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Abstract 

The aim of this work was to investigate palladium-catalysed cyclisations of bromoenynamides 

in the synthesis of amidodienes, which on further reaction or oxidation can lead to a diverse 

range of heteroaromatic systems. 

Building upon work within the Anderson group on the palladium-catalysed cyclisations of 

bromoenynes, we have been able to successfully apply a palladium-catalysed 

carbopalladation/Stille coupling/electrocyclisation cascade to bromoenynamides and then 

further develop this to incorporate a Suzuki coupling, leading to bicyclic amidodienes which 

can undergo selective oxidation to a range of heteroaromatics including indolines, indoles, 

tetrahydroquinolines and benzazepines. 

 

During the investigations into the cascade cyclisation, a reductive cyclisation was discovered 

which enabled access to a range of monocyclic amidodienes. These could subsequently be 

subjected to a series of Diels-Alder cycloadditions (thermal, Lewis acid-catalysed, arynes) and 

oxidations to afford a complimentary range of heteroaromatic systems. 

Whilst this methodology was successful with bromoenynamides, extension of its application to 

bromoenynhydrazides, with the hope of accessing a relatively unusual range of heteroaromatic 

structures including indazoles, cinnolines and diazepines, proved to be more problematic. 
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Finally, expansion of the cascade methodology into a fully intramolecular cyclisation, enabled 

studies towards the synthesis of the trikentrin family of natural products to be conducted. 
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1. Introduction 

1.1. Overview 

Ynamides ï alkynes substituted with an amide derivative through the nitrogen atom ï have seen 

an increased level of interest over the last decade due to their enhanced stability compared to 

ynamines (Scheme 1.1).
1,2

 By incorporating an electron-withdrawing substituent on the 

nitrogen, an electron-deficient ynamine is formed which still features the inherent electronic 

bias imposed by the nitrogen atom that can lead to excellent regio- and stereoselectivities in 

subsequent reactions, but also benefits from increased stability, making them considerably 

easier to synthesise, purify and handle. 

 

Scheme 1.1 ς Ynamines vs. Ynamides 

However, whilst there has been an increased level of interest, the applications of ynamides in 

organic chemistry is still a relatively under-investigated area, in part due to general practical 

synthetic routes to ynamides only having been reported during the last decade. 
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1.2. Ynamide Synthesis 

Whilst there had been reports of ynamide formation since 1972, the synthetic routes often 

suffered from low product scope and often required harsh conditions for ynamide formation.
3
 

The common methods included elimination of a-chloroenamides, ɓ-bromoenamides
4
 or ɓ,ɓ-

dichloroenamides
5,6

 and subsequent functionalisation of the terminal alkene,
7-9

 isomerisation of 

propargylamides
10

 or by the use of alkynyl iodonium salts
11,12

 (Scheme 1.2).  

 

 

Scheme 1.2 ςTraditional ΨtǊŜ-ŎƻǇǇŜǊΩ Ynamide Formations 

However, in 2003 Hsung et al. reported the first copper-catalysed coupling of amides with 

bromoalkynes, using CuCN or CuI as the catalyst and DMEDA as the ligand, providing an 

atom-economical and direct route to ynamides (Scheme 1.3).
13

 Whist this route was a major 

breakthrough in ynamide formation, some limitations still remained including product scope, 
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with sulfonamides being unsuitable, and high temperatures were required. Danheiser et al. 

overcame this problem by utilising stoichiometric amounts of CuI with KHMDS to access a 

broader range of ynamides, and this reaction could be conducted at room temperature.
14

 This 

route still had the disadvantage of requiring a strong base, and in 2004 Hsung et al. reported an 

improved catalytic ynamide formation with an alternative copper catalyst and ligand 

(CuSO4Å5H2O, 1,10-phenanthroline) at a reduced temperature, which to this date still proves to 

be one of the most efficient and direct routes to ynamides.
15,16

 

 

Scheme 1.3 ς Copper-Catalysed Ynamide Formations 

More recent routes to ynamides following the publication of these copper-catalysed conditions 

include an iron-catalysed coupling of amides with bromoalkynes
17

 and an oxidative 

alkynylation of amides, with terminal alkynes which has the disadvantage of requiring five 

equivalents of amide (Scheme 1.4).
18

  

 

Scheme 1.4 ς Metal-Catalysed Ynamide Formations with Various Coupling Partners 
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The latest metal-catalysed formations were reported in 2009 and 2010 by Evano et al. who 

reported a copper-catalysed coupling of amides with dibromoalkenes, which act as synthetic 

equivalents of bromoalkynes,
19

 and also a room-temperature, base-free copper-catalysed 

coupling with alkynyltrifluoroborates;
20

 methods that are particularly useful when the synthesis 

of bromoalkynes proves difficult (Scheme 1.5).  

 

Scheme 1.5 ς 9ǾŀƴƻΩǎ Copper-Catalysed Ynamide Formations 

With the development of the more recent copper-catalysed conditions for the formation of 

ynamides which allow efficient and reliable access to a range of ynamides, alongside the 

stability of these products and the electronic properties of the alkyne offering interesting 

reactivity patterns, there has been increased synthetic use and the development of interesting 

methodology which would otherwise be difficult to achieve using traditional ynamines.
1,2
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1.3. Applications of Ynamides in Ring-Forming Reactions 

The use of ynamides in ring-forming reactions has received a large amount of interest due to the 

variety of synthetically useful azacycles that can be prepared, and can be generally grouped 

according to the type of reactions they involve: addition reactions, cycloadditions and 

cycloisomerisations. 

 

1.3.1. Addition Reactions 

Metal-Catalysed Additions at the a-position 

Ynamides are good substrates for the introduction of a substituent at the a-carbon, and this 

reactivity has been exploited in the development of simple and efficient routes to heterocycles 

(Scheme 1.6). It is common for a transition metal to activate the alkyne enabling a-addition, 

although there is the possibility that the electron-withdrawing group can chelate with transition 

metal catalysts directing addition, and that it can also act as a chiral auxilliary. 

 

Scheme 1.6 ς a-Addition to Ynamides 

Whilst intermolecular additions are successful for the formation of polysubstituted enamides,
1
 

intramolecular addition is particularly efficient in the synthesis of heteroaromatic systems. In 

2007, Hsung et al. reported a rhodium-catalysed demethylation/cyclisation of ynamides 

containing an o-anisole substituent affording benzofurans of the type 2 (Scheme 1.7).
21

 

 

Scheme 1.7 ς Rhodium-Catalysed Cyclisation to Benzofurans 
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Interestingly, this methodology was discovered during investigations into a [2+2+2] 

cycloaddition with ynamide 1, which in the presence of a silver salt actually formed the 

benzofurans 2. The proposed mechanism involved the abstraction of a Cl
ɸ
 ligand to form 

silver(I) chloride and complex 3 which possesses additional co-ordination sites. With the 

catalyst chelating to both the EWG and the alkyne, it may be possible for complexation to occur 

with the methoxy substituent setting up the demethylation required for cyclisation to occur. 

Using a similar strategy, Hsung et al. extended the intramolecular cyclisation to incorporate o-

aminoaryl ynamides in the synthesis of 2-aminoindoles 5, with the nucleophile being formed in-

situ via the amination of 4 (Scheme 1.8).
22

  

 

Scheme 1.8 ς 2-Aminoindole Formation via Intramolecular a-addition 

This methodology was further developed by the Skrydstrup group, forming the same o-

aminoaryl ynamide intermediate but via a Sonogashira coupling of an o-iodoaniline 6 with a 

terminal ynamide 7.
23

 This method has the added advantage of being able to access 2-

aminoindole 5 with R
ôô
 = H, without the need for subsequent deprotection. 

In 2003 Witulski et al. also reported a complementary method to form 2-aminoindoles 10, 

involving a palladium-catalysed activation of ynamide 8, enabling the intermolecular addition 

of external amines 9 to the alkyne bond (Scheme 1.9).
24

  

 

Scheme 1.9 ς 2-Aminoindole Formation via Intermolecular a-activation 
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In an alternative ynamide cyclisation to nucleophilic addition at the a-position, Cossy et al. 

reported the first intramolecular carbopalladation of a tethered bromo- or iodo-aniline with a 

terminal ynamide 11 to form the vinyl palladium intermediate 12 (Scheme 1.10).
25

 Further 

reaction of this intermediate by either a reduction with ammonium formate, or a Suzuki 

coupling with aryl boronic acids, afforded 3-(methylene)isoindolinones 13 and (E)-3-

(arylmethylene)isoindolinones 14 stereoselectively. 

 

Scheme 1.10 ς Ynamide Carbopalladation in the Synthesis of Isoindolinones 

 

Metal-Catalysed Additions at the ̡-position 

It is also possible to reverse the regioselectivity of reactions with ynamides by introducing an 

electrophile to exploit the inherent reactivity, or alternatively, by varying the substrate to 

incorporate an intramolecular process in the presence of a transition metal catalyst, addition at 

the ɓ-carbon is also possible (Scheme 1.11). It is generally felt that this reversal of 

regioselectivity is due to either steric interactions or caused by chelation of metal catalyst to the 

EWG present on the nitrogen.
2
 

 

Scheme 1.11 ς ɓ-Addition to Ynamides 

Recently, Cao et al. reported a complimentary synthesis of benzofurans, compared to Scheme 

1.7, via a novel carbocation-induced electrophilic cyclisation which truly exploited the inherent 

reactivity of ynamides (Scheme 1.12).
26 By employing a secondary alcohol and a Lewis-acid, 
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they propose that carbocation 18 could be formed which undergoes initial electrophilic ɓ-

addition to ynamide 15 forming keteniminium 19, which can undergo subsequent cyclisation 

via an a-addition and demethylation to afford benzofuran 17. 

 

Scheme 1.12 ς Electrophilic Cyclisation to Benzofurans 

Hashmi demonstrated the ability of the nitrogen electron-withdrawing group to be involved in 

the gold-catalysed cyclisation with carbamate-protected ynamide 21 (Scheme 1.13).
27,28

 

Mechanistically, it is thought that the gold activates the alkyne to a 5-endo-dig attack by the 

Boc group, followed by loss of isobutene and protodemetallation to afford the oxazolidinone 

22. Unfortunately, whist a wide range of substituents were tolerated on the nitrogen, only 

terminal or silylated ynamides were reported. 

 

Scheme 1.13 ς Gold-Catalysed Intramolecular ɓ-addition of a Boc Group to an Ynamide 

There have been two independently reported syntheses of tetrahydropyrazines 27 and 29 

(Scheme 1.14). Urabe et al. discovered the unexpected copper-catalysed double amination of 

bromoalkynes 23 or dibromoalkenes 24 while investigating a dual-ynamide formation.
29

 After 

the first alkynylation has occurred it is thought that the sulfonyl group co-ordinates the copper 

salt activating the alkyne to an intramolecular 6-endo-dig cyclisation. 
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Scheme 1.14 ς Formation of Tetrahydropyrazines 

More recently, Cossy and co-workers found that by conducting a formal deprotonation of the 

diamine 25 and utilising the alkenyl iodonium salt TMS-EBX in an ynamide formation, 

cyclisation occurred to form an analogous product set.
30

 

Ynamides have also been utilised in the formation of 1,4-dihydropyridines 31 and pyridines 32 

via intramolecular carbolithiation (Scheme 1.15).
31

 Evano and co-workers discovered that 

deprotonation of N-allyl ynamides 30 resulted in a chelation-stabilised intermediate 33 that 

exists in equilibrium with intermediate 34, which can then undergo an intramolecular 6-endo-

dig carbometallation to form the stabilised vinyllithium 35. Subsequent electrophilic quench 

followed by either an aqueous work-up or hydrolysis and oxidation afforded the highly 

substituted dihydropyridine 31 or pyridine 32 derivatives. 

 

Scheme 1.15 ς Formation of 1,4-Dihydropyridines and Pyridines 
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Radical Cyclisations 

There have only been a few ynamide radical processes reported, with only two involving the 

cyclisation of ynamides in the construction of complex heterocycles. Malacria and co-workers 

demonstrated a 5-exo-dig cyclisation of ynamides 36 followed by a 6-endo-trig radical trapping 

to access isoindolines 37,
32,33

 whilst Courillon et al. demonstrated the formation of the 6-

membered rings 39 and 41, and 8-membered ring 40, via a 6-exo-dig or 8-endo-dig cyclisation 

of specifically designed ynamides respectively (Scheme 1.16).
34

 

 

Scheme 1.16 ς Radical Cyclisation to Isoindolines and a Range of Heteroaromatics 

 

1.3.2. Cycloadditions 

The use of ynamides in cycloadditions is probably one of the most investigated applications, 

proving to be an extremely powerful tool for the preparation of a range of carbo- and 

heterocycles, with the outcome often being directed by the polarisation of the triple bond to 

afford a single regioisomer. 
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[2+1] Cycloadditions 

Cossy and Meyer, as well as Hsung and Al-Rashid, simultaneously reported a novel example of 

a [2+1] epoxidation/ring-opening/cyclisation strategy via a formal push-pull carbene 

intermediate to access azabicycles 43 (Scheme 1.17).
35,36

 Treatment of enynamide 42 with the 

oxidant methyl(trifluoromethyl)dioxirane results in a chemoselective epoxidation of the 

ynamide, which is slightly more electron-rich than the alkene due to the delocalisation of the 

nitrogen lone pair. The resulting oxirene 44 can then undergo ring-opening to generate carbene 

46 which is trapped by the alkene to afford the fused pyrrolidine-cyclopropane product 43. 

 

Scheme 1.17 ς Oxidation of Enynamides 

Unfortunately, this reaction was found to be highly substrate-specific and could not be applied 

to substituted ynamides with the exception of a secondary propargylic alcohol, which 

underwent successful epoxidation and cyclisation in the presence of tBuOOH and VO(acac)2, 

tethering the alkene through either the N- (47) or C-terminus (50) (Scheme 1.18). 

 

Scheme 1.18 ς Oxidation of Propargylic Alcohol Substituted Enynamides 
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Recently, Hsung also published a rhodium(II)-catalysed cyclopropenation of ynamides with 

both diazo dimethyl malonates 54 and phenyl iodonium ylides 55, to access the highly 

substituted 2-amidofurans 56 (Scheme 1.19).
37

 The proposed mechanism by the authors was 

thought to proceed via a rhodium carbene-catalysed [2+1] cycloaddition to form cyclopropene 

57, which after ring-opening and subsequent cyclisation affords the furans 56. 

 

Scheme 1.19 ς Rhodium-Catalysed Ynamide Cyclopropenation 

 

[2+2] Cycloadditions 

In a continuation of their work on ruthenium catalysed [2+2] cycloadditions, Tam and co-

workers reported the reaction of bi- and tri-cyclic bridged alkenes 59 with ynamides 53 

(Scheme 1.20).
38,39

 On attempting to extend this methodology to incorporate chiral ynamides, it 

was found that only modest diastereoselectivities were obtained. 

The Danheiser research group also demonstrated the ability of ynamides 53 to undergo [2+2] 

cycloadditions with a range of ketenes 61 using a variety of conditions to afford a range of 

aminocyclobutenones 62.
40
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Scheme 1.20 ς [2+2] Cycloadditions 

Perhaps a more exciting application of the [2+2] cycloaddition with ynamides is the tandem 

cross-coupling/cycloaddition/ring-opening sequence which was explored by Hsung and co-

workers (Scheme 1.21).
41

 Formation of the ynamide from bromoalkyne 63 and sulfonamide 64 

in-situ, followed by cycloaddition and ring-opening, led to the formation of chromene 65. 

 

Scheme 1.21 ς Tandem [2+2] Cycloaddition/Ring-Opening 

In another example, oxidation of a primary alcohol also led to the tandem process occurring, 

affording quinolizidine 68. This method was also applied to pyrrolizidine 70 employing a one-

pot oxidation/cycloaddition/ring-opening sequence. 
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Dipolar [3+2] Cycloadditions 

There have been a wide range of reports of ñclickò chemistry with ynamides since the first 

publication in 2006 by Ijsselstijn and Cintrat, 
42

 and by Hsung and co-workers.
 39,40

 A range of 

conditions were employed with both thermal and copper-catalysed conditions (either Cu(OAc)2 

or CuSO4Å5H2O and Na-ascorbate) proving to be successful affording a range of aminotriazoles 

72 (Scheme 1.22). 

 

Scheme 1.22 ς Click Cycloadditions with Ynamides 

This methodology was further developed to incorporate an azidination/cycloaddition sequence 

from aryl, alkyl or vinyl iodides or bromides 73 and sodium azide.
43

 

Interestingly, during the studies of the one-pot azidination/[3+2] cycloaddition sequence, Hsung 

et al. discovered that if a terminal ynamide 74 was employed vinyl triazole 76 was 

preferentially formed (Scheme 1.23). This could be overcome by adding the ynamide via a 

syringe pump to afford the expected triazole 75, but by removing the L-proline and the iodide 

used for the azidination, the vinyl triazole 76 could also be formed in a 92% yield.
44

 After 

conducting competition experiments with ynamide 74 and a terminal alkyne to investigate the 

electronics of the cycloaddition, they found that the terminal alkyne did not react, suggesting 
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that hydroazidination was chemoselective for the electron-rich ynamide, which could undergo a 

cycloaddition with another ynamide as shown by the transition state 77. 

 

Scheme 1.23 ς Hydroazidination/Cycloaddition Sequence for the Formation of Vinyl Triazoles 

As the field of óclickô chemistry with ynamides evolved another interesting observation was 

discovered; when CuBr was utilised alkyne 79 was formed (Scheme 1.24).
45

 It was presumed 

that the product was formed from reductive elimination of the intermediate 80, which implied 

the presence of a vinyl copper intermediate which co-ordinated another ynamide. Based on this 

concept, the methodology was developed to trap this intermediate with allyl iodide instead of an 

ynamide, which afforded triazoles 82. 

 

Scheme 1.24 ς [3+2] Click Cycloaddition/Cross-Coupling Sequence 

It was also found that the regioselectivity of the óclickô cycloaddition could be reversed by 

replacement of the copper catalyst with a ruthenium catalyst, favouring the formation of the 

triazole 83 (Scheme 1.25).
46,47
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Scheme 1.25 ς Ruthenium-Catalysed Click Cycloaddition with Reversed Regioselectivity 

Finally, a range of other dipolar reagents have been successfully employed in [3+2] 

cycloadditions with ynamides (Scheme 1.26). This includes nitrile oxides, whose 

regioselectivity can also be reversed by using a ruthenium catalyst
48

 instead of a copper catalyst, 

to form isoxazoles 84 and 85 respectively.
49

 Other successful dipolar reagents include 

diazoacetates
49

 to form pyrazole 86, and aminide 87 in the presence of a gold catalyst to form 

1,3-oxazoles 88.
50

 

 

Scheme 1.26 ς [3+2] Cycloadditions with Various Dipolar Reagents 

 

[4+2] Cycloadditions 

The first intramolecular Diels-Alder cycloaddition was reported by Witulski and co-workers, 

who discovered that diene-ynamides could undergo either a thermal reaction if a terminal 

ynamide 89 was used, or a cationic rhodium(I)-catalysed reaction with substituted ynamides 91, 

to afford dihydroindolines 90 and 92 (Scheme 1.27).
51 
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Scheme 1.27 ς [4+2] Intramolecular Cycloadditions with Diene-Ynamides 

This intramolecular Diels-Alder cycloaddition was also applied to a chiral oxazolidinone-

derived ynamide to successfully obtain a tricyclic dihydroindoline as a single diastereomer.
16 

This work was later expanded by Hsung to involve an intermolecular cycloaddition with 

symmetrical dienes 94 to afford anilide 95 in a 5:1 atropisomeric ratio,
16

 and the group also 

reported a single example of a Lewis acid-catalysed hetero-Diels-Alder reaction of ynamide 96 

with methacrolein to afford 97 (Scheme 1.28).
52

 

 

Scheme 1.28 ς [4+2] Intermolecular Cycloadditions with Ynamides 

In 2005, Dunetz and Danheiser
53

 and Saá et al. 
54,55

 independently derived intramolecular 

thermal [4+2] dehydro-cycloadditions of both enyne-tethered ynamides 98a and 100a, and 

alkyne-tethered enynamides 98b and 100b to afford indolines 99 and carbazoles 101 

respectively (Scheme 1.29). 
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Scheme 1.29 ς [4+2] Dehydro-Cycloadditions 

A synthesis of highly substituted pyridines 104 via an acid-catalysed aza-[4+2] cycloaddition of 

ynamide 102 with enamide 103 has also been reported by Movassaghi and co-workers (Scheme 

1.30).
56

 The authors proposed that electrophilic activation of enamide 103 using 2-Cl-pyridine 

in combination with Tf2O forms the bis-iminium intermediate 105 which is thought to exist in 

equilibrium with the corresponding triflate adduct 106, which can subsequently be attacked by 

the ynamide 102 to form keteniminium 107. This intermediate can then undergo an 

intramolecular aza-Diels-Alder cycloaddition forming the pyridine 104, a useful method with 

the potential for varying all five substituents. 

 

Scheme 1.30 ς Acid-Catalysed aza-[4+2] Cycloaddition 

Finally, there has been a single example of a gold-catalysed hetero-Diels-Alder reaction of N-

Boc protected ynamides 108 where the EWG partakes in the cycloaddition with the ynamide 
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and trisubstituted alkene to form enamides 109 as single diastereomers, with the selectivity 

being determined by the acetoxy group being pseudo-equatorial to avoid steric interactions with 

the alkene substituents (Scheme 1.31).
57 

 

Scheme 1.31 ς Gold Catalysed Hetero-Diels-Alder Reaction 

 

[2+2+1] Cycloadditions 

Both the inter- and intramolecular Pauson-Khand reactions of ynamides to form 

cyclopentenones such as 112 and 114 has been thoroughly investigated, with Witulski first 

reporting the highly regioselective cyclocarbonylation of ynamide 110 with a range of olefins 

111, and by then incorporating an N-tethered olefin into ynamide 113 (Scheme 1.32).
11,58

 

 

Scheme 1.32 ς Initial Pauson-Khand Cycloadditions with Ynamides 

Shortly after, Witulski demonstrated that the electron-withdrawing group on the nitrogen could 

be varied
59

 and Hsung showed that the methodology could be expanded to incorporate chiral 

ynamides which gave mixtures of endo and exo isomers determined by the alkyne 

substitution.
60

 Generally, it was found that with a terminally substituted ynamide, endo addition 

was favoured, although the mechanistic rationale for this selectivity remains unclear. 
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The Rainer group has also conducted extensive studies on the use of yne-ynamides using both 

CpCo(CO)2 and Fe(CO)5 in the formation of cyclobutadiene-metal complexes, but these will 

not be discussed as a carbo- or heterocycle is not formed without further reaction of such 

complexes.
12,61

 

Finally, in 2005 Oh et al. reported the Mo(CO)6-catalysed Pauson-Khand reaction of the allene-

containing ynamide 115 which formed the bicyclic pentanone 116 in 68% yield (Scheme 

1.33).
62

 

 

Scheme 1.33 ς Pauson-Khand with Allene-Ynamide 

 

[2+2+2] Cycloadditions (Cyclotrimerisations) 

The pioneer of ynamide cyclotrimerisation is Witulski, who in 1999 reported the rapid 

formation of indolines and carbazoles 119 from yne-ynamides 117, in an intra- or 

intermolecular process with a variety of alkynes 118, catalysed by Wilkinsonôs catalyst 

(Scheme 1.34).
63-65

 

 

Scheme 1.34 ς Rhodium Catalysed Cyclotrimerisation of Yne-ynamides 

The regioselectivity was found to be dependent on steric effects and solvent effects, rather than 

just the polarisation of the triple bond, and could be completely reversed by replacing 
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Wilkinsonôs catalyst with Grubbs II catalyst, allowing selective access to both 4,5- and 4,6-

disubstituted indolines 126a and 126b respectively (Table 1.1).
66

 The change in regioselectivity 

was proposed to be due to the Grubbs catalyst inducing a series of metathesis steps beginning 

with addition of the electrophilic Ru-benzylidene to the electron-rich ynamide motif. 

Table 1.1 ς Switching the Regioselectivity of Intermolecular Cyclotrimerisation 

 

 Conditions 126a:126b
 

Yield 

1 Wilkinsonôs catalyst (RhCl(PPh3)3), toluene, RT 9:1 70% 

2 Grubbs II catalyst (RuCl2(=CHPh)(PCy3)2, CH2Cl2, 40 ̄ C 1:20 67% 

 

In 2006, Tanaka reported an asymmetric rhodium-catalysed cyclotrimerisation of diynes 128 

with ynamides 127, with the chiral ligand (S)-xyl-BINAP, forming a range of axially chiral 

anilides 129 in good yield with good to excellent enantiomeric excesses (Scheme 1.35).
67

  

 

Scheme 1.35 ς Cyclotrimerisation of Ynamides to Axially Chiral Anilides 

Using this protocol, Hsung and co-workers could also synthesise axially chiral N,O-biaryls 131 

in modest diastereoselectivities of up to 6:1 dr, with both diastereomers having up to 99% ee 

(Scheme 1.36).
68-70
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Scheme 1.36 ς Cyclotrimerisation of Ynamides to Axially Chiral Biaryls 

The work of Mori and Sato demonstrated a simple and effective cyclotrimerisation of ynamide 

132 under ruthenium-catalysed conditions providing rapid access to the tricyclic framework 133 

(Scheme 1.37).
71

 

 

Scheme 1.37 ς Ruthenium-Catalysed Cyclotrimerisation to Tricyclic Framework 

Aubert and co-workers also demonstrated that a tricyclic system could be assembled in a single 

step and that nitriles could be utilised in cyclotrimerisations with ynamides by submitting 134 

to a cobalt-catalysed cyclisation. This substrate, containing an ynamide, a tethered alkyne and a 

nitrile, formed the tricyclic aminopyridines 135 in a single step in impressive yields (Scheme 

1.38).
72

 

 

Scheme 1.38 ς Cobalt-Catalysed Cyclotrimerisation Involving a Nitrile 

The use of alkenyl isocyanates 136 and 140 in a cyclotrimerisation with achiral ynamides 102 

and 139 has also been reported by Rovis et al in the presence of the chiral ligand (+)-GUIPHOS 

to form the vinylogous amides 137a and 141 in moderate to good enantioselectivity (Scheme 

1.39).
73

 Interestingly when the cyclohexyl-substituted ynamide 139 was used instead of the 

phenyl-substituted ynamide 102, a mixture of regioisomers is obtained with 141 being isolated. 
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The authors suggest that the different regioisomers are determined by the initial oxidative 

addition which can lead to either intermediate 138 or 143, but that the difference in selectivity is 

due to electronic effects.  

 

Scheme 1.39 ς Rhodium-Catalysed [2+2+2] Cycloaddition of Ynamides with Alkenyl Isocyanates 

Finally, Lee et al. recently published an exciting silver-catalysed [2+2+2] cycloaddition 

forming aryne 145, which undergoes an in situ Alder-ene reaction to form the tricyclic indolines 

146 in impressive yields, with both alkene and alkyne substituents which could be used as 

handles for further functionalisation (Scheme 1.40).
74 

 

Scheme 1.40 ς Ynamide Cyclotrimerisation and Subsequent Alder-ene Reaction 

 

1.3.3. Cycloisomerisations 

Cycloisomerisations, like cyclotrimerisations, are particularly appealing transformations 

offering efficient and atom-economical routes into cyclic systems, but so far the application of 

ynamides in such reactions has been limited. Generally, the previous reports have focussed on 

-́acid-catalysed cyclisations and ring-closing enyne metathesis 
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Metal- and Acid- catalysed cyclisations 

The cycloisomerisation of ene-ynamides was first reported in 2004 by Malacria and co-workers, 

who developed a platinum-catalysed ene-ynamide cycloisomerisation to form exocyclic 

amidodiene 148 (Scheme 1.41).
75-77

 It was found that by increasing the tether length the bicyclic 

system 150 was formed instead. 

 

Scheme 1.41 ς Platinum-Catalysed Ynamide Cycloisomerisations 

Mechanistically, this transformation has been explored through DFT calculations which suggest 

that the initial complexation of the electrophilic metal to the electron-rich ynamide, followed by 

attack of the tethered alkene, forms the intermediate 151. The key intermediate 152 is then 

formed from a 1,2-alkyl shift into the carbene, at which point the ring strain which is introduced 

depending on the tether length leads either to other exocyclic diene 148 or the bicyclic system 

150.
77

 

The cycloisomerisation of ynamides was furthered by Hsung in the formation of chiral 

isoindoles 154 and tetrahydroisoquinolines 156 via acid-catalysed keteniminium Pictet-

Spengler cyclisations (Scheme 1.42).
78

 The use of the Lewis-acid PtCl4 with ynamide 153 

afforded isoindole 154 with an (E)-exocyclic diene, whereas the use of a Brønsted-acid with 

ynamide 155 afforded tetrahydroisoquinoline 156 with a (Z)-exocyclic diene. The authors 

rationalised the difference in selectivity by the Z-formation being favoured with the Brønsted-

acid to minimise steric interactions between the aromatic nucleophile and the substituent on the 

ynamide terminus, whereas the bulky Lewis-acid favours the E-olefin. 
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Scheme 1.42 ς Acid-Catalysed Keteniminium Pictet-Spengler Cyclisations 

A silver-catalysed cycloisomerisation of the epoxide-containing ynamide 157 has also been 

investigated by the Liu group (Scheme 1.43).
79

 The carbocyclic framework 158 was formed by 

epoxide attack of the activated alkene followed by a 1,2-alkyl shift ring expansion and 

cyclisation to 161, with subsequent elimination of silver. 

 

Scheme 1.43 ς Silver-Catalysed Cycloisomerisation of Epoxide Containing Ynamides 

More recently, gold catalysed cycloisomerisations have been shown to be successful with 

ynamides. In 2008, Hashmi and co-workers discovered that AuCl3 could be used to catalyse the 

intramolecular cyclisation of ynamide 162 containing a tethered furan to afford the 

corresponding indolines 163, and for larger tether lengths, tetrahydroquinolines (Scheme 

1.44).
80
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Scheme 1.44 ς Gold-Catalysed Cycloisomerisation of Ynamido-Furans 

Cossy et al. has also demonstrated the ability of AuCl to catalyse the cycloisomerisation of 

enynamides 167 and 169 to the corresponding cyclobutanones 168 and azabicycles 170 in a 

highly diastereoselective manner (Scheme 1.45).
81,82

 

 

Scheme 1.45 ς Gold-Catalysed Cycloisomerisation of Enynamides 

 

Ring-closing enyne metathesis (RCEM) 

The first examples of RCEM with enynamides 171 were reported by Mori in 2002, using 

Grubbs II catalyst and a terminal ynamide under an atmosphere of ethylene or argon,
83

 and was 

later expanded to incorporate terminally substituted ynamides,
84

 to form pyrrolidines or 

piperidines 172 (Scheme 1.46). These amidodienes were also successfully subjected to Diels-

Alder reactions with both DMAD and N-phenyl maleimide to afford a range of 1,4-aza-

dienes.
83

 An interesting result was discovered when (Z)-enynamide 173 was employed; under 

an atmosphere of argon the expected product 174 was formed as a mixture of isomers, however, 
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under one atmosphere of ethylene gas amidodiene 148 was formed as a result of ethylene 

exchange with the ruthenium alkylidene. 

 

Scheme 1.46 ς aƻǊƛΩǎ w/EM of Enynamides 

During the same year as Moriôs reported RCEM of enynamides, the Hsung group also 

demonstrated the ease with which enynamides 175 underwent cyclisation to the cyclic 

amidodienes 176 (Scheme 1.47).
10

 They then demonstrated a tandem RCEM process on diene-

ynamide 177 to form the bicyclic lactams 178a and 178b in a 6:1 ratio, which was dependent on 

which alkene underwent the initial cross-metathesis. 

 

Scheme 1.47 ς IǎǳƴƎΩǎ RCEM of Enynamides 

Finally, the Mori group also found that by using an alternative ruthenium catalyst, the same 

enynamide 147 as was used in the Grubbs II catalysed RCEM (Scheme 1.46) could be 

converted to diene 179 via ethylene insertion into the ruthenacyclopentene 180 (Scheme 1.48)
85
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Scheme 1.48 ςRCEM of Enynamides to form Alternative Amidodienes 

 

1.3.4. Ynamides in Natural Product Synthesis 

There have only been a few reports of the use of ynamides in natural product syntheses, but 

with the cyclisations of ynamides being able to provide rapid and efficient access to 

heterocyclic systems as demonstrated, the application of ynamides in synthesis is appealing. 

 

10-Desbromoarborescidine A and 11-Desbromoarborescidine C 

The first example of the use of an ynamide in a natural product synthesis was reported by the 

Hsung group in 2005. By employing the Brønsted acid-catalysed Pictet Spengler cyclisation of 

ynamide 183 containing a tethered indole, cyclisation via the keteniminium intermediate 184 to 

the desbromoarborescidine frameworks 185a and 185b could be achieved (Scheme 1.49).
78

  

 

Scheme 1.49 ς Total Synthesis of Desbromoarborescidines 
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Lennoxamine 

In 2006, Cossy and Meyer published an impressive domino reaction incorporating a 

carbopalladation of terminal ynamide 188 to form the vinyl palladium(II) intermediate 189, 

which could then undergo a subsequent Suzuki-Miyaura coupling with aryl boronic acid 190 to 

afford the key precursor 191 to the natural product lennoxamine in a good yield and moderate 

E/Z selectivity (Scheme 1.50).
86,87 

 

Scheme 1.50 ς Total Synthesis of Lennoxamine 

 

Antiostatin A1 

More recently, Witulski et al. employed a chemo- and regioselective rhodium-catalysed 

intermolecular cyclotrimerisation of yne-ynamide 193 with an ynol ether, with the reaction 

proceeding through intermediate 194 to form the antiostatin framework 195 (Scheme 1.51).
65
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Scheme 1.51 ς Total Synthesis of Antiostatin A1 

 

(ҍ)-Herbindoles A, B and C 

Finally, Sato et al. reported an elegant synthesis of (ī)-herbindoles A, B and C via a rhodium-

catalysed intramolecular [2+2+2] cycloaddition of ynamide 197 containing two alkynes 

(Scheme 1.52).
88

 Not only did this route form all three rings of the herbindole scaffold in a 

single step in an excellent yield, the indole product 198 could then be derivatised to all three 

natural products. 

 

Scheme 1.52 ς Total Synthesis of (ī)-Herbindoles A, B and C 

  



Introduction 

31 
 

 

1.4. Conclusions 

Based on the recent developments of efficient preparations of ynamides, their polarisation 

inducing regioselective reactions, their stability to storage and handling and the ability to 

rapidly form a range of carbo- and heterocyclic frameworks, the field of ynamide cyclisations 

has rapidly expanded over the last decade. However, there are still a large range of areas that 

have either not been investigated or have limited examples including the concept of ynamide 

carbopalladation. 

This thesis incorporates the investigations of ynamide carbopalladation in cascade and tandem 

processes terminating in three different pathways. The first incorporates a Stille or Suzuki 

coupling with subsequent electrocyclisation to afford a range of aza-bicycles (Chapter 2). 

Furthermore, these bicycles can be selectively oxidised to the synthetically useful indolines and 

indoles. During the investigations of the Suzuki coupling, a reductive cyclisation was 

discovered which could be exploited to afford a range of exocyclic amidodienes, and could be 

subjected to further cycloadditions and oxidation to afford a complementary range of 

heteroaromatics (Chapter 3). Finally, instead of terminating with a cross-coupling or a reductive 

process, a fully intramolecular system was developed incorporating further carbopalladations, 

and its application toward the synthesis of the trikentrin family of natural products was 

investigated (Chapter 5). 
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2.  Palladium-Catalysed Cascade Cyclisation 

2.1. Introduction 

2.1.1 Overview 

Previous work reported by both the Anderson group,
89,90

 and Suffert et al.,
91-93

 has focused on 

palladium-mediated cascade cyclisations of bromoenynes 200, involving a carbopalladation / 

cross-coupling / electrocyclisation process, giving rise to bicyclic systems of type 201 (Scheme 

2.1). Following on from this work, it was envisaged that modification of the alkyne portion of 

the bromoenyne 200 to a bromoenynamide 202 could lead to significantly more valuable 

azabicycles 203, synthetically useful building blocks that could serve as precursors to a wide 

range of nitrogen-containing heteroaromatics 204. 

 

Scheme 2.1 ς Bromoenyne and Proposed Bromoenynamide Cascade 

Nitrogen-containing heterocycles are among the most important motifs in organic chemistry, 

with the indole architecture being particularly prevalent, appearing in many natural products 

and pharmaceuticals. Whilst there are many routes to access these structures, from traditional to 

the more recent transition metal-catalysed routes,
94-97

 such syntheses usually require a pre-

functionalised benzene ring onto which the heterocycle is annulated.
98,99

 Consequently, these 

strategies can suffer from a lack of late-stage structural diversity with regard to the benzenoid 

portion of the heterocycle. One advantage of our envisaged cascade approach is that it would 
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allow formation of both rings of the heterocycle in a single step, enabling greater structural 

diversity with regards to substitution patterns. It also has the added advantage of allowing 

access to a wide range of heteroaromatics by varying the substrate tether lengths and ring 

oxidation states, giving access to not only indoles but also indolines, quinolines and 

benzazepines (204, n = 1-3). 

 

2.1.2 Precedent 

The area of ynamide carbopalladation was relatively under investigated with, to the best of our 

knowledge, only a single study by Cossy et al. having been reported at the onset of this work.
25

 

This involved the intramolecular carbopalladation of a terminal ynamide 11 with a tethered aryl 

halide, and subsequent reaction of the vinyl palladium intermediate 12 in either a reduction with 

ammonium formate or a Suzuki-Miyaura coupling with an aryl boronic acid (Scheme 2.2). 

 

Scheme 2.2 ς Cossy et al.Ωǎ Ynamide Carbopalladation/Suzuki Coupling Sequence
25,86

 

Whilst this example represents an elegant domino reaction towards the heteroaromatic 

isoindoline system, especially when applied in the total synthesis of the natural product 

lennoxamine 192 (Scheme 2.2),
86

 it is worth noting that this strategy still involved annulation of 

a pre-existing benzene ring, and is therefore of some difference to our own plans.  
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2.1.3. Preliminary Studies 

Preliminary investigations by Oliver Holton, a Part II student, on the proposed cascade 

cyclisation
100

 were conducted with bromoenynamide 205a (R
1
 = nHex) and stannane 206 (R

2
 = 

Me), screening several palladium-catalysts (Pd(PPh3)4, Pd(OAc)2, PdCl2(PPh3)2). Of these, the 

previously reported conditions used in the bromoenyne cascade (10 mol% PdCl2(PPh3)2, 

toluene) proved to be superior, giving the electrocyclised product 207a in a 92% yield when 

heated at 95 ̄C for 2 hours (Scheme 2.3). The optimised conditions were then applied to a 

variety of ynamides and stannanes, which demonstrated that alkyl, aryl and silyl substituents 

were all tolerated at the ynamide terminus and on the vinyl stannane, affording the 

corresponding dienamides in reasonable to high yields (48-92%).  

 

Scheme 2.3 ς Preliminary Stille Cascade Cyclisation Results
100

 

Building on the success of these preliminary results, the primary aims of our research were 

threefold: firstly, since sulfonamide groups often require harsh deprotection conditions, such as 

concentrated acid or strong reducing agents,
101

 we sought to investigate ynamide formation with 

a range of alternative, more labile, protecting groups. Secondly, with an optimal protecting 

group in hand, the methodology could be further optimised and applied to a wider substrate set. 

Finally, whilst it is clear that the proposed carbopalladation/Stille coupling/electrocyclisation 

cascade is highly efficient, it does require the use of toxic organotin reagents. Therefore, 

inspired by the previously mentioned work of Cossy et al., our aim was to expand the 
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methodology to utilise non-toxic alkenyl boron derivatives in a Suzuki coupling as an 

alternative to the Stille coupling. 

 

2.2. Carbopalladation/Stille/Electrocyclisation Cascade 

2.2.1. Effect of varying the nitrogen EWG on ynamide formation 

In order to enable the investigation of the use of an alternative electron-withdrawing substituent 

to the tosyl group used in the preliminary studies, we first needed to prepare the parent 

unsubstituted amine 211 (Scheme 2.4).  

 

Scheme 2.4 ς Synthesis of Parent Unsubstituted Amine 

A robust synthetic route was utilised on a multi-hundred gram scale which began with the 

bromination of allyl bromide 208
102

 and subsequent elimination of 1,2,3-tribromopropane to 

yield 2,3-dibromopropene 209.
103

 Although 209 is commercially available, it is usually 

purchased in a rather impure form and is expensive. Initially, in the preparation of alcohol 210, 

a double Barbier allylation was utilised between aqueous glyoxal and 2,3-dibromopropene 209 

using the procedure of Otera,
104

 which afforded an inconsequential mixture of diastereomeric 

diols in quantitative yield. Oxidative cleavage of this diol with periodate followed by in situ 

reduction of the intermediate aldehyde provided alcohol 210. Unfortunately, due to the 

surprising thermal instability of alcohol 210, satisfactory purification required a rapid 

distillation which often led to a significant loss in product. A superior method for the 

preparation of 210 involved direct bromoallylation of aqueous formaldehyde, from which 210 
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was obtained in quantitative yield and in sufficient purity to be employed directly in subsequent 

reactions without the need for distillation. 

Conversion of alcohol 210 to the amine 211 had previously been achieved in the group 

according to conditions described by Padwa et al.,
105

 which entailed alcohol tosylation, azide 

displacement and a Staudinger reduction with triphenylphosphine to form the amine. However, 

this route proved problematic on scale-up due to the difficulty in removing the 

triphenylphosphine oxide by-product, which led to low mass recovery of the desired amine. 

Consequently, a more effective synthesis was achieved via alcohol tosylation, azide 

displacement and reduction using H2S (Scheme 2.4), with the amine being conveniently stored 

as the acetate salt 211.
106

 This ammonium salt 211 could be readily converted to the free amine 

212 via a basic aqueous work-up directly before being converted to the tosyl, Boc, 

methoxycarbonyl, acetyl, trifluoroacetyl and nosyl derivatives 213a-213f (Table 2.1). 

Table 2.1 ς Varying the EWG on the Nitrogen 

 

 Conditions  Yield 

1 TsCl, NEt3, CH2Cl2 

 

89% 

2 Boc2O, NEt3, DMAP, THF 

 

63% 

3 ClCO2Me, pyridine, CH2Cl2 

 

51% 

4 AcCl, pyridine, Et2O 

 

70% 

5 TFAA, pyridine, CH2Cl2 

 

59% 

6 NsCl, NEt3, CH2Cl2 

 

39% 
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With a range of bromoenamides in hand containing a selection of electron-withdrawing groups 

on the nitrogen, their conversion to bromoenynamides could be investigated. Initially Hsungôs 

efficient copper-catalysed conditions for the coupling of amides with bromoalkynes was 

utilised, as this method has been shown to tolerate a vinyl bromide.
15,16

 The bromoalkynes 

themselves were simply generated through either lithiation/bromine quench, or by using NBS 

and catalytic silver(I) nitrate, from commercially available terminal alkynes (Scheme 2.5). 

Whilst sulfonamide 213a underwent coupling with bromooct-1-yne 215a to afford ynamide 

205a (with the vinyl bromide functionality still intact) in an impressive 93% yield, no other 

amide derivative permitted coupling, with only starting material being recovered. The only 

exception was carbamate 213b which yielded 14% of what was tentatively assigned as ynamide 

216a by 
1
H NMR spectroscopic analysis. However, attempts to improve this coupling did not 

lead to any greater yield. 

 

Scheme 2.5 ς Ynamide Formation Varying the Nitrogen EWG 

Evanoôs copper-catalysed ynamide formation was then evaluated. This involves the coupling of 

amides with 1,1-dibromoalkenes, which may be generated through the reaction of carbon 

tetrabromide and triphenylphosphine with commercially available aldehydes.
19

 Again, whilst 

sulfonamide 213a underwent coupling with dibromoalkene 218a in reasonable yield to afford 

ynamide 205b, no other protecting group was tolerated. 

A survey of the literature confirmed there is little diversity in which protecting groups are used 

in such ynamide formations, with the majority of methods utilising a tosyl or oxazolidinone 
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group, and our findings coincide with this.
1,2

 Interestingly, there is evidence that the use of a 

nosyl protecting group has allowed ynamide formation when employing copper catalysis, but 

unfortunately our attempts with 213f yielded no product.
18

 Due to the inability to form our 

desired ynamides with an alternative protecting group, it was decided that sulfonamide 213a 

would continue to be used in the cascade cyclisations, with the hope that on accessing 

heteroaromatic systems, detosylation conditions would meet with success. 

 

2.2.2. Cascade Optimisation 

With bromoenynamide 205a in hand, we began our investigations by attempting to reproduce 

the cascade cyclisation using the same reaction conditions as employed by Holton with vinyl 

stannane 206 (Table 2.2, entry 1).
100

 This proved more challenging than expected with the 

reaction not proceeding as cleanly as had previously been observed, with an inferior isolated 

yield (entry 2).  

Initially, comparison of the crude 
1
H NMR spectra to that of the purified dienamide 207a 

showed that decomposition was occurring on the silica gel. In order to combat this 

decomposition a variety of purification techniques were attempted including the addition of 

triethylamine to the eluent system, and the use of alumina, which whilst avoiding 

decomposition gave poor separation of the residual stannane and product. Eventually, it was 

found that by using an alternative brand of silica gel (Merck Kieselgel 60), the decomposition 

could be avoided. Unfortunately, whilst the decomposition issues were solved, the unknown 

impurities which had been present in the crude 
1
H NMR spectra remained inseparable from the 

product. 

A number of investigations were then attempted in order to identify the cause of these unknown 

impurities, beginning with the effect of reaction concentration. After both decreasing (entry 3) 

and increasing (entry 4) the reaction concentration compared to that used in the preliminary 

investigations, it was discovered that this did not play an important role in governing the 
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amount of impurities formed. This result was promising as we might have expected an increase 

in the amount of the ñdirectò (non-carbopalladated) Stille coupled product on increasing the 

concentration. 

The next variable to be investigated was the use of the additive triethylamine, given that the 

dienamide product 207a appeared to be acid sensitive (entry 5). However, even with this 

present the reaction proceeded with the same impurities being formed in similar ratios with a 

reduced isolated yield, ruling out decomposition of the product in the reaction mixture caused 

by the presence of trace amounts of acid. 

Table 2.2 ς Optimisation of carbopalladation/Stille coupling/electrocyclisation cascade 

 

 
Catalyst 

Loading/mol% 
Solvent Concentration Time/h Yield

a 

1 10 Anhydrous toluene 16.7 mL.mmol
-1 

18 92% 

2 10 Anhydrous toluene 16.7 mL.mmol
-1
 4 72%

b 

3 10 Anhydrous toluene 83 mL.mmol
-1
 1 n.d.

c
 

4 10 Anhydrous toluene 8 mL.mmol
-1
 1 n.d.

c
 

5 10 
Anhydrous toluene + 

NEt3 
16.7 mL.mmol

-1
 2 30

b
 

6 10 óBottleô toluene 16.7 mL.mmol
-1
 0.5 53

b 

7
d 

10 
Anhydrous d8-

toluene 
16.7 mL.mmol

-1
 2 83% 

8 10 Anhydrous toluene 16.7 mL.mmol
-1
 4 86% 

9 1 Anhydrous toluene 16.7 mL.mmol
-1
 4 70% 

10 1 Anhydrous toluene 16.7 mL.mmol
-1
 8 78% 

11 1 Anhydrous toluene 16.7 mL.mmol
-1
 18 90% 

a Isolated yield b Contains product and unknown impurities; c Isolated yield not determined due to impurities in crude 
1H NMR spectra; d Conducted as a VT NMR experiment at 90 C̄  
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The requirement for anhydrous and anaerobic conditions in the reaction was then investigated. 

The use of ówetô bottle toluene in the cyclisation in place of distilled toluene again gave the 

same impurities but in no greater amount (entry 6). Finally, we conducted the reaction under 

strictly inert, anhydrous conditions, using anhydrous degassed toluene, oven-dried glassware, 

and a fresh batch of catalyst pre-weighed in the glovebox. We first opted to conduct this as a 

VT NMR experiment in d8-toluene to enable us to monitor the reaction and the formation of any 

side-products (see Figure 2.1 in 2.2.3.). To our delight the reaction proceeded cleanly when 

heated to 90 C̄ for 2 hours with no impurities being formed and the product isolated in a 

pleasing 83% yield (entry 7). Pleasingly, when the reaction was then repeated within the lab, 

and not as a VT NMR experiment, we found the cyclisation to now be reproducible with the 

product being isolated in an 86% yield (entry 8). With a renewed confidence in the cascade 

cyclisation we found that it was possible to reduce the catalyst loading from 10 mol% to 1 

mol% with no loss in yield, albeit with longer reaction times (entries 9-11). 
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2.2.3. Mechanistic Considerations 

Whilst conducting the VT NMR experiment it was found that the reaction proceeded in d8-

toluene at a probe temperature of 90 C̄ with the formation of several new peaks visible after 10 

minutes (* = 6.63 (1H, d, J = 15.5 Hz), 5.30 (1H, s), 4.70 (1H, s), 3.39 (2H, t, J = 15.5 Hz), 3.04 

ppm (2H, t, J = 15.5 Hz)). These peaks were even more prominent at 20 minutes, with product 

formation now visible (§  = 5.39 ppm (1H, s)), which gradually increased in intensity over the 

120 minute reaction time (Figure 2.1) until all starting material and intermediate had been 

consumed. 

 

 

 

Figure 2.1 ς Stacked 
1
H NMR Spectra Showing Reaction Progress 
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With the formation of what appeared to be an intermediate visible at a maximum between 10-20 

minutes we sought to determine its identity. If the proposed catalytic cycle is considered 

(Scheme 2.6), ynamide 205a could undergo oxidative addition followed by a syn-

carbopalladation to access the dienylpalladium(II) intermediate 221. This can then undergo 

transmetallation with the stannane coupling partner with subsequent reductive elimination to 

afford triene 223, which after undergoing thermal electrocyclisation would afford the desired 

bicyclic systems. Taking into account the number of alkene signals visible it seemed unlikely 

that the intermediate would be 221, but instead could be the triene 223. 

 

Scheme 2.6 ς Proposed Stille Cascade Catalytic Cycle 

To allow us to identify this intermediate the reaction was stopped after approximately 10 

minutes and cooled to room temperature. After careful column chromatography, we managed to 

isolate the intermediate as the predominant component of a mixture, confirming it was indeed 

the triene 223. Whilst the isolated material was a mixture of the intermediate 223, ynamide 

205a, hydrolysed ynamide and product 207a, irradiation of the key resonances was possible, 

allowing us to determine the geometry of the triene by 
1
H NMR spectroscopic nOe studies. 

Clear mutual enhancements were seen between the exocyclic methylene (HC) and the alkene 

peak (HA), confirming that the intermediate was the syn-triene 223 (Figure 2.2). 
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Figure 2.2 ς Confirmation of Triene Geometry by nOe Analysis 

 

With the VT NMR experiment and the isolation and identification of syn-triene 223 proving 

successful, another experiment was conducted measuring the ratio of starting material, 

intermediate and product based on the relative concentrations of the three components 

compared to the starting ynamide concentration. A graph showing the reaction profile is 

depicted in Figure 2.3, which clearly reveals the build-up of the syn-triene 223 to a maximum 

concentration between 6-15 minutes. This triene appears to maintain a steady state before it is 

slowly consumed at later reaction times. Interestingly, there is a lag time in product formation 

for approximately the first 10 minutes providing support that syn-triene 223 is a genuine 

reaction intermediate. 

 

Irradiation 

Me 

HC 

 
HB 

 

HA 
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Figure 2.3 ς Stille Cascade Reaction Profile 

Interestingly, subjecting the syn-triene to the thermal cyclisation conditions (d8-toluene, 90 ̄C, 

10 min), in the absence of the palladium catalyst, led to complete conversion to the bicyclic 

diene product 207a suggesting that the electrocyclisation step of the cascade is not reliant on the 

catalyst, although from these experiments we cannot rule out that the electrocyclisation could be 

accelerated in the presence of the catalyst. 

Whilst the identification of the syn-triene 223 is not unexpected based on our proposed 

mechanism, as far as we are aware this is the first time that this intermediate has been identified 

in a carbopalladation/cross-coupling/electrocyclisation cascade. Previously, when bromoenynes 

were used in a similar cascade process in the Anderson group, the Z-triene was observed 

sometimes in quite substantial amounts, although it is worth noting that while the anti-triene 

was observed, it is likely that the pathway does not proceed exclusively via this intermediate.
89

 

With the anti-triene often being formed with a bromoenyne containing a silyl-substituent on the 

alkyne terminus, a VT NMR experiment was conducted using a TMS-substituted 

bromoenynamide in an attempt to see if increased steric bulk or electronic effects of the silicon 

would also favour the anti-triene. However, during this experiment no intermediate was 

observed, implying that silyl-substituted ynamides undergo a much more rapid 

electrocyclisation compared to the nhexyl-substituted ynamide 205a. This implies that the 

reaction pathway indeed does still proceed via the syn-triene, as it might be predicted that if 

0

0.01

0.02

0.03

0.04

0.05

0.06

0 6

1
2

1
8

2
5

3
1

3
8

4
4

5
1

5
7

6
7

7
6

8
3

9
2

9
7

1
0

3

1
1

0

1
1

6

1
2

3

C
o

n
c
 /
 m

o
l.d

m
-3

 

Time / Min 

Starting Material

Intermediate

Product



Chapter 2 

45 
 

anti-triene were formed the length of reaction would be increased due to the need for a second 

isomerisation to occur to set up the electrocyclisation process. 

 

2.2.4. Bromoenynamide Synthesis 

Having established a suitable electron withdrawing group on the nitrogen, and an optimised set 

of cyclisation conditions, we turned our attention to the synthesis of a range of 

bromoenynamides in order to conduct a substrate screen. Whilst we had obtained sulfonamide 

213a (for ynamide formation) in four steps from alcohol 210 via tosylate formation, azide 

displacement, reduction and subsequent tosyl protection in an overall 56% yield, it required the 

use of the undesirable reagents sodium azide and hydrogen sulfide gas. Consequently, a more 

efficient and scalable route was employed involving a Mitsunobu coupling between alcohol 210 

and BocNHTs to install the requisite nitrogen atom, with Boc deprotection yielding the desired 

sulfonamide 213a in an improved 65% yield in only two steps (Scheme 2.7).
107

 

 

Scheme 2.7 ς ΨtŀǊŜƴǘΩ Sulfonamide Formation via Mitsunobu Coupling 

With a facile route to sulfonamide 213a in hand we first aimed to vary the substituents on the 

ynamide terminus. Therefore, sulfonamide 213a was submitted to a range of ynamide 

formations (Table 2.3) using both Hsungôs
16

 (CuSO4Å5H2O (20 mol%), 1,10-phenanthroline (40 

mol%), K3PO4, toluene, 70 ̄C) and Evanoôs copper-catalysed conditions
19

 (CuI (12 mol%), 

DMEDA (18 mol%), Cs2CO3, 1,4-dioxane, 60 ̄C), with the choice of method being mainly 

dependent on the cost and availability of the corresponding starting aldehyde or alkyne used in 

the preparation of the coupling partners. Generally, the reactions proceeded cleanly, with alkyl, 

aryl, silyl and heteroaromatic substituents all being tolerated to afford the desired 

bromoenynamides in good yield. The exception to this was the TMS-ynamide 205d (entry 4), 

where desilylation occurred under the reaction conditions, and the electron-rich PMP-ynamide 
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205e. It is worth noting that the yield of ynamide formation under both Hsungôs and Evanoôs 

conditions had a strong dependence on the dryness of the base (K3PO4 or Cs2CO3), which 

correlates with the findings of Dooleweerdt et al. who reported that ynamides synthesised using 

Hsungôs conditions were obtained in substantially higher yields using pure and anhydrous 

K3PO4 in comparison to hydrated bases (K3PO4Å1.5H2O and K3PO4Å7H2O).
108 

Table 2.3 ς Bromoenynamide Formation 

 

 Coupling Partner Conditions
a 

Substrate Yield 

1 
 

A 

 

93% 

2 

 

A 

B 
 

58% 

88% 

3 
 

A 

 

66% 

4 
 

A 

 

20% 

5 

 

B 

 

22% 

6 

 

B 

 

47% 

7 

 

B 

 

69% 

a Conditions A: CuSO4Å5H2O (20 mol%), 1,10-phenanthroline (40 mol%), K3PO4, toluene, 70 ̄C, 

overnight. Conditions B: CuI (12 mol%), DMEDA (18 mol%), Cs2CO3, 1,4-dioxane, 60 ̄C, 

overnight 
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-hSubstituted Ynamides 

In an effort to introduce greater structural diversity to the final heterocyclic products, it was 

desirable to demonstrate the synthesis and subsequent cyclisation of bromoenynamides 

containing substituents along the tether, thereby introducing functionality onto the pyrrole 

portion of our systems. This was achieved by introducing a substituent adjacent to the nitrogen 

centre using a Barbier allylation of a range of aldehydes, followed by a Mitsunobu coupling and 

Boc deprotection (Scheme 2.8), reactions which proceeded in good yields. 

 

Scheme 2.8 ς {ȅƴǘƘŜǎƛǎ ƻŦ ʰ-Substituted Sulfonamides 

Disappointingly, conversion of these Ŭ-substituted sulfonamides 225a-225c to the 

corresponding bromoenynamides proved problematic with both of the copper-catalysed 

conditions used previously, instead favouring intramolecular cyclisation to azetidine 227a 

(Scheme 2.9). This result may reflect a slight Thorpe-Ingold effect, or steric hindrance, as 

similar conditions (CuI, DMEDA, Cs2CO3, dioxane) have been shown to cyclise vinyl chloride 

analogues of 225a-225c to the corresponding azetidines.
109

 making this result somewhat 

unsurprising in hindsight. Unfortunately, the use of Evanoôs alternative copper-catalysed, base-

free, room temperature coupling of trifluoroborate salt 228 with sulfonamide 225c (and óparentô 

sulfonamide 213a, which is known to undergo ynamide formation, as a comparison), were also 

unsuccessful, with no reaction occurring and only the starting sulfonamides being recovered.
20

 

In an attempt to avoid the inherent problems of copper-catalysed conditions, Zhangôs iron-

catalysed coupling of amides with bromoalkynes was investigated (Scheme 2.9),
17

 initially with 

óparentô sulfonamide 213a. Whilst 213a underwent successful ynamide formation using copper-

catalysed conditions using bromoalkyne 215a, the iron-catalysed coupling proved less 

successful with only partial conversion occurring (213a:205a = 6:1). However, whilst full 
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conversion was not possible, the ynamide formation with Ŭ-substituted sulfonamide 225a was 

still attempted. Interestingly, this also led to quantitative conversion to azetidine 227b. 

 

Scheme 2.9 ς !ǘǘŜƳǇǘŜŘ {ȅƴǘƘŜǎŜǎ ƻŦ ʰ-Substituted Bromoenynamides 

To overcome the failure of these metal-catalysed methods to prepare bromoenynamides from Ŭ-

substituted sulfonamides, we next examined Witulksiôs alkynyliodonium triflate methodology 

(Scheme 2.10) which had been popular and widely applied in ynamide synthesis prior to the 

discovery of copper-catalysed alkynylations. This method has the drawback of being 

predominantly suited only to the synthesis of silyl-substituted ynamides.
11,58

 As such iodonium 

triflate salt 231 was prepared according to literature conditions.
110

 

 

Scheme 2.10 ς ²ƛǘǳƭǎƪƛΩǎ !ƭƪȅƴȅƭƛƻŘƻƴƛǳƳ ¢ǊƛŦƭŀǘŜ aŜǘƘƻŘƻƭƻƎȅ 
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After conducting a brief screen of the most widely used bases (n-BuLi, LiHMDS, KHMDS)
1
 it 

was found that in order to avoid bromine-lithium exchange and to obtain a cleaner reaction, the 

use of KHMDS was most suitable with a reduced temperature of ī78 C̄ instead of the often 

reported 0 ̄C. The yields for the formation of the TMS-ynamides 205d and 232a-b using this 

method were reproducible, if moderate and we could now obtain bromoenynamide 205d in 

significantly greater yield compared to Hsungôs conditions (Table 2.3, entry 4) with no 

desilylation occurring during the reaction. The isolated yields of Ŭ-substituted 

bromoenynamides 232a and 232b were particularly pleasing as the issue of intramolecular 

cyclisation was avoided. The moderate yields of these reactions are typical of Ŭ-branched 

amides, 
11

 likely due to the increase in steric hindrance in the nucleophilic addition of the amide 

to the iodonium triflate salt during in situ carbene formation prior to 1,2-migration.  

Whilst we were pleased to have obtained silylated Ŭ-branched bromoenynamides, it was 

desirable to have alternative substituents on the ynamide terminus due to the intolerance of 

silyl -substituted ynamides in later cascade cyclisations. We initially sought to introduce 

alternative substituents directly through the use of a phenyl-substituted alkynyliodonium triflate 

salt 236 (Scheme 2.11).
51,63,64

 Al though the iodonium salt 236 has been previously reported in 

the literature,
110

 it proved difficult to isolate; furthermore, utilising the crude iodonium salt 236 

in the ynamide formation with óparentô sulfonamide 213a gave bromoenynamide 205b in only 

15% yield. When Ŭ-branched sulfonamide 225a was submitted to the same conditions, even 

after repeated attempts, the best yield was 3%, with the product still containing impurities. 

 

Scheme 2.11 ς Attempted Synthesis of a Phenyl-{ǳōǎǘƛǘǳǘŜŘ ʰ-Branched Ynamide 
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Having failed to introduce an alternative ynamide substituent directly, investigations into 

desilylation of ynamides 205d and 232a-b, and subsequent introduction of alternative 

functionality, were conducted. Successful desilylation of TMS-ynamide 205d with TBAF 

afforded terminal ynamide 205h (Scheme 2.12) which had a reduced stability towards 

purification by column chromatography, compared to alkyl- and aryl-substituted ynamides. 

Therefore this crude reaction mixture was rapidly filtered through a silica plug, concentrated in 

vacuo and used without further purification. 

 

Scheme 2.12 ς Ynamide Desilylation 

With terminal ynamide 205h in hand, alkylation was attempted (Table 2.4) following the 

precedent of Witulski et al., who reported the successful introduction of n-butyl and methyl 

substituents.
51,111

 

Table 2.4 ς Attempted Alkylation of Terminal Ynamide 

 

 Conditions Result
 

1 n-BuLi (1.0 equiv.), THF Eliminated Pr 238 

2 LDA (1.0 equiv.), THF Only SM recovered 205h 

3 LiHMDS (1.0 equiv.), THF Only SM recovered 205h 

4 KHMDS (1.0 equiv.), THF 
Inseparable mixture 

~1:2 Pr 205i:SM 205h
a 

a Calculated by 1H NMR spectroscopic analysis of the crude reaction mixture 

 

Unsurprisingly, the use of n-BuLi led to bromine-lithium exchange alongside successful 

reaction with the electrophile methyl iodide (entry 1). Use of alternative bases LDA and 
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LiHMDS afforded no formation of the desired product 205i (entries 2-3) and whilst the use of 

KHMDS did avail desired alkylation, poor conversion was observed and the desired product 

could not be separated from the starting material (entry 4). It is possible that the failure of these 

reactions, in particular the failure of LDA and LiHMDS, was due to the small scale on which 

the reactions were conducted and if any water was present the lithium bases and any anions 

formed would have been quenched. 

Due to the difficulties in introducing functionality via alkylation, Hsungôs conditions for the 

Sonogashira coupling of terminal ynamides with aryl iodides were employed on 

bromoenynamides both with and without an Ŭ-substituent (Table 2.5).
7
  

Table 2.5 ς Sonogashira Coupling of Aryl Iodides with a Terminal Ynamide 

 

 Ynamide Aryl Iodide
 

Product Yield 

1 

   

17%
b 

50% 

2 205d 

 
 

52% 

3 205d 
 

 

28% 

4 

 
 

 

41% 

5 

 
 

 

43% 

a Conditions: i) TBAF, THF, 0 ̄C, 10 min, ii) Pd(PPh3)4 (5 mol%), CuI (<1 mol%), toluene, 

NEt3, 60 ̄ C, 1.5 h; b Conducted with CuI (2 mol%) and Pd(PPh3)4 (5 mol%) at RT 
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As reported, the coupling was highly dependent on the quantity of copper(I) iodide used, with 

only 17% of bromoenynamide 205ba isolated using 2 mol% CuI catalyst loading, compared to 

yields in excess of 50% when <1 mol% CuI was used (entry 1). The significant drop in yield is 

due to homocoupling of the terminal ynamide as shown by Saá
112,113

 (10 mol% CuI, 20 mol% 

TMEDA, acetone, O2, RT). Having found reliable conditions for the introduction of 

functionality onto the ynamide terminus, a range of aryl iodides were coupled with 205b 

(entries 2-3), and the Ŭ-branched bromoenynamides 232a and 232b were coupled with 

iodobenzene (entries 4-5) to afford the desired products 232c and 232d. 

In a brief attempt to render the synthesis of Ŭ-branched bromoenynamides more efficient, a new 

three-step route was designed involving the synthesis and Ŭ-deprotonation of the literature 

known ynamide 244, with subsequent introduction of 2,3-dibromopropene 209 as an 

electrophile (Scheme 2.13). Whilst the synthesis of ynamide 244 proceeded in quantitative 

yield, the addition of 209 proved more difficult with only traces of starting material being 

identified during analysis of the crude 
1
H NMR spectra after aqueous work-up. 

 

Scheme 2.13 ς !ƭǘŜǊƴŀǘƛǾŜ wƻǳǘŜ ǘƻ ʰ-Substituted Bromoenynamides 

Whilst this route would have provided an elegant synthesis of ynamide 232e, one potential 

problem in the final step of this scheme could be the elimination of the tosyl group if Ŭ-

deprotonation occurred to give an ynimine, which would most likely be unstable. Bearing this 

potential problem in mind and in the interest of time, it was decided that the alkynyliodonium 

triflate salt/desilylation/Sonogashira route to the same substrates would continue to be utilised, 

enabling our focus to be shifted onto the synthesis of other bromoenynamides that would 

expand the substrate set. 
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Larger Tether Length Ynamides 

One of the envisioned advantages of our cascade was that we would be able to increase the 

ynamide tether length to enable access to a range of bicyclic systems. With this in mind we 

aimed to synthesis bromoenynamides that on submission to the cascade cyclisation would form 

6,6- and 7,6-bicyclic ring systems.  

Two routes were initially employed (Scheme 2.14), with the first involving enolisation of tert-

butyl acetate 245 and subsequent reaction with 2,3-dibromopropene 209 to form ester 246, 

which could be reduced to alcohol 247.
114

 Conversion of this alcohol to the ammonium salt 248 

via tosylation/azide displacement, reduction and salt formation was unsuccessful with a 

complex product mixture being obtained in the final reduction step. A possible explanation for 

this outcome is the potential 1,3-dipolar cycloaddition reaction of the azide with the vinyl 

bromide, which could be enabled by the larger tether size. Nevertheless, conversion to 

sulfonamide 249 by using Mitsunobu coupling/Boc deprotection was successful, albeit in a poor 

yield of 24%. The second route involved the in situ formation and reaction of a 

cyanomethylcopper species with 2,3-dibromopropene 209, as reported by Corey and 

Kuwajima.
115 

Subsequent LiAlH4 reduction afforded the free amine 251, which could then be 

tosylated to afford 249. 

 

Scheme 2.14 ς Synthesis of Larger Tether Length Sulfonamides 
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After the problems encountered in preparing Ŭ-branched bromoenynamides using copper-

catalysed conditions, it was not surprising that similar intramolecular cyclisation occurred with 

sulfonamide 249 via putative intermediate 252 to give pyrrolidine 253 (Scheme 2.15). The 

problem was similarly overcome by employing Witulskiôs alkynyliodonium triflate salt 

methodology followed by desilylation and Sonogashira coupling to afford bromonenynamide 

255. 

 

Scheme 2.15 ς Larger Tether Length Ynamide Formation 

To obtain the homologue of 260 (ie. a precursor to an azepane ring system), alcohol 259 was 

prepared using a modification of the reported procedure by Trost and Chen.
116

 Acetyl protection 

of alcohol 256b followed by alkyne bromoboration/protodeborylation introduced the required 

vinyl bromide functionality as a single regioisomer (Scheme 2.16).
117

 Acetate 258 could then be 

deprotected and submitted to the Mitsunobu coupling/Boc deprotection protocol as previously 

described. 

 

Scheme 2.16 ς Synthesis of Larger Tether Length Sulfonamides 

Whilst this method indeed formed sulfonamide 260, it was realised that the sequence could be 

shortened by reversing the order of events. By conducting the Mitsunobu coupling on alcohol 
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256b followed directly by the bromoboration/protodeborylation step, HBr generated in the latter 

process enabled in situ Boc deprotection; as such sulfonamide 260 could be obtained in only 2 

steps from a commercially available alcohol (Scheme 2.17). Pleasingly, this route could also be 

applied to form sulfonamide 249 (n = 1) and if desired could even be utilised for the óparentô 

sulfonamide (n = 0). 

 

Scheme 2.17 ς Shortened Synthesis of Larger Tether Length Ynamides 

Given the behaviour of sulfonamide 249 in ynamide formations, it was surprising to find that 

Hsungôs copper-catalysed conditions were successful in the coupling of homologue 260 with a 

range of bromoalkynes (Scheme 2.18). No formation of the anticipated piperidine was 

witnessed, which could possibly be explained by the formation of the required 7-membered 

intermediate being less favourable compared to the equivalent 5- and 6-membered 

intermediates. 

 

Scheme 2.18 ς Larger Tether Length Ynamide Formation 

 

2.2.5 Substrate Screen 

With a range of bromoenynamides and optimised cascade cyclisation conditions involving a 

Stille coupling in hand, we could focus our attention on a substrate screen to study the effects of 

the substituents on both the ynamide and stannane coupling partner (Table 2.6). 
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Table 2.6 ς Stille Cascade Substrate Screen 

 

 Ynamide 
Coupling 

Partner 
Product Yield

 

1 

 
 

 

A: 90% 

B: 92%
b 

2 

 
 

 

A: 76% 

B: 70%
b 

3 

 
 

 

A: 67% 

B: 48%
b 

4 

 
 

 

B: 66%  

+ 18% 265 

5 

   

B: 66% 

6 

   

B: 68%
c 

a Isolated yield; b Isolated yields from preliminary results100; c Isolated as a 7:1 ratio of 266:269a 

 

Pleasingly, ynamides with both an alkyl (entries 1-2) and aryl (entry 3) substituent were 

tolerated with alkenyl stannane 206, with no loss in yield occurring when the catalyst loading 

was reduced to 1 mol% compared to the previously used 10 mol%. Whilst a trimethylsilyl 

group on the ynamide terminus was tolerated under the reaction conditions (entry 4), the side-

product 265 was isolated in an 18% yield. This side-product is formed due to N- to C-alkyne 

migration and may be explained by the mechanism shown in Scheme 2.19. 
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Scheme 2.19 ς N- to C-Alkyne Migration 

The increased steric bulk of the silyl substituent leads to significant allylic strain in 

dienylpalladium(II) intermediate 267, resulting in elimination of palladium and the sulfonamide 

leaving group before cross-coupling can occur. With a TMS substituent this elimination is 

competitive with the Stille cross-coupling to give a mixture of products, however it had been 

previously shown by Holton that when a TIPS group is used this migration is the exclusive 

product,
100

 supporting the belief that increased steric bulk favours this elimination pathway. 

During Holtonôs preliminary investigations a range of stannanes were screened and it was 

shown that alkyl, aryl and silyl-1,2-substituted trans alkenyl stannanes, and terminal alkenyl 

stannanes, could be successfully employed (207a-d, Scheme 2.3 in 2.1.3.).
100

 In an attempt to 

further expand the scope of the cyclisation dihydropyranyl stannane 263 was utilized, which 

gave access to the tricyclic 5,6,6-fused ring system 207h (entry 5). This was a particularly 

pleasing result given both the steric challenge, and due to the fact that the product contained 

two activated alkenes in the form of an enamide and an enol ether. 

In addition to the 6p-electrocyclisation terminating cascades, we also addressed the 

corresponding 8p process using dienylstannane 264.
89,90

 Pleasingly, ynamide 205a successfully 

underwent cyclisation to the bicyclic 5,8-fused ring system 266 (entry 6) which did not undergo 

a further 6p-electrocyclisation of the cyclooctatriene. Unfortunately, the reaction was 

complicated by inseparable impurities and the presence of what appeared to be the exocyclic 

diene 269a which was identified during optimization of the Suzuki cascade (see Table 2.7).  
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2.3. Carbopalladation/Suzuki/Electrocyclisation Cascade 

2.3.1. Cascade Optimisation 

Whilst it was clear that the carbopalladation/Stille coupling/electrocyclisation cascade was 

highly efficient, it did require the use of toxic organotin reagents. We were therefore inclined to 

move toward a cascade that would allow the incorporation of a vinyl boron derivative in a 

Suzuki coupling, which in practice proved to be quite challenging. 

Since Cossy et al. had successfully developed conditions to conduct an intramolecular ynamide 

carbopalladation terminating in a Suzuki coupling,
25

 it seemed logical to initially apply these 

conditions (5 mol% Pd(OAc)2, 10 mol% PPh3, THF/H2O (10:1), aq. NaOH, reflux) to our 

system using bromoenynamide 205a and alkenyl boronic acid 268a (Table 2.7, entry 1). 

Intriguingly, incomplete conversion of the starting material was observed alongside the 

unexpected formation of exocyclic diene 269a, which appeared to arise from a reduction of the 

intermediate dienylpalladium(II) complex. We next tested conditions reported by Oh (10 mol% 

Pd(PPh3)4, Cs2CO3, anhydrous EtOH, 80 ̄C) in a related alkyne carbopalladation/Suzuki 

coupling sequence conducted on bromoenynes with both aryl boronic acids and alkenyl boronic 

acids (including 268a). In this reported case, the electrocyclisation process was not seen, 

possibly due to the reduced reaction temperature.
118

 Pleasingly, conversion of the starting 

material improved but diene 269a was still formed (entry 2), and when the boronic acid 

coupling partner was removed, 269a was actually isolated in an impressive 83% yield (entry 3). 

At this point we hypothesised that the hydroxylic solvent might be the cause of formation of 

269a via a palladium(II) hydride species, and thus carried out a brief screen of anhydrous 

solvents in the hope that this side reaction could be eradicated. The use of 1,4-dioxane gave a 

poor yield with, surprisingly, a mixture of both product 207b and diene 269a still being formed 

(entry 4), whilst the use of toluene led to no reaction (entry 5). Eventually, it was found that the 

use of THF greatly favoured product formation (entry 6), while DME led to exclusive formation 

of product 207b (entry 7). 
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Table 2.7 ς Optimisation of carbopalladation/Suzuki coupling/electrocyclisation cascade
a 

 

 
Coupling 

Partner 

Solvent, 

Time (h) 

Pd catalyst 

(mol%) 
Yield

 
207b:269a 

1 268a 
THF:H2O 

(10:1), 5
b Pd(OAc)2 (5), PPh3 (10) n.d. 

1:4:2 

205a:207b:269a 

2 268a EtOH, 18 Pd(PPh3)4 (10) n.d. 1:1.2 

3 - EtOH, 2 Pd(PPh3)4 (10) 83 0:1 

4 268b 1,4-Dioxane, 18 Pd(PPh3)4 (5)
 

24 1:2.5 

5 268b Toluene, 5 Pd(PPh3)4 (5) n.r. - 

6 268b THF, 18 Pd(PPh3)4 (5) 80 30:1 

7 268b DME, 4 Pd(PPh3)4 (5) 83 1:0 

8 268b DME, 18 PdCl2(PPh3)2 (5) 70 10:1 

9 268b DME, 18 PdCl2(dppf) (5) 25
c 

1:0 

10 268a THF, 18 Pd(PPh3)4 (5) 67 20:1 

11 268a DME, 18 Pd(PPh3)4 (5) 79 1:0 

12 268c THF, 3
d 

Pd(PPh3)4 (5) 85 1:0 

a Reactions conducted using 268a or 268b (1.5 equiv.) and Cs2CO3 (1.5 equiv.) at reflux in degassed, anhydrous 

solvent; b 1 M NaOH used as base; c Direct cross-coupling with the vinyl bromide was also observed; d 268c (0.5 

equiv.)/H2O (1.5 equiv.) used 

 

With anhydrous DME being the optimal solvent for selective product formation, a brief screen 

of palladium catalysts was conducted (entries 7-9), with 5 mol% Pd(PPh3)4 and Cs2CO3 proving 

to be optimal, the desired product 207b being isolated in an impressive 83% yield from 

bromoenynamide 205a and alkenyl pinacol boronate 268b. Finally, we investigated how the 

nature of the alkenylboron species affected the reaction efficiency, with both the boronic acid 
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268a and boroxin trimer 268c being tolerated. These formed products 207b and 207d 

respectively, in excellent yields (entries 11-12). 

 

2.3.2. Substrate Screen 

Using the same range of bromoenynamides described in Section 2.2.4. and the optimised 

cyclisation conditions (5 mol% Pd(PPh3)4, Cs2CO3, anhydrous DME, reflux), the scope of the 

reaction was investigated by varying the bromoenynamide (Table 2.8), and then by varying the 

coupling partner (Table 2.9).  

First, the effect of varying the substituent on the ynamide terminus was examined using 

coupling partner 268b, with both alkyl and aryl functionality being tolerated to form bicyclic 

5,6-fused ring systems (Table 2.8, entries 1-3). The use of the electron-deficient ynamide 205j 

proved successful in the cyclisation but afforded indoline 207k, presumably due to in situ 

aerobic oxidation of the 1,3-diene (entry 4), whilst the use of electron-rich ynamides 205e and 

205k was significantly less effective with poor yields and inseparable impurities being present 

in the reaction mixture (entries 5-6). The cascade cyclisation of the Ŭ-branched ynamides 232c 

and 232d to the trisubstituted 5,6-bicyclic systems 207n and 207o proceeded in good yield with 

moderate diastereoselectivity (entries 7-8), reflecting a degree of substrate control in the 

electrocyclisation from the conformation-controlling effects of the tosyl group, phenyl, and Ŭ-

substituent.  

Both the 6,6- and 7.6-fused systems were also successfully accessed from cyclisation of the 

larger tether length ynamides 255 and 262a (entries 9-10), however the latter was isolated as a 

mixture of both the 1,3- and 1,4-diene isomers as shown (see later discussion). 
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Table 2.8 ς Substrate Scope: Varying the Ynamide 

 

 Ynamide Product 
Yield

a  

(dr)
b 

1 

  

83% 

2 

  

55% 

3 

  

69% 

4 

  

61% 

5 

  

<37% 

Impure 

6 

  

<23% 

Impure 

7 

  

77% 

(dr 3:1) 

8 

  

68% 

(dr 1.4:1) 

9 

  

61% 

10 

  

74%
c
 

a Isolated yield; b Determined by 1H NMR spectroscopic analysis of the crude reaction; c 

Isolated as a 1.3:1 mixture of 1,3- and 1,4-diene isomers 
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Satisfied with the scope of the reaction with respect to the substituent on the ynamide terminus, 

the scope with respect to the coupling partner was investigated. Pleasingly, the unsubstituted 

boroxin trimer 268c, and the alkyl- and cycloalkyl-substituted vinyl boronic acids 268d and 

268e underwent successful couplings with ynamides 205j and 205c (Table 2.9, entries 1-3). 

Interestingly, during the cascade cyclisation of 205j with cyclohexenyl boronic acid 268e 

(Table 2.9, entry 3) no in situ oxidation of the 1,3-diene to the indoline was observed, as 

compared to the reaction of 205j with styrenyl pinacol boronate 268b (Table 2.8, entry 4) where 

only the oxidised indoline was isolated. It is worth noting that when the alkenyl boronic acids 

268d and 268e were replaced with their boronic ester counterparts, the cascade was much less 

efficient with hardly any product being formed even with extended reaction times. This could 

reflect a reduced rate of transmetallation or hydrolysis of the alkenyl boronic ester compared to 

the boronic acid, as alkenyl boronic acids are known to be more reactive than the corresponding 

boronic esters.
119,120

  

The use of the electron-rich aryl-substituted vinylboronate 268f also underwent coupling with 

ynamide 205a but with the formation of the exocyclic diene 269a being observed, suggesting 

that the formation of a palladium hydride species was now occurring in DME (see discussion in 

Chapter 3). Fortunately, the product was separable from this side-product and could be isolated 

in a reasonable 55% yield (entry 4). Disappointingly, this trend of forming both product and the 

exocyclic diene 269a was also seen when electron-deficient aryl-substituted vinylboronates 

268g and 268h were utilised. With an electron-withdrawing para-trifluoromethyl substituent 

the formation of exocyclic diene was more favoured compared to the electron-rich example, but 

again the product was separable and obtained in a 67% yield, with the added complication of 

the product being a mixture of 1,3- and 1,4-diene (entry 5). The formation of the exocyclic 

diene was even more pronounced when a mesomerically electron-withdrawing para-nitrile 

substituent was present with no product being formed, and full conversion of ynamide 205a to 

exocyclic diene 269a occurring (entry 6). The amount of exocyclic diene formed in these 

examples seemed to reflect the rate of transmetallation of the boron coupling partner with the 



Chapter 2 

63 
 

dienylpalladium(II) complex. The cascade cyclisation with the ester-containing boronic ester 

268i did not suffer from any exocyclic diene formation, but was again complicated by the 

isolation of a mixture of diene isomers (entry 7). 

Table 2.9 ς Substrate Screen: Varying the Coupling Partner 

 

 Ynamide 
Coupling 

Partner 
Product Yield

a 

1
b 

 
  

54% 

2 

 
 

 

62% 

3 

 
 

 

74% 

4 

   

55% 

(10:1 

207s:269a)
c
 

5 

  
 

67%
d 

(3.5:1 

207t:269a)
c 

6 

  
 

n.d. 

(0:1 

207u:269a)
c
 

7 

 
 

 

67%
e 

a Isolated yield; b 268c (0.5 equiv.)/H2O (1.5 equiv.) used; c Determined by 1H NMR spectroscopic analysis of the 

crude reaction; d Isolated as a 3:1 mixture of 1,3- and 1,4-diene isomers; e Isolated as a 1.2:1 mixture of 1,3- and 

1,4-diene isomers 
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The formation of a 1,4-diene in the 7,6-bicyclic ring system 271 (Table 2.8, entry 10), and with 

207t and 207v (Table 2.9, entries 5 & 7), may be due to isomerisation of the 1,3-diene product 

of the cascade cyclisations. Its formation is interesting as in doing so, except for the ester 

containing product iso-207v, the molecule appears to become unconjugated. The simplest 

explanation for the isomerisation of 207v would be the deprotonation of the 1,3-diene product 

adjacent to the electron-withdrawing ester to form a stabilised anion followed by isomerisation 

(Scheme 2.20, method A).  

 

Scheme 2.20 ς Proposed Mechanisms for the Isomerisation of 1,3-Amidodienes 

However, this mechanism seems less viable as an explanation for the isomerisation of 207t and 

of the 7,6-system 271. Since it seems likely that a palladium(II) hydride species is being formed 

in DME, due to the exocyclic diene being formed during the cascade (Table 2.9, entries 4-6), a 

more plausible mechanism explaining the mixture of diene isomers could involve the reversible 

addition/ß-hydride elimination of this Pd(II)-H species across the alkenes in the cyclised 
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product (Scheme 2.20, method B). This proposal is further supported by the literature reported 

isomerisation/migration of olefins using palladium hydride complexes by Gauthier et al., who 

suggest the same mechanism.
121

 Alternatively, Baiker et al. suggest a palladium-catalysed 

hydrogen-abstraction to afford an allylic radical, which could then undergo isomerisation and 

re-capture of a hydrogen atom, regenerating the palladium(II)  and forming the 1,4-diene 

(Scheme 2.20, method C).
122,123

 

It is possible that this process happens to relieve axial strain induced by the interaction between 

the tosyl and nhexyl substituents in the 1,3-diene, and to enable the nitrogen lone pair to 

become conjugated with the C8/C9 alkene which would prevent further isomerisation.  

 

2.3.3. Mechanistic Insight and Future Considerations 

Recent studies conducted by Jutand et al. have concentrated on elucidating the mechanism of 

the Suzuki reaction, with an initial focus on the role of the base and hydroxide ions. 
124

 

Reactions were conducted using an aryl halide and aryl boronic acid in the presence of the 

catalyst (p-NC-C6H4)Pd(PPh3)3 in DMF, with and without a base. In the absence of a base, 

whilst oxidative addition occurred, no reaction was observed with the aryl boronic acid. 

However, on the addition of hydroxide ions the reaction did proceed, confirming that the 

presence of a base is required to induce cross-coupling (Scheme 2.21). 

 

Scheme 2.21 ς Investigation into the Role of the Base in a Suzuki Coupling 

Having confirmed that a base is required, further investigations discovered that the hydroxide 

ions unexpectedly played three roles. The first is the formation of the key reactive complex for 

transmetallation to occur (trans-[ArPdOH(PPh3)2)]. Secondly, hydroxide promotes the 

reductive elimination by forming a penta-coordinate palladium species with trans-
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[ArPdArô(PPh3)2)]. The final role of the hydroxide ion is an inhibitor of the reaction by forming 

the unreactive óboronateô ArôB(OH)3
Ū
 species ï an intermediate previously thought to be more 

nucleophilic and therefore more reactive in the transmetallation step.
125

 

Following on from these findings, Jutand et al. also reported in 2012 the effect of using 

carbonate (Cs2CO3) bases instead of hydroxide (nBu4NOH), including a study of the effect of 

the metal counterion.
126

 It was found that the counterion did affect the rate of transmetallation, 

decreasing reactivity by complexation to the trans-[ArPdOH(PPh3)2)] intermediate, and 

inhibiting co-ordination of the aryl boronic acid to varying degrees depending on the cationic 

species (Na
Ä
 > Cs

Ä
 > K

Ä
 > nBu4N

Ä
). The reaction involving use of Cs2CO3 was also compared 

to that using nBu4NOH, and it was discovered that carbonates actually result in a slower 

reaction, even if water is added to form more 
Ū
OH to accelerate the reaction. Further studies 

confirmed that when a carbonate is used, a similar catalytic cycle occurs with the carbonate 

reacting with water to form the active palladium-hydroxide species. However, as the 

concentration of hydroxide generated from the reaction of the carbonate with water is low, a 

slower reaction results due to decreased rates of both transmetallation and reductive elimination 

compared to the use of nBu4NOH.  

Overall, these findings show the importance of the base in the Suzuki reaction in terms of both 

counterion effects and the concentration of hydroxide present in the reaction. Interestingly, our 

Suzuki cascade utilises anhydrous conditions (Pd(PPh3)4, Cs2CO3, anhydrous DME, inert 

atmosphere, sealed vial, 85 ̄ C), and based on Jutandôs findings should not proceed efficiently. 

If these findings are transferable to our cascade, the fact that the cascade cyclisation is 

successful suggests that some óadventitiousô water is present, most likely originating from the 

cesium carbonate used which is somewhat hygroscopic in nature, and was not rigorously dried 

with heat or vacuum before use. Combination of this hypothesis with the reported findings 

allows a catalytic cycle to be proposed (Scheme 2.22). 
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Oxidative addition of bromoenynamide 205, followed by syn-carbopalladation leads to the 

intermediate 273 which can then undergo the required conversion to the active intermediate 274 

due to the presence of hydroxide ions formed from the reaction of CO3
2Ū

 with water. This active 

intermediate 274 can then undergo transmetallation with the boronic species 268. However, the 

rate of transmetallation will be affected due to both the counterion Cs
Ä
 complexing to 274 and 

the 
Ū
OH forming the unreactive óboronateô species, although if our reaction does not contain 

much water this may not be a problem. Once transmetallation has occurred, 276 can then 

undergo reductive elimination to 278, promoted by hydroxide co-ordination forming the penta-

coordinate species 277, regenerating Pd
0
 and forming triene 278 which can undergo subsequent 

thermal electrocyclisation. 

 

Scheme 2.22 ς Proposed Catalytic Cycle for the Suzuki Cascade 
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Based on this proposal in which hydroxide ions play a crucial role, it would be interesting to 

investigate the use of pre-dried Cs2CO3 in the cascade cyclisation to see if this indeed prevents 

the reaction from occurring, confirming the need for water to be present as proposed by Jutand. 

Also, as a screen of bases was not conducted during the initial optimisation of our Suzuki 

cascade, it would be interesting to investigate the use of a hydroxide base (e.g. CsOH instead of 

Cs2CO3) and also alter the counterion (e.g. nBu4
Ä 

instead of Cs
Ä
) to see if there is any 

improvement to the yield and reaction times. However, the formation of the exocyclic diene 

269a could be an issue with it potentially being formed in even greater amounts if the base is 

changed. This prediction is based on the findings that the use of Cossyôs conditions of aqueous 

NaOH in THF predominantly formed this diene (Table 2.7, entry 1), whilst in Chapter 3 the use 

of Cs2CO3 with THF gave less than 5% conversion to the same diene (Table 3.1, entry 9 in 3.3 

suggesting that an increased concentration of hydroxide ions may actually have a detrimental 

effect on our cascade. 

 

2.4. Conversion of 1,3-Amidodienes to the Corresponding Heteroaromatics 

2.4.1. Oxidations 

Both the cascade strategies incorporating either a Stille or Suzuki coupling enabled a range of 

bromoenynamides to be successfully cyclised with a variety of coupling partners, resulting in a 

large selection of bicyclic 1,3-amidodiene frameworks being formed. Whilst one could envisage 

a number of uses for these products, for example, reduction of the diene or Diels-Alder 

cycloadditions, we opted to oxidise them with the aim of accessing a range of bicyclic 

heteroaromatic systems including indolines, indoles, tetrahydroquinolines and benzazepines. 

Preliminary investigations by Holton on the oxidation of bicyclic amidodienes 207a and 207b 

explored a wide range of oxidants (Pd/C, Ru/Al2O3, PCC, DDQ, CAN, PdCl2/CuCl2, air, O2). 

Unfortunately, this often resulted in a mixture of indoline and indole being formed, or 

incomplete reaction, or the formation of side-products, with a particularly interesting 
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occurrence of a Diels-Alder cycloaddition with DDQ. Eventually it was found that the use of 

unactivated MnO2 in CH2Cl2 could affect clean conversion to a mixture of both the indole and 

indoline, albeit with slow conversion.
100

 In these studies, it was found that the use of freshly 

activated MnO2 showed an increased reactivity in CH2Cl2 at room temperature and gave a 

mixture of indoline 279a and indole 280a in ~9:1 ratio respectively with the reaction 

proceeding cleanly (Scheme 2.23). On attempting to resubmit this mixture of indoline and 

indole to the same reaction conditions in the hope of achieving complete oxidation to the indole, 

it was disappointing to find that no further reaction occurred. This suggests that oxidation to the 

indole 280a may not proceed via the indoline 279a, but instead the pyrrolidine ring oxidises 

first to form the pyrrole 281 in small amounts which then goes on to become fully oxidised, 

presumably quite rapidly as no pyrrole oxidation product (ie. a dihydroindole 281) was 

observed. 

 

Scheme 2.23 ς Unselective Oxidation of Cascade Product 

Based on this initial result, the optimisation of the use of this reagent was studied. Pleasingly, 

the replacement of CH2Cl2 with the moderately deactivating acetone gave the indoline 279a 

selectively from amidodiene 207b (Table 2.10, entry 1). Following this finding the conditions 

were successfully applied to a range of amidodienes bearing alkyl and aryl substituents on the 

benzenoid portion of the ring, formed from both the Stille and Suzuki cascade cyclisations 

(entries 2-5). Additionally, the mixtures of 1,3- and 1,4-dienes isolated from the cascade could 

also be successfully oxidised to the corresponding indolines 279f and 279g and benzazepine 

282 in good yields (entries 6-8). 
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Table 2.10 ς Selective Oxidation of Cascade Products to Indolines and Benzazepines 

 

 Amidodiene Product Yield
 

1 

  

86% 

2 

  

62% 

3 

  

53% 

4 

  

68% 

5 

  

63% 

6 

  

70% 

7 

  

94% 

8
a 

  

91% 

a CH2Cl2 used as the solvent due to no risk of oxidation of the left hand ring 

 

Pleased with having found conditions for selective oxidation conditions to the indoline, we next 

investigated selective oxidation conditions for the conversion of 5,6-amidodienes to indoles. By 

employing more forcing literature conditions, involving the use of MnO2 in toluene at reflux 

with extended reaction times, it was now possible to obtain indoles 280a and 280b in good 
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yields (Scheme 2.24), with no indoline present.
127

 It is worth noting that benzaldehyde was 

present in the 
1
H NMR spectra of the crude reaction mixture, suggesting oxidation of toluene 

had occurred, thus potentially lowering the yield of the product due to consumption of MnO2. 

 

Scheme 2.24 ς Selective Oxidation of Cascade Products to Indoles 

 

2.4.2. Detosylations 

The final hurdle in this area was to find milder detosylation conditions to heteroaromatic 

systems, given that no other protecting group enabled ynamide formation. Pleasingly, 

detosylation of both indoline 279a and indole 280a could be achieved using the relatively mild 

conditions of magnesium in methanol (Scheme 2.25).
128

 

 

Scheme 2.25 ς Detosylation of Indolines and Indoles 

It is worth noting that it is considerably easier to oxidise the detosylated indoline 283 to the 

detosylated indole 284 than with the tosyl group in place as seen earlier. Utilising MnO2 in 

benzene with mild heating at 50 C̄ for 4 hours yielded indole 284 in 79% yield (Scheme 2.26). 

 

Scheme 2.26 ς Oxidation of Detosylated Indolines 

Lastly, due to the increased difficulty in oxidising 1,3-amidodiene 207b directly to the 

corresponding indole before detosylation, these procedures were combined in an 




















































































































































































































































































































































































































