0.3 mmol) 

was dissolved in DCM (1.7 mL) and TFA (1.7 mL). The reaction was stirred at room temperature 

for 1 hour, and the solvent removed in vacuo. The crude residue was dissolved in acetonitrile 

(3.2 mL) and DMF (0.2 mL), and DIPEA (221 mg, 0.3 mL, 1.7 mmol) was added. The reaction was 

stirred at 50 °C for 18 hours, and the solvent removed in vacuo. The crude product was purified 

via flash column chromatography (ethyl acetate to ethyl acetate/methanol 98:2 to 95:5 to 9:1). 

A sticky, yellow solid (112 mg) was isolated, however the 13C NMR spectrum suggested the 

compound was formed as, or was contaminated with, a TFA salt. The compound was dissolved 

in ethyl acetate (10 mL) and washed with aq. NaOH (10% w/w, 3 x 10 mL), dried with Na2SO4, 

filtered and concentrated in vacuo. The crude product was purified via flash column 

chromatography (ethyl acetate/methanol 98:2 to 9:1) to yield the title product as a yellow solid, 

as a mixture of E and Z stereoisomers (64 mg, 50%, E:Z = 64:36). Note that the 1H NMR spectrum 

showed that the E stereoisomer product exists as a mixture of rotamers in CDCl3 (A:B = 9:1), and 

the Z stereoisomer product also exists as a mixture of rotamers in CDCl3 (C:D = 3:1). 1H and 13C 

NMR data reported for the major rotamer of the E- and Z-isomers only. Rf (ethyl 

acetate/methanol 9:1) 0.50; mp 46 – 52 °C; δH (600 MHz; CDCl3) 1.28 – 1.45 (3 H, m, H-3a,4, E), 

1.48 – 1.64 (2 H, m, H-3a,4a, Z), 1.69 (1 H, ddd, J = 14.0, 3.0, 3.0, H-4b, Z), 1.75 (3 H, s, H-18, Z), 

1.90 – 1.98 (1 H, m, H-2a, E), 1.98 – 2.06 (2 H, m, H-3b, E and H-2a, Z), 2.10 – 2.18 (1 H, m, H-3b, 

Z), 2.19 – 2.25 (4 H, m, H-8a,18, E), 2.28 (1 H, dd, J = 12.5, 3.5, H-8a, Z), 2.34 – 2.54 (5 H, m, H-

2b,8b,10, E and H-8b, Z), 2.58 (1 H, ddd, J = 16.0, 12.5, 4.0, H-2b, Z), 2.75 (2 H, d, J = 7.0, H-10, 

Z), 2,92 (3 H, s, H-19, E), 2.99 (3 H, s, H-19, Z), 3.19 (1 H, ddd, J = 15.5, 3.5, 3.5, H-9a, E), 3.25 (1 

H, ddd, J = 15.5, 3.5, 3.5, H-9a, Z), 3.84 – 4.04 (3 H, m, H-5,8b, E and H-8b, Z), 4.11 – 4.20 (1 H, 

m, H-5, Z), 6.08 (1 H, s, H-16, Z), 6.15 (1 H, d, J = 10.0, H-6, Z), 6.31 (1 H, s, H-16, E), 6.40 (1 H, d, 

J = 9.5, H-6, E), 7.21 – 7.30 (5 H, m, H-Ar, E and Z), 7.31 – 7.39 (5 H, m, H-Ar, E and Z); δC (151 
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MHz; CDCl3) 23.3 (C-3, E), 23.3 (C-3, Z), 27.5 (C-2, E) 27.6 (C-2, Z), 30.2 (C-18, Z), 30.6 (C-4, E), 

30.8 (C-4, Z), 30.9 (C-18, E), 34.2 (C-19, E), 34.3 (C-19, Z), 37.1 (2 x C-8, E and Z), 38.8 (C-10, Z), 

39.3 (C-C-10, E), 47.9 (2 x C-9, E and Z), 48.5 (C-5, Z), 49.5 (C-5, E), 122.4 (C-16, Z), 124.2 (C-16, 

E), 128.2 (CH, C-Ar, E or Z), 128.5 (CH, C-Ar, E or Z), 128.6 (CH, C-Ar, E or Z), 129.1 (CH, C-Ar, E or 

Z), 129.5 (CH, C-Ar, E or Z), 137.2 (C-12, Z), 138.3 (C-12, E), 157.7 (C-11, Z), 159.7 (C-11, E), 170.9 

(C-7, Z), 171.0 (C-7, E), 173.3 (C-1, E), 173.4 (C-1, Z), 196.2 (C-17, Z), 196.6 (C-17, E); HRMS (ESI+) 

Found: 397.1562; C20H26N2NaO3S (M+Na) Requires 397.1556 (−1.4 ppm error). 

Note that one aromatic CH carbon resonance could not be found in the 13C NMR spectra. It is 

believed that this resonance is overlapping with other resonances. 

Characteristic NMR resonances for the minor E-rotamer (B) can be found at: δH 6.32 (1 H, s, H-

16, E), and characteristic NMR resonances for the minor Z-rotamer (D) can be found at: δH 1.77 

(3 H, s, H-18, Z), 6.09 (1 H, s, H-16, Z). 
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(S)-1-(3-(Benzyloxy)propanoyl)-6-(((3-oxo-1-phenylbut-1-en-1-yl)thio)methyl)piperidin-2-one 

(5.100) 

 

To a dry round-bottomed flask, 5.59 (57 mg, 0.2 mmol) and 4-phenyl-3-butyne-2-one 3.27 (39 

μL, 39 mg, 0.3 mmol) were dissolved in dry acetonitrile (0.3 mL) under an atmosphere of argon, 

and potassium carbonate (37 mg, 0.3 mmol) was added. The reaction mixture was stirred at 40 

°C for 21 hours. The mixture was concentrated in vacuo and the residue was dissolved in DCM 

(5 mL). Deionised water (5 mL) was added and the organic extract was separated and dried using 

MgSO4, then filtered and concentrated in vacuo. The crude product was purified via flash column 

chromatography (hexane/ethyl acetate 7:3) to yield the title product as a yellow oil, as a mixture 

of E and Z stereoisomers (21 mg, 26%, E:Z = 7:3). Rf (hexane/ethyl acetate 7:3) 0.17; νmax (thin 

film)/cm-1 3029, 2951, 2870, 1694, 1542, 1365, 1170, 697; δH (400 MHz; CDCl3) 1.54 – 1.79 (4 H, 

m ,H-Alk, E and Z), 1.78 – 1.89 (2 H, m, H-Alk, E and Z), 1.91 (3 H, s, H-22, Z), 2.04 – 2.13 (1 H, m, 

H-Alk, E), 2.15 – 2.23 (1 H, m, H-Alk, Z), 2.29 (3 H, s, H-22, E), 2.36 – 2.42 (2 H, m, H-2, E), 2.48 – 

2.56 (3 H, m, H-2, Z and H-14a, E), 2.69 (1 H, dd, J = 13.0, 4.0, H-14b, E), 2.77 (1 H, dd, J = 13.5, 

10.0, H-14a, Z), 3.05 (2 H, t, J = 6.0, H-7, E), 3.13 – 3.21 (3 H, m, H-7,14b, Z), 3.62 – 3.88 (4 H, m, 

H-8, E and Z), 4.46 – 4.55 (5 H, m, H-5, E and H-9, E and Z), 4.78 – 4.85 (1 H, m, H-5, Z), 6.38 (1 H, 

s, H-20, E), 6.41 (1 H, s, H-20, Z), 7.28 – 7.42 (20 H, m, H-Ar, E and Z); δC (100 MHz; CDCl3) 16.9 (2 

x C-3, E and Z), 24.7 (C-4, E), 25.0 (C-4, Z), 30.7 (C-22, Z), 30.9 (C-22, E), 34.4 (C-2, E), 34.5 (C-2, 

Z), 34.7 (C-14, Z), 35.0 (C-14, E), 39.8 (C-7, E), 39.9 (C-7, Z), 51.5 (C-5, Z), 52.9 (C-5, E), 65.8 (C-8, 

E), 65.9 (C-8, Z), 73.2 (C-9, E), 73.3 (C-9, Z), 122.3 (C-20, Z), 124.8 (C-20, E), 127.7 (CH, C-Ar, E or 

Z), 127.8 (CH, C-Ar, E or Z), 127.9 (CH, C-Ar, E or Z), 127.9 (CH, C-Ar, E or Z), 128.3 (CH, C-Ar, E or 

Z), 128.5 (CH, C-Ar, E or Z), 128.5 (CH, C-Ar, E or Z), 128.6 (CH, C-Ar, E or Z), 128.7 (CH, C-Ar, E or 

Z), 128.9 (CH, C-Ar, E or Z), 129.3 (CH, C-Ar, E or Z), 129.6 (CH, C-Ar, E or Z), 137.3 (C-16, Z), 138.2 

(C, C-Ar, E or Z), 138.4 (C, C-Ar, E or Z), 156.1 (C-15, Z), 158.2 (C-15, E), 173.4 (C-1/6, Z), 173.5 (C-

1/6, E), 174.0 (C-1/6, E), 174.7 (C-1/6, Z), 196.0 (C-2, Z), 196.2 (C-21, E); HRMS (ESI+) Found: 



 
 

366 
 

452.1893; C26H30NO4S (M+H+) Requires 452.1890 (0.7 ppm error); Found: 474.1709; 

C26H29NNaO4S (M+Na) Requires 474.1710 (−0.2 ppm error). 

Note that one quaternary aromatic carbon resonance could not be found in the 13C NMR spectra. 

It is believed that this resonance is overlapping with other resonances. 
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