
 
 

 

 

 

 

Expanding the Scope of 

Successive Ring Expansion 
 

 

 

 

 

 

Kleopas Y. Palate 

 

 

 

 

 

PhD 

 

 

University of York 

 

Department of Chemistry 

 

March 2022 

  



ii 
 

Abstract ς Expanding the Scope of Successive Ring Expansion 

This Thesis describes the development of new methodologies to perform ring expansion reactions to 

generate novel cyclic molecules. Chapter 1 provides an introduction into methods for the synthesis of 

cyclic peptides and macrocycles, particularly those utilizing ring expansion reactions, and also outlines 

the research objectives. In Chapter 2, a study to expand the scope of amino acids compatible with 

Successive Ring Expansion (SuRE) reactions is reported. A variety of N-Fmoc N-alkylated amino acids 

were synthesized and implemented in ring expansions to access functionalized medium sized rings 

with a peptoid-like structure. 

 

Chapter 3 describes the development of a new SuRE variant utilizing protected thiols to synthesize 

macrocyclic thiolactones via ring expansion, with three complementary protecting group strategies 

explored. Alongside the synthesis, ring expansions were studied using computational tools, which can 

be used predictively to assess the viability of the reactions. 

 

Chapter 4 describes efforts to develop a cascade ring expansion methodology to allow many ring 

expanded products to be formed from a common imide starting materials. The development of a 

conjugate addition-ring expansion cascade reaction (CARE) allowed the synthesis of functionalized 

medium sized rings from primary amines in two steps. Using acryloyl imides and a primary amine, an 

aza-Michael addition occurs followed by concomitant ring expansion. This cascade reaction is 

protecting-group free, high yielding, and very broad in scope, particularly with respect to the primary 

amine component, allowing the rapid synthesis of libraries of cyclic peptide mimetics. CARE reactions 

regenerate a secondary amide, which allows the reaction to be performed iteratively, ŜƴŀōƭƛƴƎ ʲ-

ǇŜǇǘƻƛŘ ŎȅŎƭƛŎ ǇŜǇǘƛŘŜ ƳƛƳŜǘƛŎǎ ǘƻ ōŜ ΨƎǊƻǿƴΩ ƛƴ ǎŜǉǳŜƴǘƛŀƭ ǊŜŀŎǘƛƻƴǎ ǿƛǘƘ ŀ ŘŜŦƛƴŜŘ ǎŜǉǳŜƴŎŜ ƻŦ 

nitrogen substituent at each stage. CARE reactions using carbon nucleophiles were developed with 

ring expansion via /ҍ/ ōƻƴŘ ŦƻǊƳŀǘƛƻƴ ŀǘ ǘƘŜ ŎŀǊōƻƴyl. Finally, a dihydroxylation/ring expansion 

cascade was demonstrated to furnish lactone products. 
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1 Introduction 
Macrocycles are defined as being cyclic molecules with a ring size of 12 or more atoms. They have 

applications in supramolecular chemistry,1 nanotechnology,2 and increasingly in medicinal chemistry3 

(Figure 1.1, 1.1ς1.3). ThŜ нлмс bƻōŜƭ tǊƛȊŜ ǿŀǎ ŀǿŀǊŘŜŘ ΨŦƻǊ ǘƘŜ ŘŜǎƛƎƴ ŀƴŘ ǎȅƴǘƘŜǎƛǎ ƻŦ ƳƻƭŜŎǳƭŀǊ 

ƳŀŎƘƛƴŜǎΩ ƛƴŎƭǳŘƛƴƎ ŎŀǘŜƴŀƴŜǎ ŀƴŘ ǊƻǘŀȄŀƴŜǎΣ ǿƘƛŎƘ ŀǊŜ ƳŜŎƘŀƴƛŎŀƭƭȅ ōƻǳƴŘ ǎŎŀŦŦƻƭŘǎ ŦŜŀǘǳǊƛƴƎ 

macrocyclic components.4 aŀŎǊƻŎȅŎƭŜǎ ŀǊŜ ǎŀƛŘ ǘƻ ΨŎƭƻǎŜ ǘƘŜ ƎŀǇΩ ōŜǘǿŜŜƴ ǎƳŀƭƭ ƳƻƭŜŎǳƭŜǎ ŀƴŘ ƭŀǊƎŜǊ 

biological molecules, possessing desirable pharmacological traits from both classes.5 Often, they 

maintain the ability to cross cell membranes, and may be orally bioavailable. Additionally, they may 

exhibit traits of larger biological molecules (e.g. hormones and antibodies), such as conformational 

flexibility, and 3D character. They inherently have a greater surface area available for interaction 

compared with low molecular weight small molecules. This is crucial for targeting protein-protein 

interactions which often span areas too large to be effectively targeted by small molecule drugs.  

 

Figure 1.1: Medicinally relevant macrocycles and medium sized rings. 
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8-11-Membered medium sized rings are also medicinally relevant and are found in many natural 

products (Figure 1.1, 1.4 and 1.5). However, the synthesis of medium sized rings is particularly 

challenging, in large part because the products (and the transition states required to form them via 

cyclization reactions) are often subject to destabilizing transannular interactions. The underpinning 

challenge may be the reason why 8-11-membered rings are underrepresented in small molecule 

screening collections and rarely present in top selling drugs;6,7 indeed, they are usually more difficult 

to synthesize than both macrocycles (over 12 atoms) or normal sized rings (5-7-membered rings). 

Most cyclic compounds are synthesized via the cyclization of a linear precursor, typically carried out 

towards, or at, the end of a synthesis. In the case of cyclic peptides, this is typically a lactamization or 

disulfide coupling.8 For instance, in the synthesis of oxytocin, a cyclic peptide hormone, disulfide 

bridge formation is used to cyclize the linear peptide to form the macrocycle. Alternatively, medium 

sized rings and macrocycles can be accessed via the ring expansion of smaller a cyclic compound. For 

example, fragmentation reactions of bicyclic systems are a common transformations in natural 

product synthesis.9 Both cyclization and ring expansion will be discussed herein, beginning with 

cyclization reactions. 

 

1.1 Cyclic Peptides 

Medicinal interest in cyclic peptides and cyclic peptidomimetics has been on the rise recently for 

various reasons, such as their resistance to proteolysis, conformational restriction, and favourable 

pharmacokinetics compared with linear peptides.10,11 Approximately 85% of the human proteome is 

considered to be undruggable using traditional small molecule medicinal chemistry due to lack of small 

molecule binding sites.12,13 To help address this, libraries of larger cyclic peptides molecules have been 

synthesized in drug discovery campaigns in order to try to meet this demand.10,12 For example, larger 

molecules like cyclic peptides have much potential to interact with extended protein surfaces and be 

used to inhibit protein-protein interactions.11,14,15 

This class of compounds is typically synthesized via a head-to-tail or side chain-to-side chain cyclization 

reaction (or another combination thereof). In order to minimize dimerization (Figure 1.2, 1.6 to 1.8), 

high dilution conditions are generally required. Alternatively, the linear precursor may be 

preorganized into a conformational form that favours cyclization by bringing reactive ends together 

(discussed in more detail later).  
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Figure 1.2 : Cyclization of linear molecules is often in competition with dimerization. 1.8 represents the undesired dimer of 

1.6. 

1.1.1 Typical Cyclization Reactions for Peptides 

Coupling reagents, disulfide bridges, and built-in electrophiles are all used routinely to form cyclic 

peptides.8,10 End-to-end cyclization of the C- and N- termini to form an amide bond is a popular 

approach to forming cyclic peptides. However, the yields of these reactions are highly dependent on 

the ring size being formed, and the specific sequence of amino acids in the chain.16 Thioether 

macrocyclization is a robust method of generating libraries of cyclic peptides,10,12 and cyclization on 

resin can also be a very efficient process. For example, using PyBOP as a coupling agent, Pei et al. have 

shown that peptides of 6 to 12 amino acid residues can cyclize nearly quantitatively on resin.17 Smaller 

cyclic peptides of 4 or 5 residues were much more likely to undergo dimerization and oligomerization. 

The same reactions were not as efficient in solution, requiring longer reaction times (as in scheme 1.1) 

and producing more dimerization side products. An important limitation to consider is that solid state 

peptide synthesis is not well suited to generating peptides on a large scale. Also, the level of resin 

loading is often intentionally kept low (2 mmol/g) to effectively isolate each growing peptide 

preventing intermolecular reactions and promote intramolecular reaction (i.e. cyclization). In solution, 

high-dilution conditions are used to the same effect.8 
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Scheme 1.1: End to end cyclization to form cyclic peptide.18 

1.1.2 Other Cyclization Reactions for Peptides 

Many other methods have been used to form cyclic peptides; for instance, ŎƻǇǇŜǊ ŎŀǘŀƭȅǎŜŘ ά/ƭƛŎƪέ 

chemistry (Scheme 1.2a), as well as Ugi (multicomponent) reactions (Scheme 1.2b) have been used to 

access some smaller cyclic peptides.19,20 Maarseveen et al. designed a synthesis where a cyclization 

and click reaction could be attempted in two different chronological orders in route to a common tetra 

peptide analogue. When the tetra peptide analogue containing a the internal triazole moiety (1.12) 

was subjected to a variety of coupling conditions, only dimers and higher oligomers could be observed. 

An alternative cyclization reaction aiming to form the same peptide mimetic (1.13) via an end-to-end 

Cu-catayzed click reaction (from 1.11ύ ǿŀǎ ǎǳŎŎŜǎǎŦǳƭ ƛƴ ǳǇ ǘƻ тл҈ ȅƛŜƭŘΦ ¢ƘŜ ά/ƭƛŎƪέ ǊŜŀŎǘƛƻƴ 

mechanism may be key to its success; in this reaction a Cu complex brings the azide and alkyne ends 

of 1.11 clƻǎŜ ǘƻƎŜǘƘŜǊ ōŜŦƻǊŜ ŀ ΨǊƛƴƎ ŎƻƴǘǊŀŎǘƛƻƴΩ ƎŜƴŜǊŀǘŜǎ ǘƘŜ ǘǊƛŀȊƻƭŜΦ20ς22 The conformation of the 

respective linear precursors 1.11 and 1.12 may also have played a role.  

The choice of amphoteric aziridine aldehyde (1.14) is key to the reaction in Scheme 1.2b. After the 

multicomponent step of the reaction, the exocyclic aziradine adds into the carbonyl of the acyl imidate 

rapidly (1.17). It is of note that in a typical Ugi reaction, this rearrangement step is slow, allowing 

intermolecular reactions to compete, lowering the yield and diastereoselectivity.19 
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Scheme 1.2: Accessing small cyclic peptides via: a) Cu-catalyzed ά/ƭƛŎƪέ ǊŜŀŎǘƛƻƴΦ ōύ ¦Ǝƛ ǊŜŀŎǘƛƻƴ ǳǎƛƴƎ ŀȊƛǊƛŘƛƴŜ ŀƭŘŜƘȅŘŜǎΦ 

Another approach to access smaller cyclic peptides involves the cyclization of a longer peptide chain 

followed by a ring contraction. Two such examples are illustrated in Scheme 1.3.23,24 In Scheme 1.3a, 

the salicyladehyde derivative (1.18) acts to improve the cyclization reaction in two distinct modes. 

First, by rigidifying the linear precursor 1.19, the reactive ends of the molecule are held more closely 

together, thus lowering the entropic hurdle compared to analogous reaction with a more flexible 

tether. Also, the cleavage of the aryl ester forming 1.22 acts as a thermodynamic driving force to 

contract the ring (due to the formation of a stable amide and a delocalized phenol).24  

In Scheme 1.3b, the 5 residue Ala-Phe-Leu-Pro-Ala linear peptide 1.24 could not be cyclized as a single 

monomer using standard cyclization conditions. Installing a 6-nitro-2-hydroxybenzyl group at the N-

terminus allows a phenolic ester 1.27 to be formed on subjecting to BOP coupling conditions, which 

ring contracts in the same way as in Scheme 1.3a to form an amide linkage between the C and N 

termini. The 6-nitro-2-hydroxybenzyl group is then removed by photolysis to give cyclo Ala-Phe-Leu-

Pro-Ala (1.25).23 
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Scheme 1.3: Ring contraction approaches via O-to-N acyl transfer. 



Chapter 1: Introduction 

7 
 

Finally, advances in transition metal mediated cross coupling have also been used to generate cyclic 

peptides and peptidomimetics. Ring closing metathesis in particular has been used to cyclize peptides 

containing alkene handles such as allylglycine.8,25 The high functional group tolerance of this chemistry 

has allowed ƛǘ ǘƻ ōŜ ǳǎŜŘ ŀǎ ŀ ƳŜǘƘƻŘ ƻŦ ΨǎǘŀǇƭƛƴƎΩ ǘƻƎŜǘƘŜǊ ǇŜǇǘƛŘŜǎ ǘƻ ŀƭǘŜǊ ǘƘŜƛǊ secondary structure 

(1.31, Scheme 1.4), often enhancing stability and biological activity compared with the parent 

peptide.26 ATSP-7041 (1.32) is derived from the native p53 alpha helix and acts as to disrupt both 

MDM2 and MDMX from inhibiting the tumour suppressor p53, leading to suppression of tumour 

growth in certain cancers.27 

 

Scheme 1.4: Peptide stapling using RCM. 

1.1.3 Preorganization to Aid Cyclization Reactions 

If a linear precursor can be preorganized into a conformational form that favours cyclization (i.e. by 

bringing reactive ends closer together), this can significantly improve the efficiency of 
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macrocyclization reactions by favouring cyclization over dimerization. There are several methods by 

which this can be achieved, summarized below. 

Internal preorganization:  

Internal preorganization is achieved by covalent modifications to the peptide chain itself.8 End-to-end 

cyclization requires a conformation to be adopted which is often energetically unfavourable. One of 

the simplest ways to promote the adoption of a conformation more conducive to undergo cyclisation 

is to introduce a cis amide bond at a site where the peptide turning back on itself facilitates the two 

ΨŜƴŘǎΩ ōŜŎƻƳƛƴƎ ŎƭƻǎŜǊ ǘƻƎŜǘƘŜǊ ƛƴ ǎǇŀŎŜ, and hence promoting cyclization. In nature, proline is 

commonly used to provide these sharp turns.8,14 Most amide bonds adopt a trans conformation 

preferentially; however, substitution at nitrogen (such as in proline) tends to remove the energetic 

bias of one conformer over the other.8 Other approaches to achieve the same end include 

incorporation of D-amino acids, and N-alkylated amino acids (discussed later on). The nature of the 

substituent on the nitrogen has an important role in determining the geometry of the amide bond.28  

External preorganization: 

External preorganization often involves molecular scaffolds that bring together the reactive ends of a 

molecule.8 Bulky coupling reagents, such as the one shown in Scheme 1.5 (1.33), effectively isolate a 

peptide, thus minimizing intermolecular coupling reactions. The crowded dendridic carbosilane (1.34) 

prevents access to a second peptide molecule, and thus helps to prevent dimerization.29 Metals can 

be used to coordinate with a peptide in a multidentate fashion (Scheme 1.6, 1.38).30 This induced turn 

structure brings reactive ends in close proximity for cyclization to form 1.39. 
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Scheme 1.5: External preorganization using a bulky coupling reagent. 

 

Scheme 1.6: Preorganization via coordination to a metal. 
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Hutton and co-workers developed an approach which uses metal coordination to both coordinate the 

two ends of a linear peptide and couple them together (Scheme 1.7). A linear peptide is first assembled 

on chlorotrityl resin using solid state peptide synthesis. Using thioacylating agent 1.41, the last residue 

incorporated into the chain features a thioamide bond, which once cleaved from the resin gives the 

protected linear peptide 1.42. When this thioamide is reacted with stoichiometric Ag2CO3, the Ag+ 

cation serves to coordinate to both the C- terminus and the thioamide to template the 

macrocyclization and activates the thioamide at the N-terminus to form an imine ester 1.44, which 

undergoes an O-N acyl shift to complete the headςtoςtail cyclization. This method was  showcased via 

in the synthesis of an analogue of the anti-integrin drug cilengitide, 1.45.31 The authors describe this 

process as a rapid and traceless method to form cyclic peptides via macrocyclization, without any 

problems relating to cyclodimerization or epimerization. Kinetic studies compared a standard linear 

octapeptide cyclized using HATU coupling conditions, which cyclized in 35% yield in 16 h, whereas a 

thioamide analog using Ag(I) conditions was cyclized in 83% yield in less than 1 h (HPLC yields). 

 

Scheme 1.7: Ag+ promoted end to end coordination and coupling. 
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1.1.4 Site selective ring opening, coupling, and recyclization 

Yudin et al. developed a method of ring expansion of cyclic peptides via the site selective ring opening 

at an aziridine amide (highlighted bond in 1.46) in LiOH conditions, followed by coupling of an 

additional amino acid residue or short peptide chain (1.48) using the coupling agent AOP (scheme 1.8). 

Repeating this two-step cycle (of LiOH hydrolysis followed by AOP coupling conditions) served to 

hydrolyze methyl ester 1.49 and recyclize the macrocyclic peptide, incorporating the new fragment in 

a new, larger macrocyclic product 1.50.32  

 

Scheme 1.8: Site selective amino acid (or peptide) insertion into cyclic peptides. 

 

1.1.5 Thia-zip ring expansion 

A biomimetic approach developed by Tam et al. utilizes transformations often seen in protein splicing. 

O-N and S-N acyl shifts allow for segments of a linear peptide to be excised from the whole. This 

inspired a new approach to peptide cyclization utilizing sequential ring expansion to achieve end-to-

end coupling. In a cystine-rich peptide, a thiolactone is first formed at the C terminal end. Then, a 

series of thiolactone exchange reactions with cystine residues along the chain, sequentially ring 

expanding the thiolactone, until a thiolactone is formed at the N-terminal cystine. A final irreversible 

S-N acyl transfer completes the endςtoςend cyclization of the cyclic peptide. Using this elegant ring 

expansion approach, cyclopsychotride, a 31-amino acid cyclic peptide, 99 atoms in ring size, could be 
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synthesized.33 Although depicted in scheme 1.9 as a sequential process with the next cystine along the 

chain always the following the previous during the thiolactone exchange step, the exact pathways 

could not be established, and perhaps it is possible that only a few thiols are involved in the thiol-

thiolactone exchanges. Thia-zip reactions, as they have been called, were performed in buffered 

aqueous solution, a stark contrast to the aza-zip reactions discussed later (see Section 1.2.4), which 

require strong base and organic solvent. 

 

Scheme 1.9: Thia zip reaction. Image reproduced from the literature with authors permission. 
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The various creative synthetic methods outlined on the previous pages have found significant success 

for the synthesis of complex macrocycles. However, the need to employ these strategies also 

highlights one of the key failings of macrocyclization, namely the challenge of avoiding dimerization. 

High dilution conditions are still often required, which can slow down macrocyclization reactions 

substantially. Ring expansion is an alternative approach to forming large cyclic molecules, which avoids 

the macrocyclization step altogether. Selected approaches are summarized below in Section 1.2. 

1.2 Ring Expansion 

Ring expansion is the process of taking a cyclic molecule and expanding the size of the ring skeleton 

by one or more atoms. There are three main types of ring expansion reactions: fragmentation, radical, 

and pericyclic class ring expansion reactions.9  

1.2.1 Radical Approaches 

A classical example falling under this category is that of the Dowd-Beckwith carbon-centered radical 

ring expansion (scheme 1.10). This reaction is initiated by generating an alkyl radical on a pendant 

carbon chain (1.55). What follows is a reversible reaction with an electron deficient ketone, and an 

ensuing fragmentation reaction extruding an electrophilic radical, which is stabilized by an electron 

withdrawing group, in this case an ester (1.57). A final reduction (H abstraction) yields the product 

(1.58) in a good 75% yield. Unfortunately, simple reduction can compete in these reactions, and form 

side products such as 1.59 (12% yield). 

 

Scheme 1.10: Dowd-Beckwith radical ring expansion. 
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Modern day radical chemistry is often carried out using photocatalysis or electrochemistry. Liu et al. 

reported a photocatalytic 3-atom ring expansion via the generation of a radical on an amide nitrogen 

(1.61). Medium sized rings from 9-11 membered in size were all accessible using this procedure with 

the 9-membred ring example (1.63, n = 6, m = 1) isolated in 83% (scheme 1.11, top conditions).34 

Ackermann et al. built upon this work by demonstrating that the reaction can also be performed 

electrochemically, to give the same 9-membred ring product (1.63, n = 6, m = 1) in an improved 98% 

(scheme 1.11, bottom conditions).35 

 

Scheme 1.11: Ring expansion via a Nitrogen centred radical. The same reaction can be performed with photocatalysis or 

electrochemistry. 

 

Glorius et al. devised a photocatalyzed De Mayo reaction able to ring expand normal 5- and 6-

membered dicarbonyl compounds (1.64) to 7- and 8-membered rings (scheme 1.12).36 In this reaction 
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a photocatalyst serves to generate an excited state of enol alkene 1.65, which can be considered a 

diradical (1.66). Following a reaction with ethene gas, a bicyclic intermediate (1.67) is formed that can 

fragment to form ring expanded products (1.68 and 1.69). 

 

Scheme 1.12: Photocatalytic De Mayo-type ring expansion. a Addition of LiBF4 (0.5 equiv), TEA (1.5 equiv) and heating (70°C). 

 

1.2.2 Pericyclic Reactions 

Many ring expansions follow a pericyclic route, most commonly via [3,3] sigmatropic rearrangements; 

scheme 1.13 illustrates two such examples. An aza Claisen rearrangement has been used to generate 

medium-sized rings (e.g. 1.72) via acylation to form a quaternary nitrogen in a ring expansion reaction 

(1.71, scheme 1.13a).37 Suh et al. devised a total synthesis of fluvirucinines A1 and A2 which featured 

two aza-Claisen rearrangements to form the 14-membered lactam scaffold from 6-membered 1.73 

(scheme 1.13b).38 
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Scheme 1.13: Two examples of aza-Claisen rearrangements to perform ring expansions. 

Back et al. have used two successive 3-aza Cope rearrangement reactions in order to convert 

pyrrolidines and piperidines into 13- and 14-membered rings respectively. Each reaction expands the 

ring by 4 atoms and uses very mild conditions (Scheme 1.14).39 

 

Scheme 1.14: 3-aza-Cope used for iterative ring expansion. 
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Schmid et al. demonstrated that cyclic sulfides (e.g. 1.84) can undergo similar 2,3-sigmatropic 

rearrangement reactions to form ring expanded products. Each product formed can be used as a 

starting material to undergo the same two step reaction procedure of allylation followed by 

deprotonation under aqueous KOH conditions to promote ylide formation and rearrangement/ring 

expansion. The sequence shown in scheme 1.15 was used to make rings up to 14 membered in size 

(1.91) over 3 iterations. 

 

Scheme 1.15: [2,3]-rearrangements of sulfur ylides in an iterative ring expansion. 

Winterfeldt et al. developed a Diels-Alder/retro Diels-Alder sequence which can be used to ring-

expand readily available steroids and their derivatives (e.g. 1.92) into p-cyclophane macrocycles 

(1.96).40 An initial Diels-Alder reaction with an alkyne forms bridged enal (1.94). Upon heating, this 

undergoes a retro Diels-Alder to open the steroidal B-ring (via 1.95) to yield 1.96 (scheme 1.16). 

 

Scheme 1.16: Diels-Alder / retro Diels-Alder ring expansion sequence of steroid derivatives. 
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1.2.3 Fragmentation Reactions 

The fragmentation of a bicyclic system to cause the cleavage of a bridging bond and generate a larger 

ring system is a technique that has been used extensively in natural product synthesis. Fragmentation 

reactions may occur by breaking a central bond on a fused bicyclic system (Figure 1.3a) or via the 

cyclization of a side chain to form a transient bicycle (1.100), followed by ring expansion (Figure 1.3b). 

 

Figure 1.3: Types of fragmentation ring expansion. a) Fragmentation of a bicyclic molecule. b) Side chain insertion followed 

by fragmentation. 

Grob type-eliminations are an attractive way to fragment bicycles due to their irreversible nature. In 

a typical Grob fragmentation, an electron-ŘƻƴŀǘƛƴƎ ƎǊƻǳǇ ά·έ ǇǳǎƘŜǎ electrons towards a leaving 

ƎǊƻǳǇ ά¸έ ǎƛǘǳŀǘŜŘ п ŀǘƻƳǎ ŀǿŀȅΣ ŀƴŘ ŀ /ςC bond cleavage occurs, as shown in Scheme 1.17a. An 

example of ring-expansion that employs this methodology is shown in Scheme 1.17b, which is a baseς

mediated Grob fragmentation whereby the electron donating group is an alcohol (or alkoxide 1.104) 

and the leaving group a tosylate yielding 5-muscenone (1.105).41 

 

Scheme 1.17: Grob/Wharton fragmentation. 
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A similar elimination-type reaction is the Eschenmoser fragmentation (Scheme 7) in which h Σʲ-epoxy 

ketones (1.106) react with aryl sulfonyl hydrazines to yield alkynes (1.109).9 In the field of ring 

expansion it has been used to access highly strained alkyne containing rings aided by the release of 

nitrogen gas, which acts as a strong thermodynamic driving force (scheme 1.18). 

 

Scheme 1.18: Eschenmoser fragmentation. 

Oxidation and reduction have also been used as means to access ring expanded products, in redox 

driven fragmentation reactions.6,9 An oxidative approach using ozonolysis is shown in scheme 1.19a,42 

and an example featuring a reductive fragmentation using sodium in liquid ammonia is presented in 

scheme 1.19b.43 

 

Scheme 1.19: a) Oxidative fragmentation reaction. b) Reductive fragmentation reaction. 

1.2.4 Side Chain Insertion 

Another type of fragmentation is achieved via the insertion of a side chain into the cyclic system, 

forming a transient bicycle which then undergoes ring expansion (Figure 1.3b). These types of 

reactions facilitate the formation of a new CςO, CςN or CςC bond, depending on the nature of the 

pendant nucleophile or pro-nucleophile. Often, ring expansions involving side chain insertion followed 

by fragmentation are reversible processes and hence are under thermodynamic control. In Scheme 
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1.20, 1.118 fragments to form 1.119 because electron density is donated towards the electron 

withdrawing sulfone, driving the equilibrium to favour the expanded product.9,44 

 

Scheme 1.20: Side chain insertion type fragmentation forming a new C-C bond. 

When there is no overall change in the functional group composition from starting material to product, 

reversible ring expansions are driven largely by the relative stabilities of the ring sizes. An illustrative 

example of this is shown in Scheme 1.21. Corey et al. have demonstrated the stability of different ring 

sizes in a study looking at reversible transesterification reactions.9,45 There is a strong thermodynamic 

driving force associated with the expansion of a 9-membered ring (1.122) to a 12-membered one, as 

illustrated by the near quantitative yield obtained within 2 hours of reaction time (Scheme 1.21, 

1.125). This is due to the release of transannular ring strain associated with medium-sized rings. 

Conversely, a 7-membered ring (1.124) does not expand to a 10-membered ring at all (1.127), which 

can also be rationalized by the higher stability of the normal-sized 7-membered ring isomer, compared 

to 10-membered 1.127. The reaction forming 1.126 lies between the two thermodynamic extremes, 

and proceeds in modest yield. 

 

Scheme 1.21: An acid catalysed intramolecular transesterification demonstrates the relative stability of different ring sizes. 
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The importance of the relative energy of isomers with respect to ring size is vital to consider in all ring 

expansion chemistry, and is also demonstrated in transamidation reactions reported by Hesse et al. 

(Scheme 1.22).46 An expansion from a medium sized 8-membered lactam (1.128) to a 12-membered 

one (1.129) is favourable, and proceeds spontaneously under basic conditions, whereas a normal sized 

7-membered ring (1.130) does not expand to medium sized 11-membered ring (1.131) under the same 

conditions; indeed, when the 11-membered 1.131 was formed via an alternative route (electrolysis of 

1.132), a ring contraction reaction occurred to yield the 7-membered lactam (1.130), highlighting the 

greater stability of the smaller ring system in this instance.46,47 

 

Scheme 1.22: Transamidation reactions under thermodynamic control. KAPA = potassium 3-aminopropylamide in 1,3-

diamino propane. 

Pioneering work in the field of ring expansion has been conducted by Prof Manfred Hesse and his 

research group, who has laid the foundations of much of the work conducted in the Unsworth 

group.9,48 Some notable work includes successive transamidation reactions to expand macrocycles, 

such as the one shown in Scheme 1.23.49 Sequential transamidation ring expansions have been termed 

ΨŀȊŀ-ȊƛǇΩ ǊŜŀŎǘƛƻƴǎΦ 

The reaction begins with a side chain insertion. A pendant amine in 1.134 acts as a nucleophile, adding 

into the cyclic ketone, which is followed by a fragmentation to yield a ring expanded product, 1.135. 

Stabilization of the negative charge adjacent to an electron withdrawing nitro group is key to the 

formation of 1.135. Removal of the nitro group and deprotection of the remaining amines resulted in 

a second, reversible ring expansion reaction under acidic conditions. Once more, without a change of 

functional group, the ring expansion reaction is driven by the relative stability of the different ring 

sizes; In this case, a 1:1 mixture of 1.137 and 1.138 was formed, as there is no clear thermodynamic 

driving force for the expansion of 1.137 into 1.138, presumably because both are macrocyclic rings.  
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Scheme 1.23: Successive transamidation of a pendent amine chain by Hesse et al. 

1.2.5 Recent examples of fragmentation ring expansion 

1.2.5.1 Hydrolytic imidazoline ring expansion  

Krasavin et al. developed a method to ring expand imidazoline fused rings. Hydrolytic imidazoline ring 

expansion (HIRE) is a two-step process involving N-alkylation of an imidazoline to form a quaternary 

nitrogen, followed by hydrolysis to form a cyclol intermediate, and finally fragmentation, resulting in 

a 3-atom ring expansion. Scheme 1.24 shows how this method was used ring expand nevirapine 1.139, 

a non-nucleoside reverse transcriptase inhibitor used to treat HIV.50 
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Scheme 1.24: Hydrolytic imidazoline ring expansion (HIRE). 

1.2.5.2 Oxidative dearomatization/ring expansion 

Tan et al. developed two complementary ring expansion approaches driven by the rearomatization of 

phenols and other aromatic substrates. Oxidative dearomatization/ring expansion (ODRE) has been 

used to generate medium sized rings of all sizes. In the stepwise ODRE approach (scheme 1.25a), 

dearomatized intermediates 1.144 are isolated and can be can be further reacted with one of three 

reagents (TsOH, Tf2O and Cu(BF4)2), often resulting in varying mixtures of alkene isomers (varying 

ratios of endocyclic and exocyclic olefins for instance) and solvent adducts (such as the methoxy 

adducts formed in 1.147 and 1.153). In each case, a nucleophile adds in para to the phenol during the 

oxidation reaction to form the cyclohexadienone intermediate 1.144. This nucleophile can be an 

alcohol (1.146), a phenol (1.152), an electron rich aromatic ring (1.148), or a carboxylic acid (1.150). 

The second strategy (presented in scheme 1.25b) uses a tandem ODRE reaction where the 

dearomatized intermediate (1.155) is not isolated. The authors describe this as an example of 

Umpolung reactivity, as the oxidative dearomatization step now leads to attack of an electrophilic N-

methoxy amide side chain. The advantage of this approach is that the aromatic ring is no longer 

restricted to phenols, and heteroaromatics can also be used in this approach (e.g. 1.158 and 1.159). 

Once again, medium sized rings from 8- to 11-membered in size are accessible using this chemistry. 



24 
 

 

Scheme 1.25: Oxidative dearomatization/ring expansion (ODRE). 
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1.2.5.3 Metalated ureas and Smiles rearrangements in ring expansions 

Clayden et al. have developed two conceptually similar migratory ring expansion reactions. The first 

approach is a 3-atom ring expansion where benzo-fused nitrogen containing heterocycles featuring a 

tethered aryl substituted urea are reacted under strongly basic conditions to form intermediates of 

the form 1.164 (scheme 1.26a). The metalated urea can then carry out nucleophilic attack at the 

aromatic ring to promote ring expansion to form 1.165; formation of a charged urea group in which 

the carbanion is significant more stabilized than in the precursor 1.164 is presumably a major driving 

force for this ring expansion.51,52 A streamlined procedure used the tetrahydroquinoline 1.163 to form 

9-membered 1.166 in 2 steps. Subjecting 1.166 to mildly acidic conditions can also lead to a ring 

contraction, via an SN1 reaction, from the unsubstituted urea nitrogen to give 1.169 (52%), a precursor 

to the drug solifenacin.53 In Scheme 1.26b, two 6-membered nitrogen fused heterocycles (1.170) 

undergo the migratory ring expansion to form a fused bicyclic structure featuring a quaternary center, 

1.171. Exposure of 1.171 to acidic conditions instead proceeds via an E1 mechanism to lead to a 

second ring expansion and formation of a terminal alkene (1.172).53 

A separate study by Clayden et al. investigated Smiles-type rearrangements to perform 4-atom ring 

expansions to form medium sized ring analogues of dibenzodiazepines 1.175 (Scheme 1.26c).54 Finally, 

the group also developed an intramolecular nucleophilic aromatic substitution (Truce-Smiles 

rearrangement) which is able to perform a 4-atom ring expansion and generate medium sized ring 

lactams such as 1.178 (scheme 1.26d).55 
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Scheme 1.26: 3-atom and 4-atom ring expansion reactions developed by Clayden et al. 
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1.2.5.4 Ring expansion of diketopiperazines 

Yudin et al. developed a ring expansion method that also proceeds via a cyclol intermediate. Using an 

N-Boc protected pentafluorophenol activated amino acid (1.181), 6-membered diketopiperazines 

(e.g. 1.180) were acylated to form imides such as 1.182. Next, the Boc protecting group was removed 

under acidic conditions, before returning to basic conditions to promote ring expansion (scheme 

1.27).56 

Yudin also reported a computational chemistry study which supports the experimental evidence that 

4-atom ring expansions using imine intermediates are thermodynamically viable, but 3-atom ring 

expansions are not. The energetic minimum for the latter 3-atom expansion was calculated to be the 

ring-closed isomer, not the 9 membered ring expanded product. Notably, the methods developed by 

Krasavin, Yudin, and Unsworth all require basic conditions to promote the promote ring expansion in 

the final step. 

 

Scheme 1.27: Acylation/Deprotection/Ring expansion methodology developed by Yudin et al. 

1.2.5.5 Ring expansion using thiolactams 

Another recent publication from the Hutton group is related to the use of thioamides in an 

acylation/ring expansion cascade.57 Lactams from 5- to 13-membered in size were first converted into 

thiolactams using LawessoƴΩǎ ǊŜŀƎŜƴǘΦ ¢ǊŜŀting thiolactams 1.186 and 1.187 with a Boc protected 

amino acid and Ag2CO3 then served to both acylate (to form 1.188 and 1.189) and partially ring expand 

the lactam (to form 1.192 and 1.193), with the Boc protecting group remaining intact. This is 
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noteworthy, as analogous reactions developed in the Unsworth and Yudin groups generally only ring 

expand upon removal of the protecting group on the amine. When mixtures of ring-opened (1.188 or 

1.189) and ring expanded isomers (1.192 or 1.193) are combined and their protecting groups cleaved, 

followed by basic conditions, the ring expanded Boc-deprotected bislactams, 1.194 and 1.195, were 

isolated in good to excellent yields (scheme 1.28a). 

This methodology was applied to the ring expansion of cyclic peptides as well (Scheme 1.28b). By 

installing a thioamide group in an otherwise unprotected cyclic peptide (1.196), this allows late stage 

incorporation of individual amino acids (to form 1.197 and 1.198) in a site selective manor via the 

same acylation/deprotection/ring expansion sequence applied to simple lactams in scheme 1.28a.  

 

Scheme 1.28: Ring expansion using thiolactams. 
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1.2.5.6 Unsworth Group Methodology 

Successive Ring Expansion (SuRE) is a term coined in the Unsworth group to refer to a protocol utilized 

ǘƻ ΨƎǊƻǿΩ ƳŀŎǊƻŎȅŎƭƛŎ ƭŀŎǘŀƳǎ ƻǊ ʲ-keto esters via sequential ring enlargement reactions.48,58 There 

are tǿƻ ǾŀǊƛŀǘƛƻƴǎ ƻŦ {ǳw9Σ ŘŜǇŜƴŘƛƴƎ ƻƴ ǿƘŜǘƘŜǊ ŀ ʲ-keto ester or a lactam is used as a starting 

material (generation 1 and 2 of SuRE, Scheme , Scheme 1.29a and 1.29b respectively). SuRE reactions 

occur over two sequential steps. In the first step, the amide nitrogen of the lactam (1.205), or h  carbon 

of the beta keto ester (1.199), is acylated using a freshly prepared acid chloride of the corresponding 

amino or hydroxy acid derivative (1.200). Following acylation, the protecting group of an internal 

nucleophile on the pendant unit is cleaved (Fmoc is cleaved using DBU, for example). What ensues is 

a spontaneous ring expansion which proceeds via a bicyclic intermediate (1.208 and 1.203). In general, 

the cyclic molecule can be expanded by 3 or 4 units according to the choice of amino acid derivative 

or hydroxy-acid. Crucially, this process yields a product with the same functionality as the starting 

material (highlighted groups in Scheme 1.29), so the product can undergo iterative ring expansions. 

 

Scheme 1.29 : SuRE methodology: a) Generation 1 using ̡-keto esters, b) Generation 2 using lactams. 



30 
 

This idea of iterative ring expansion is showcased in Scheme 1.30, via the ring expansion of 13-

membered 1.210 into 17-membered 1.215, its subsequent expansion to 21-membered 1.216, and 

finally a third ring expansion to form 25-membered ring tetralactam 1.217.  

 

Scheme 1.30: Iterative ring expansion using SuRE chemistry and beta amino acids. 

This methodology has also been expanded for use with -h and ̡ -hydroxy acids, with SuRE reactions 

developed to form lactones. Benzyl protected hydroxy acids, such as 3-(benzyloxy)propanoic acid, are 

converted into the corresponding acid chloride (1.219) and used in acylation reactions of lactams to 

form imides (such as 1.220). The benzyl protecting group is removed under hydrogenation conditions 

to give an alcohol (1.221), which can rearrange under basic conditions to form a form a lactone 

containing ring expanded product 1.223 (Scheme 1.31a). 

These reactions are also repeatable for iterative ring expansion, the utility of which was demonstrated 

when 8-membered lactam 1.218 was ring expanded over 3 SuRE cycles, forming the 20 membered 
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cyclic depsipeptide 1.225 in 48% yield overall with just one chromatographic purification used at the 

end of the synthesis (Scheme 1.31b).  

 

Scheme 1.31: Iterative ring expansion using SuRE chemistry and beta hydroxy acids. 

 

1.3 Project Aims 

The overall project aim was to expand the scope of the SuRE approach and to develop new and 

improved SuRE reactions. This was achieved using three different strategies (Scheme 1.32). The first 

approach was to expand the range of linear building blocks and lactams that can be used in SuRE 

reactions. In particular, the key aim was to expand the scope of amino acids that can be used in SuRE 

reactions. Thus, a variety of N-Fmoc N-alkylated amino acids were synthesized and implemented in 

ring expansions to access functionalized medium sized rings and macrocycles with a peptoid-like 

structure.  Chemically and pharmacologically interesting moieties were incorporated into peptoid-like 

ring expanded products. Benzannulated lactams were also briefly explored as SuRE substrates. This 

work is described in Chapter 2. 

The second project aim was to develop a completely new SuRE variant that is compatible with thiol-

tethered carboxylic acids, to synthesize ring enlarged thiolactones using SuRE for the first time. Three 
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complementary protecting group strategies were explored to optimize these often-challenging 

reactions. The viability of these ring expansions was studied using computational tools (DFT performed 

by Ryan Epton), which can be used predictively to assess the viability of the reactions before 

attempting them synthetically. This work is described in Chapter 3. 

Finally, we aimed to develop a strategy whereby a common acylating agent could be used to 

functionalize a lactam that could go on to react with a range of nucleophilic reagents, to allow a variety 

of different ring expanded products to be formed from a common imide substrate via a divergent 

synthesis strategy. Several systems were considered and investigated, and this approach was 

ultimately realized with the development of a novel conjugate addition ς ring expansion (CARE) 

cascade reaction. The CARE method allows the synthesis of functionalized medium sized rings from 

primary amines in just two steps. This methodology can also be applied to carbon nucleophiles, 

representing a first for SuRE-style reactions, with ring expansion via /ҍ/ ōƻƴŘ ŦƻǊƳŀǘƛƻƴ ŀǘ ǘƘŜ 

carbonyl now possible. Finally, acryloyl imides were also demonstrated to undergo a one-pot 

dihydroxylation-ring expansion reaction. This work is described in Chapter 4. 

 

Scheme 1.32: Summary of key project aims realized 
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2 Expanding the scope of amino acids and lactams used in SuRE 
 

2.1 Types of amino acids 

Using the SuRE methodology introduced in Chapter 1, amino acid derivatives can be used as starting 

materials for side chain insertion/ring expansion cascade reactions. The term amino acid is a broad 

description of compounds encompassing several classes of molecules as shown in Figure 2.1.  Most 

commonly, amino acid refers to the 21 naturally occurring proteinogenic L-stereoisomer h -amino 

acids (e.g. alanine 2.1 and phenylalanine 2.2). Other classes of amino acids include -̡amino acids (e.g. 

2.3 and 2.4) and N-alkylated amino acids (e.g. 2.5 and 2.6). ̡ -Alanine (2.3) and other ̡ -amino acids 

can be used in SuRE to perform 4-atom ring expansions, whilst h-amino acid derivatives are used to 

carry out 3-atom ring expansions. 

N-alkylated amino acids are h-amino acids featuring a secondary amine. In the context of SuRE, 

sarcosine (2.5) and N-benzyl glycine (2.6) have successfully been used in ring expansions. When N-

alkylated glycines are linked via amide bonds, they resemble a peptide secondary structure (2.7) and 

are commonly referred to as peptoids. These can be thought of as peptide mimetics where the 

ŦǳƴŎǘƛƻƴŀƭƛǘȅ ƛǎ ƭƻŎŀǘŜŘ ƻƴ ǘƘŜ ŀƳƛŘŜ ƴƛǘǊƻƎŜƴ ƛƴǎǘŜŀŘ ƻŦ ǘƘŜ ʰ-carbon (2.8). 

 

Figure 2.1: Structures depicting various amino acid derivatives. 

SuRE has been used to synthesize macrocyclic lactones and lactams with both -h and ̡ - hydroxy and 

amino-acids. For example, in previous work in the Unsworth group, N-benzyl h -amino acids derived 

from phenylalanine (2.9a), methionine (2.9b), leucine (2.9c) and others have been synthesized and 

used in SuRE reactions.48 The macrocyclic products shown in Scheme 2.1 all incorporate peptide 

functionality (i.e. they have a substituent on the h-carbon of the amino acid) while also having an N-

alkylated moiety.  
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Scheme 2.1: SuRE reactions with N-alkylated proteinogenic alpha amino acids.48 

Thus, in the previous work, it had been shown that variation of the amino acid -hposition is possible. 

However, prior to this study, little had been done to explore the scope of SuRE with respect to 

substitution of the N-substituent beyond simple benzyl and methyl groups. This chapter describes 

efforts to remedy this. Thus, the synthesis of a series of diversely functionalized N-alkylated-N-Fmoc 

amino acids is described, starting from ethyl bromoacetate, and their use in ring expansion reactions 

has been explored. This has enabled the generation of a range of novel 11-membered medium-sized 

rings containing peptoid-like groups, thus expanding the functionality that has been represented to 

date in SuRE methodology.  

 

2.2 Synthesis of N-alkylated amino acids for use in ring expansion reactions 

Before starting the discussion on the new SuRE methodology, a brief background on the importance 

of N-alkylation in peptides is provided below. Peptide therapeutics such as insulin have been in clinical 

use for over a century.59 Advances in medical research have taken us from the extraction of peptide 

hormones from animals in the early 20th century to the current day where over 60 peptide drugs are 

approved for clinical use in the US, Europe and Japan.59 More recently, interest has turned to 

modifying peptides to enhance properties such as their biological half-life or specificity towards a 

target. Demand in this field has driven research into peptidomimetics, which aim to retain core 

pharmacological properties of bioactive peptides while improving the bioavailability and selectivity of 

drug candidates. Covalent modification of bioactive peptides ǎǳŎƘ ŀǎ ǘƘŜ ΨǎǘŀǇƭƛƴƎΩ ƻŦ ǇŜǇǘƛŘŜǎΣ26 and 

incorporation of unnatural amino acids are two such approaches.60 
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Figure 2.2: Bioactive cyclic peptides. Oxytocin (left) and Lanreotide (right). The latter features D-amino acid residues as well 
as an unnatural amino acid, highlighted in red. 

Peptoids are peptide mimetics which consist of N-alkylated glycine residues linked together. 

Substituents on the amide nitrogen can simulate the functionality that is ordinarily present on the h -

carbon of proteinogenic amino acids. Hence, peptoids allow for a greater chemical diversity while 

exhibiting greater resistance to proteolytic degradation when compared to peptides. The synthesis of 

peptoids can rapidly be carried out on resin (as shown in Scheme 2.2) using sequential bromoacetic 

acid (2.10) coupling reactions followed by SN2 reactions with a primary amine.61  

 

Scheme 2.2: Solid Phase synthesis of peptides. Scheme adapted from literature.61 

Using this solid phase synthesis strategy, Yong-Uk Kwon and co-workers were able to generate 

libraries of linear and cyclic peptoids.61 One of these cyclic peptoids, /thψ!ʲмтς21 P (2.11), has shown 

ǇǊƻƳƛǎŜ ŀǎ ŀƴ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ ǘƘŜǊŀǇŜǳǘƛŎ (Figure 2.3).62 
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Figure 2.3: {ǘǊǳŎǘǳǊŜ ƻŦ ŎȅŎƭƛŎ ǇŜǇǘƻƛŘ /thψ!ʲмтς21 P. 

In the Unsworth Group, work has already been completed demonstrating that N-alkylated amino acids 

are compatible with SuRE reactions, with sarcosine (2.5) and N-benzyl glycine (2.6) already having 

been incorporated into ring expanded products, including sequential examples, to form cyclic peptoid-

like macrocycles (Scheme 2.3). 

 

Scheme 2.3: Macrocycles synthesized using sarcosine and N-benzyl glycine. 

The intention of this study was to create novel ring expanded products using underexplored N-

alkylated amino acids (i.e. beyond 2.5 and 2.6). Using a diverse range of primary amines, novel N-

alkylated amino acids were first synthesized with functionality mimicking proteinogenic amino acids 

(e.g. isoleucine, lysine, and tryptophan), as well as other functionality including thiophene and 

adamantane moieties. Using this flexible and modular approach, a series of N-alkylated amino acids 

with a variety of substituents were successfully synthesized as part of this project. Using an adapted 

literature procedure,63 a 3-step synthesis of N-alkylated amino acids was trialled using commercially 

available isobutyl amine (2.14) and ethyl bromoacetate (2.15) to generate an N-isobutyl N-Fmoc 

amino acid (2.18) (Scheme 2.4). Bromide 2.15 first undergoes an SN2 with an excess of amine 2.14. 
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Then, after saponification to give 2.17, the secondary amine is protected with a carbamate Fmoc 

group, affording 2.18 in 58% yield over 2 steps. 

 

Scheme 2.4. N-alkylated amino acid synthesis. 

Eight N-alkylated N-Fmoc amino acids were synthesized successfully using this procedure, with yields 

ranging from 10ς75% as outlined in Figure 2.4. A range of functionality is represented in this collection 

of amino acid derivatives such as a heteroaromatic group (2.24) a primary amide (2.22) and an indole 

moiety (2.19), the latter two examples serve as mimics of asparagine and tryptophan respectively. A 

few of the examples needed an additional synthetic step, such as the conversion of an HCl salt to the 

freebase. Rimantadine (1-(1-adamantyl)ethanamine hydrochloride) is an antiviral compound and an 

NMDA antagonist which features a spherical and bulky adamantane moiety. After converting to the 

freebase, this amine was used to synthesize 2.21 (Figure 2.4). The synthesis of the N-alkylated variant 

of asparagine 2.22 required a slightly adapted protocol,63 which used EtOH and Et3N to solubilize and 

deprotonate the glycinamide HCl salt in the first step of the reaction. An additional synthetic step was 

required in the route to 2.25; putrescine was protected with a single Cbz group to generate benzyl N-

(4-aminobutyl)carbamate, the precursor amine required to synthesize 2.25. 

 

Figure 2.4: Successful examples of N-alkylated N-Fmoc amino-acid synthesis. 
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In addition, four N-alkylated N-Fmoc amino acids were not able to be synthesized using the standard 

method. For example, the synthesis of a morpholine derived example was unsuccessful (2.26); in this 

case, it is suspected that the basic nitrogen in the morpholine derived amino acid 2.26 was protonated 

upon acid workup and was lost to the aqueous phase. Basifying the mixture may have resolved this 

problem, although due to the risk of promoting unwanted Fmoc cleavage this was not attempted. N-

alkylated amino acids derived from 4-aminomethylphenol (2.27) and 2-(methylthio)ethylamine (2.28) 

were also not isolated successfully (Figure 2.5). 

 

Figure 2.5: Unsuccessful examples of N-alkylated N-Fmoc amino-acid synthesis. 

An attempt was also made to synthesize a Cbz-protected N-alkylated variant of the amino acid 

arginine; however, the synthesis of the appropriate amine precursor for this reaction was unsuccessful 

(Scheme 2.5, 2.29), as the guanidine group underwent double addition to form a cyclic side product 

(2.30). There is precedent for this reaction in the literature (box, Scheme 2.5).64 

 

Scheme 2.5: Attempt to synthesize N-arginine amine precursor and side product reported in the literature (shown in box).64 

The successful 3 step route used to synthesize 2.18 ς 2.25 (described in Scheme 2.4) was taken on by 

other Unsworth group members Dr Mahendar Lodi and Dr Katie Lamb to prepare additional N-

alkylated N-Fmoc amino acids. These products are shown in Figure 2.6, and bring the total number of 

N-alkylated amino acids to be tested in SuRE to twenty-one. Some noteworthy examples include 
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proline analogues with rings 4- or 6-membered in size (2.35 and 2.36) and unsaturated examples 2.41 

and 2.42 that can serve as handles for further functionalization (e.g. for alkene metathesis or azide-

alkyne click chemistry). 

 

Figure 2.6: Library of N-alkylated N-Fmoc amino acids synthesized by Dr M.L. and Dr K.L. PMB is an abbreviation for para-
methoxy benzyl. 

2.3 Ring Expansions  

Once the synthesis of the N-alkylated N-Fmoc amino acids was complete, attention was turned to 

using these substrates in SuRE reactions to generate ring expanded macrocycles, as illustrated in 

Scheme 2.6. 13-Membered laurolactam (1.210) was the first substrate used in order to test the newly 

synthesized protected amino acid 2.18 using the ƎǊƻǳǇΩǎ established protocol.48 Successful conversion 

into the 16-membered 2.45 was achieved in 81% yield over 2 steps which validated this new amino 

acid methodology as being compatible with SuRE. Looking ahead, it was decided that all the available 

N-alkylated N-Fmoc amino acids would be tested using the same lactam. In the past, 13-membered 

laurolactam has been used to test new SuRE reactions (as in Scheme 2.6, above), but in this work 8-

membered lactam 1.218 was used as standard. A trial SuRE reaction using 1.218 and 2.23 was also 

successful, generating 11-membered 2.47 in 70% yield over 2 steps (Scheme 2.6, below). 8-Membered 

lactams are the smallest that consistently ring expand using the established procedure. Previous work 

in the group has demonstrated that 3-atom ring expansion from an 8-membered to an 11-membered 

ring is viable using N-ŀƭƪȅƭŀǘŜŘ ʰ-amino acids. 
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Scheme 2.6: Initial trial ring expansion using laurolactam and N-Fmoc N-isobutyl glycine 2.18 (above). Trial 8-membered 1-
aza-2-cyclooctanone ring expansion using N-alkylated amino acid 2.23 (below). 

 The same acylation/deprotection protocol described in Scheme 2.6 was used to expand 8-membered 

1-aza-2-cyclooctanone (1.218) into a series of 11-membered rings 2.50. The results of the 14 

attempted уҦмм ƳŜƳōŜǊŜŘ ŀŎȅƭŀǘƛƻƴ ŀƴŘ ǊƛƴƎ ŜȄǇŀƴǎƛƻƴ ǊŜŀŎǘƛƻƴǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ {ŎƘŜƳŜ нΦт. 

Overall, мн ƻŦ ǘƘŜ уҦмм ƳŜƳōŜǊŜŘ ǊƛƴƎ ŜȄǇŀƴǎƛƻƴǎ ǿŜǊŜ ǎǳŎŎŜǎǎŦǳƭ ǿƛǘƘ ȅƛŜƭŘǎ ǊŀƴƎƛƴƎ ŦǊƻƳ нф҈ 

(2.58) to 98% (2.55) όŀƴŘ ŀŘŘƛǘƛƻƴŀƭ моҦмс ǊƛƴƎ ŜȄǇŀƴǎƛƻƴ ǘƻ ŦƻǊƳ 2.45 was also successful in 81%). 

There does not seem to be an overarching trend relating the reaction yield to structure, except for the 

observation that some of the bulkier substituents (2.62) and the substrates containing reactive 

functionalities (2.53, 2.58, 2.61) generally give lower yields (or failed in the case of 2.62) (Scheme 2.7). 

For example, the thiophene containing product 2.59 was isolated in 70% yield whereas the analogous 

furan containing product 2.53 was only obtained in a 50% yield. This is likely be due to the greater 

reactivity of the furan ring compared with thiophene, hence leading to the furan system having a 

greater proclivity to undergo unwanted side reactions. For example, the former may decompose or 

participate in side reactions during the acidic acylation or ring expansion, whereas the latter displays 

greater aromatic character and hence is usually more stable. The nucleophilic and relatively acid 

sensitive indole moiety in 2.61 may be participating in side reactions lowering the yield. The formation 

of 2.58 demonstrates the incorporation of an N-protected variant of the amino acid lysine. The low 
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yield (29%) may be due to side reactions involving the terminal Cbz protected nitrogen. This particular 

reaction produced more side products than usual (based on TLC analysis of the crude reaction), 

suggesting that Cbz may not be the best choice of protecting group for this N-alkylated amino acid. 

 

 

Scheme 2.7: Products of ring expansion reactions using N-alkylated amino acids. 
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Compound 2.63 represents an N-alkylated asparagine mimetic. It was suspected that this reaction was 

unsuccessful in part due to the incompatibility of the acylation conditions with the primary amide 

motif. In order to test the viability of this substrate (considering the presence of a primary amide) the 

corresponding acid chloride was prepared and subsequently stirred in methanol. The aim of this 

experiment was to test the stability of the acid chloride 2.64, and in doing so, the reaction appeared 

to proceed as planned, and did not suffer unwanted dimerization, cyclization or oligomer formation 

(Scheme 2.8). /ƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ŦƻƭƭƻǿƛƴƎ ǘƘƛǎ ΨƳŜǘƘŀƴƻƭ ǘŜǎǘΩ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ǘƘŜ ƳŜǘƘȅƭ ŜǎǘŜǊ 2.65 is 

the predominant product. This confirms that acid chloride 2.64 can be prepared, but despite this, the 

reaction to attempt to form 2.63 was unsuccessful. It is possible that acid chloride 2.64 is unstable 

under the elevated temperature required for acylation (50 °C). 

 

Scheme 2.8: Acylation test for N-alkyl asparagine analogue. Methanol was used to successfully obtain the methyl ester. 

 

2.3.1 Successive ring expansion attempts 

Another Unsworth group member, Dr Lawer, attempted to perform successive ring expansions using 

lactams 2.47 and 2.51, two of the 11-membered lactams presented in Scheme 2.7. However, acylation 

using benzyl protected ̡ -hydroxy acid chloride 2.69 did not proceed to completion, even after 

repeated additions of additional acid chloride over 3 days (Scheme 2.9). Poor N-acylation has been a 

persistent problem for some larger rings in SuRE reactions. Slow or incomplete N-acylation reactions 

during the first step of the SuRE protocol is a significant problem in these cases despite multiple 

equivalents of acid chloride being added over the course of 72 hours or longer.65 The difficulty in 

forming the required imide for several rings could be down to factors such as the conformation 
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adopted by the lactam, which may or may not be easily accessible during the acylation. Transannular 

interactions could lead the ring to adopt a conformation where the secondary amide is not easily 

accessed; for example, a trans amide may be a less sterically accessible nucleophile than a cis amide. 

A rough trend has been that substrates that have already been expanded once are usually slower to 

acylate in subsequent iterations. An ongoing aim of a current PhD candidate (Zhongzhen Yang) in the 

Unsworth group has been to optimize alternative acylation conditions for some of these challenging 

substrates that have already undergone ŀǘ ƭŜŀǎǘ ƻƴŜ {ǳw9 ǊŜŀŎǘƛƻƴΦ ¢Ƙƛǎ ǿƛƭƭ ǎŜǊǾŜ ŀǎ ŀ ΨǇƭŀƴ ōΩ ƻǇǘƛƻƴ 

when the standard acylation conditions prove ineffective. This work is ongoing in the Unsworth group. 

 

Scheme 2.9: Attempted successive ring expansions. 

 

2.4 Benzannulated lactam starting materials 

Expanding the scope of SuRE can be achieved in multiple ways. Two of the simplest approaches are to 

alter the functionality of the amino acids incorporated in the ring expansion reactions (as described in 

the Sections 2.2 and 2.3 above) and to alter the structure of the lactam. This subsection investigates 

efforts towards the latter; as part of a larger study investigating the functionality tolerated in the 

lactam structures used in SuRE. 

This study focused on ring expansion reactions using two commercial benzannulated lactams 

containing an aromatic ring in the backbone (2.71 and 2.72 in Table 2.1). Using starting materials that 

feature motifs to restrict the conformation of the ring expanded products may be favourable in 

comparison to long alkyl chains favoured by the Unsworth group to date, which generally have 

relatively poorly defined conformations. From a medicinal chemistry perspective, benzannulated 

macrocycles may offer greater specificity against biological targets due to restriction of the number of 

conformations available.    

¦ǎƛƴƎ ǘǿƻ ǇǊƻǘŜŎǘŜŘ ʲ-alanine derivatives and following the standard SuRE acylation protocol, 

successful acylation of each lactam was achieved. However, the key ring expansion step only 
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proceeded successfully when using a combination of the 7-membered lactam 2.72 and Fmoc- -̡

alanine acid chloride 2.73 (Table 2.1, entry 3, 58%). 

 

Table 2.1: Ring expansion of benzannulated lactams using SuRE. a) Standard pyridine/DMAP acylation conditions. b) 
Conditions for Fmoc protected imides: DBU, DCM, RT, 18 h. c) Conditions for Cbz protected imides: Pd/C, H2(g) EtOAc, 22 h. 

Acylation successful for all substrates. 

Entry Lactam 
Protecting 

group 
Acylated product 

Result of ring 

expansion 

1 

 

Fmoc 

 
 

2 

 

Cbz 

  

3 

 

Fmoc 

 
 

4 

 

Cbz 

 
 

It is worth mentioning that the purification of compounds containing two secondary amides (2.79 and 

2.80) is usually difficult, due to the high polarity of both these compounds and the DBU reagent used 

in the second step of the synthesis. In regards to entry 1 (Table 2.1), the reaction was carried through 

without isolating 2.75 (only performing an acid workup to remove pyridine and DMAP), leading to a 
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mixture of compounds by TLC after treating with DBU. The ring expanded product 2.79 could not be 

isolated using column chromatography and the mass peak was not detected by mass spectrometry in 

the crude mixture.  

When working with small and highly polar compounds such as these products, changing the amino 

acid protecting group to Cbz has previously been demonstrated to aid purification as a simple filtration 

is generally all that is required following hydrogenolysis. Therefore, Cbz- -̡alanine acid chloride (2.74) 

was used instead of Fmoc- -̡alanine acid chloride (2.73) for some experiments, which avoids the need 

to use DBU in the synthesis, and hence means chromatography can be avoided also (entries 2 and 4, 

Table 2.1). In the latter approach, the protecting group could be removed using standard 

hydrogenation conditions (Pd/C and H2(g)), as previously demonstrated by similar experiments carried 

out in the Unsworth group.48 Unfortunately, in this case, the 1H NMR spectra following hydrogenolysis 

suggested the formation of a complex mixture.  

2.4.1 Further studies on functionalized lactams in the Unsworth group 

Further studies on functionalized lactams in SuRE were performed by Dr Tom Stephens and Dr Aggie 

Lawer. For the benzannulated examples, it was discovered that N-Bn beta alanine helps to improve 

the SuRE sequence (Scheme 2.10). 

 

Scheme 2.10: Successful SuRE using 2.71 and 2.72 performed using N-Bn beta alanine performed by Dr Tom Stephens. 

Looking beyond benzannulated examples, 6- and 7-membered lactams featuring heteroatoms and 

branched functionality were synthesized by Dr Aggie Lawer for use in SuRE reactions. The lactams in 

Figure 2.7 feature in a recent publication exploring the scope of SuRE and the complimentary 

computational tools used in predicting the viability of these transformations.66 

 

Figure 2.7: Diverse lactams have successfully been ring expanded using SuRE. 
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2.5 Chapter Summary 

In summary, the established SuRE methodology was expanded in two ways; by exploring the viability 

of two benzannulated lactams for use in ring expansion, and using N-alkylated N-Fmoc amino acids 

with a variety of functionalities to form peptoid-like large rings. Each amino acid was synthesized over 

3 steps beginning from a commercially available amine and ethyl bromoacetate (2.15) to form eight 

N-alkylated N-Fmoc amino acids to be added to the group library of 21 synthetic N-alkylated N-Fmoc 

-hamino acids (synthesized as part of a collaborative effort between Unsworth group members Kleo 

Palate, Dr Mahendar Lodi, and Dr Katie Lamb). In total, 15 ring expansion reactions were trialled as 

part of this doctoral work, with 13 ring expanded products isolated. This allowed access to 

functionalized macrocycles and medium sized rings with unique structures, complementing previous 

work installing N-alkyl derivatives of proteinogenic h-amino acids, and ̡-amino acids. The study of 

benzannulated lactams presented in this work was brief, but formed part of a larger collaborative 

study in the Unsworth group led by Dr Aggie Lawer exploring functionalized lactams in SuRE.   

The work described in this Chapter is the subject of one publication.66 
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3 Successive Ring Expansion of Lactams to form Thiolactones 
 

3.1 Extending SuRE to thiol derivatives 

In this chapter the synthesis of medium-sized ring and macrocyclic thiolactones using SuRE 

methodology is described. The progression of this research will be shown from initial proof-of-concept 

studies, through the evaluation of three different protecting group strategies, expansion of the 

reaction scope (investigating various ring sizes, branched thiol and -hthiol-tethered carboxylic acid 

examples), and finally looking at successive examples.  

As has already been discussed in Chapter 1, various robust methods for iterative ring expansion of 

lactams using amino- and hydroxy-acid derivatives have been developed by the Unsworth group (e.g. 

3.2 and 3.4 in Scheme 3.1a and b).  However, one question that had not been explored until the work 

described in this chapter was the question of whether SuRE methodology could be applied to thiol-

tethered carboxylic acid derivatives, to form thiolactone containing macrocycles (3.6 in Scheme 1c). 

 

Scheme 3.1: SuRE reactions using (a) nitrogen nucleophiles to form lactams48 and (b) oxygen nucleophiles to form lactones 
have been established.67 A novel approach (c) to form thiolactones using sulfur nucleophiles will be explored in this chapter. 
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3.1.1 Initial concept 

Thioesters are an important functional group which feature in essential biosynthetic processes, such 

as the native chemical ligation of proteins.68 Key biochemical functions such as fatty acid synthesis and 

the Krebs Cycle utilize acetyl coenzyme A (3.7) which is a thioester.69 Thioesters are also thought to 

have played a role in the development of life on earth, as cysteine and homocysteine are believed to 

have been present in the primitive ocean and may have been involved in early proto-peptide forming 

reactions (e.g. via ring opening of 3.8).70 Thiolactones, the cyclic forms of thioesters, can also act as 

pro-drugs, with the active form revealed in vivo following hydrolysis (3.10 and 3.11).71ς73 Ring-opening 

is often a key feature in applications of thiolactones in organic synthesis and polymer chemistry.74ς78 

In cases involving hydrolysis, the relative ease of hydrolysis of thiolactones compared to lactones has 

a significant bearing on these works. 

 

Figure 3.1: Thioesters with biochemical importance. 

 

Despite the importance of thiolactones, thiol ring expansion had been avoided in the Unsworth 

ƎǊƻǳǇΩǎ ǇǊŜǾƛƻǳǎ ǿƻǊƪ ƛƴǘƻ {ǳw9 ǳǇ ǘƻ ǘƘƛǎ ǇƻƛƴǘΦ ¢ƘŜ ǊŜŀǎƻƴ ŦƻǊ ƴƻǘ ŀǘǘŜƳǇǘƛƴƎ ǘƘƛƻƭ ǊƛƴƎ ŜȄǇŀƴǎƛƻƴǎ 

earlier was a belief that the side chain insertion of a thiol to ultimately form a thioester would be less 

thermodynamically favourable than analogous reactions using amino/hydroxy acids to form lactams 

and lactones. The hypothesis being that the thiolactone-forming reactions could be more challenging 

to develop, based on chemical intuition and knowledge of the associated bond strengths. However, 

the Unsworth Group recently established a DFT (Density Functional Theory) based method to help 

predict whether or not new SuRE type reactions are thermodynamically viable before attempting 

them in the lab. Therefore, before starting this study, it was decided to use this computational method 
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to model thiol-based SuRE reactions. A summary of the DFT method is provided in the next sub-

section, followed by a discussion of the new DFT results. 

 

3.1.2 DFT calculations 

¢ƘŜ ¦ƴǎǿƻǊǘƘ DǊƻǳǇΨǎ 5C¢ ƳŜǘƘƻŘ ƛǎ ōŀǎŜŘ ƻƴ ƳƻŘŜƭƭƛƴƎ ǘƘŜ ǊŜƭŀǘƛǾŜ Dƛōōǎ ŦǊŜŜ ŜƴŜǊƎƛŜǎ ƻŦ ǘƘŜ three 

isomeric forms that can be formed during a ring expansion reaction, with the calculated energies used 

to help predict the viability of new SuRE variants. This approach has now been extended to thiol-based 

ring expansions as well, as shown in Table 3.1 below. After deprotection, a ring opened thiol isomer 

(RO, 3.13) can rearrange into its ring closed (RC, 3.14) form which can in turn rearrange into a ring 

expanded (RE, 3.15) product. These processes are thought to be reversible and under thermodynamic 

control in most cases. If the relative Gibbs free energy of the RE isomer is lower than the other two 

isomers (by more than 3 kcal mol-1), this is a good indicator that the ring expansion is 

thermodynamically favourable and will usually work well. The computational studies involved in this 

work were mostly performed at the B3LYP/6-31G* level of theory, with select examples also 

completed using M06-2X/6-31G* (and they were benchmarked against various other functionals). The 

former B3LYP/6-31G* method is sufficient for these relatively simple calculations, with a good record 

of the theory matching the experimentally observed results.66  

DFT studies were conducted to model the RO, RC, and RE isomers of a 7Ҧ11 ring expansion where 

the nucleophile (X) is varied (Table 3.1, rows 1ς4). The RE isomers were calculated to be lowest in 

energy for X = O, NH, and NMe as expected. However, for the analogous X = S example (row 4), the 

RO isomer was calculated to have the lowest relative Gibbs free energy. Investigating other ring sizes 

for this transformation, it was found that for smaller starting ring sizes (6 and 7-membered), the 

reaction is indeed likely to be unfavourable, with the RO isomer calculated to be lowest in energy. 

However, with larger ring homologues (8 and 9 membered) the thermodynamic preference tips in the 

other direction, with the RE having the lowest calculated free energy, and therefore these ring 

expansions should be viable, and according to the DFT model, have a good chance of undergoing 

successful ring expansion to form thiolactones (Table 3.1, entries 5 and 6). Therefore, it was decided 

to concentrate the subsequent synthetic efforts on larger, commercially available 8- and 13-

membered lactams. 
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Table 3.1: DFT calculations predicting most energetically favourable isomer in 4-atom ring expansion reactions. Lowest 
relative energy is shown in bold. 

Entry 
RO ring size, n  

Ring expansion 
ɲG°rel 

Nucleophile, X RO (kcal mol-1) RC (kcal mol-1) RE (kcal mol-1) 

1 n = 2, X = NH 7 Ҧ 11 0.0 12.1 ς8.1 

2 n = 2, X = NMe 7 Ҧ 11 0.0 15.0 ς5.6 

3 n = 2, X = O 7 Ҧ 11 0.0 9.1 ς6.9 

4 n = 2, X = S 7 Ҧ 11 0.0 17.1 3.8 

5 n = 4, X = S 9 Ҧ 13 0.0 17.5 ς7.1 

6 n = 3, X = S 8 Ҧ 12 0.0 20.0 ς1.8 

7 n = 1, X = S 6 Ҧ 10 0.0 15.4 7.5 

 

Additional computational studies were performed to investigate whether a 3-atom thiolactone 

forming ring expansion would be viable. This is for the same transformation, but using a shorter linear 

fragment.  

In previous studies looking at lactam and lactone formation, the shorter h -amino- and hydroxy- acid 

linear fragments were also investigated by DFT, and the general finding was they are less favourable 

than their longer homologues. For example, whilst a 4-atom ring expansion to form a lactone can be 

performed on lactams as small as 6-membered in size (to form a 10-membered ring), the 

corresponding 3-atom ring expansion requires lactams of 8-membered or above (to form a 12-

ƳŜƳōŜǊŜŘ ǊƛƴƎύΦ ¢ƘŜ ƪŜȅ ŦƛƴŘƛƴƎ ŦǊƻƳ ǇǊŜǾƛƻǳǎ ǿƻǊƪ ǿŀǎ ǘƘŀǘ ǘƘŜ ΨǎǿƛǘŎƘ ƻƴΩ ǎǘŀǊǘƛƴƎ ring size was 

generally larger for these 3-atom ring expansion examples when compared to 4-atom ring expansions.  

A similar observation was found here; the DFT results of a 3-atom expansion system to form 

thiolactones suggested that ring expansion might be favourable for a 13-membered thiol (RO, 3.16, n 

= 7) to 16-membered thiolactone (RE, 3.18, n = 7) ring expansion, but not for the 8- to 11-membered 

ring variant, as seen in Table 3.2. It was therefore decided to focus on the longer -̡thiol acids 

derivatives.  
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Table 3.2:  DFT calculations predicting most energetically favourable isomer (bold) in 3-atom sulfur ring expansion reactions. 

n= Ring expansion 
Hybrid 

functional 
RO (kcal mol-1) RC (kcal mol-1) RE (kcal mol-1) 

7 13 Ҧ 16 B3LYP 6-31G* 0.0 11.6 ς12.7 

1 8 Ҧ 11 B3LYP 6-31G* 0.0 8.1 1.8 

1 8 Ҧ 11 M06-2X 6-31G* 0.0 2.0 1.0 

 

3.2 S-Acetate protecting group 

3.2.1 Synthesis of 3-(acetylthio)propanoic acid and acylation  

In light of the DFT findings, studies began by investigating the 4-atom ring expansion from 8Ҧ12, 

starting with 1.218 to form 3.23 (Scheme 3.2).  

 

Scheme 3.2: General scheme for 4 atom ring expansion of 1.218 to form thiolactone 3.23. Three protecting groups were 
tested. 

 

An important decision was the choice of protecting group for the thiol. Three complementary 

protecting group strategies were explored, the first based on S-acetate protection. To begin with, the 

required 3-(acetylthio)propanoic acid (3.25) was made on a multigram scale. Then, the standard 

pyridine/DMAP acylation reaction conditions were applied, using acid chloride 3.26 and lactam 1.218, 
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producing imide 3.27 in 80% yield. An additional 13-membered variant 3.28 was also prepared in the 

same way in a modest yield (Scheme 3.3).  

 

Scheme 3.3: Synthesis of 3-(acetylthio)propanoic acid and acylation to form thioacetate imides 3.27 and 3.28. 

 

3.2.2 Optimization of thioacetate cleavage and thiolactone formation. 

With imides 3.27 and 3.28 successfully in hand, conditions to promote the selective thioacetate 

deprotection and subsequent ring expansion were examined. To deprotect the thioacetate acyl group, 

nucleophilic reagents such as sodium and lithium hydroxide as well as secondary amine reagents were 

tested (Table 3.3 below). 

It quickly became clear that selective nucleophilic attack of the thioacetate carbonyl was challenging. 

Chemoselectivity was a significant problem; the difficulty lay in discriminating between the three 

carbonyl groups of imides 3.27 and 3.28, labelled C-1 to C-3 in Table 3.3. For instance, the only 

tractable compounds produced in the reaction of aq. NaOH in methanol were the linear products 3.30 

and 3.31 formed by nucleophilic attack of methanol at the C-3 carbonyl (entry 1). Adjusting to milder 

hydrolysis conditions using LiOH in THF also resulted in C-3 attack (forming 3.31), in addition to 

undesired C-2 attack (3.25 and 1.218) with only trace quantities of the desired ring expanded product 

3.23 formed (entry 2). Evidence for this new transformation was suggested by a new carbonyl peak 

present in 13C NMR (see section 3.2.4). Repeating the reaction with LiOH in THF at a larger scale and a 

shortened reaction time yielded the desired thiolactone 3.23 in 6% yield (entry 3). This structure was 

later confirmed by X-ray crystallography (see section 3.9). 

These results prompted a switch to secondary amine reagents, reasoning that a more hindered 

nucleophile would be more likely to selectively attack at the C-1 carbonyl. Some conditions trialled 

resulted in no reaction, or poor conversion (e.g. DIPA, diethylamine, entries 4ς7). 
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DTT (dithiothreitol) was added in entry 6, as there was some uncertainty as to whether the thiol 3.21 

was oxidizing to form a disulphide. This resulted in an improved 16% yield of the desired 3.23 product, 

with substantially increased thiol 3.21 recovery (43%). However, the addition of DTT made purification 

more challenging and was not pursued further. 

More positively, using piperidine in DCM resulted in a modest yield of the desired ring expanded 

product 3.23 (29%) as well as side products resulting from C-2 nucleophilic attack (1.218 and 3.33), 

thiol 3.21, and some unreacted starting material 3.27 (entry 8). A similar outcome was observed when 

these conditions were used to deprotect the 13-membered imide 3.28, with 17-membered 

thiolactone 3.29 isolated in 36% yield, but unproductive side product formation was also observed. 

The incomplete cleavage of the acetyl group also remained a problem (entry 9). These results 

represented the first examples of SuRE-style side chain insertion ring expansion reactions being used 

to synthesize thiolactones. However, problems with competing side reactions and incomplete 

reactions remained, so alternative protecting group strategies were sought. 
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Table 3.3: Optimization experiments for the S-Ac deprotection/ring expansion conditions. 

Entry Conditions Solvent Time / h Yield of 3.23a /  % Side productsb 

1 4 M NaOH(aq) MeOH 2 0 

3.30 (19%) and 

3.32 (16%) 

2 0.3 M LiOH(aq) THF 3 trace 
3.31, 3.25 (13%), 1.218 and 3.27 

(21%) 

3 0.3 M LiOH(aq) THF 0.33 6 

1.218 (10%) and 

3.27 (20%) 

4 DIPA THF 24 0 No reaction 

5 DIPA DCM 24 0 No reaction 

6 

Et2NH, 

DTT 

DCM 18 16 3.21 (43%) 

7 piperidine THF 24 0 No reaction 

8 piperidine DCM 22 29 
3.33, 1.218, 3.27 (6%) and 3.21 

(3%) 

9 piperidine DCM 18 

36 (3.29) 

(from 3.28) 

3.33, 1.210 

and 3.28 (34%) 

All reactions were performed at RT. a Isolated following column chromatography. b Yield (in parentheses) is only 

reported for side products when the product was isolated without impurities. 
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3.2.3 Optimized conditions and verification of ring expansion 

The optimized acetyl cleavage conditions produced 12-membered and 17-membered thiolactones in 

synthetically useful yields (29% and 36% respectively). However, side reactions could not be effectively 

suppressed; for example, in Scheme 3.4, the best conditions for converting 3.27 into ring-expanded 

product 3.23 are summarized, alongside the various side products also formed. 

 

Scheme 3.4: Optimized thioacetate deprotection/ring expansion conditions and side products isolated. 

 

3.2.4 Summary of acetate protecting group 

Acetate deprotection of imides 3.27 and 3.28 using the DCM/piperidine conditions produced 

synthetically useful amounts of 3.23 and 3.29 for the first time. However, it was clear that there were 

significant challenges with the acetate deprotection strategy that could not easily be resolved. The 

formation of multiple side products due to lack of selectivity during nucleophilic attack could not be 

suppressed. Additionally, large quantities of recovered starting material (3.27 and 3.28) suggested 

that even with three equivalents of piperidine the reaction does not go to completion at RT. In order 

to address these problems, as well as the low yields, an alternative thiol protecting group was sought 

that would not require a nucleophilic base for its removal. 

Although a selective synthesis proved challenging, characterization of 3.23 and 3.29 was 

comparatively simple. 13C NMR was especially useful in the characterization of novel thiolactones (e.g. 

3.23) providing evidence of thiolactone formation. Examining the COS carbonyl signal of these 

macrocycles showed a signal at ca. 200 ppm in each case (200.5 ppm for 3.23 and 201.1 for 3.29). In 

comparison, the starting material imides display a signal at ca. 196 ppm (195.9 for 3.27 and 195.7 for 

3.28), allowing discrimination of thioacetate and thiolactones. Also, X-ray crystallography provided 

conclusive evidence of the formation of macrocyclic products 3.23 and 3.29. 
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3.3 S-trityl protecting group   

The next thiol protecting group examined was triphenylmethyl. Taking inspiration from orthogonal 

protecting group strategies used to protect cysteine during solid state peptide synthesis, the 

triphenylmethyl (trityl) group emerged as a promising alternative thiol protecting group. 

The trityl protecting group is acid-labile and is typically removed using TFA in the presence of a 

scavenger. The scavenger effectively serves to prevent re-addition of the trityl group bȅ ΨǉǳŜƴŎƘƛƴƎΩ 

the triphenylmethyl carbocation to form triphenylmethane (Scheme 3.5).  

 

Scheme 3.5: Trityl deprotection mechanism. 

 

3.3.1 Early studies of the trityl protecting group using 8-membered imide 3.38 

An initial acylation of 8-membered lactam using standard conditions and acid chloride 3.37 furnished 

the desired imide 3.38 in excellent yield (92%, Scheme 3.6). 

 

Scheme 3.6: Acylation of 8-membered lactam using a trityl protected thiol-tethered carboxylic acid. 
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When attention turned to the deprotection/ring expansion reaction using TFA and a silane scavenger, 

it was observed that mostly thiol 3.21 was isolated, with small amounts of the desired ring expanded 

product also observed. In addition to this, 8-membered lactam 1.218 and a disulfide side-product 

(3.39) were also formed (Scheme 3.7).  

 

Scheme 3.7: Trityl deprotection of 8-membered imide generating the unprotected thiol (3.21). 

Based on the similarity between the DFT calculated energies of isomers 3.21 and 3.23 (see Table 3.1), 

the ring expansion of 3.21 into 3.23 was expected to be marginal in terms of whether it would be 

thermodynamically feasible or not.  

When thiol (3.21) was reacted under basic conditions with TEA and DTT in chloroform, some of the 

desired ring expansion product (3.23) was observed, but thiol (3.21) also remained in large part 

unreacted following this reaction, with 25% recovered (Scheme 3.8). DTT was added in this example 

to reduce any unwanted disulfide that might form during the reaction, and recovered in both linear 

and cyclic form. A disulfide of thiol 3.21 and DTT was also observed by MS. 

 

Scheme 3.8: 8-membered thiol (3.21) partially undergoing ring expansion when subjected to TEA/CHCl3 cyclization 
conditions. 
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In light of the result above, (i.e. with ring expansion of thiol 3.21 slow and incomplete under basic 

conditions), it was decided to focus optimization efforts on 13-membered laurolactam instead. To 

confirm the efficiency of the 1оҦмт ƳŜƳōŜǊŜŘ ǊƛƴƎ ŜȄǇŀƴǎƛƻƴΣ ǘƘƛƻƭ 3.41 was probed in a series of 

experiments. 

Scheme 3.9 below demonstrates that conversion of thiol 3.41 to 3.29 is near quantitative in 10 eq. of 

DBU in DCM after 17 hours. Hence this combination of ring size and deprotection conditions was used 

for further optimization going forward. 

 

Scheme 3.9: Near quantitative conversion of thiol 3.41 to thiolactone 3.29 under basic conditions. 

 

3.3.2 Optimization of S-Trityl deprotection/ring expansion 

Exploratory studies focused on the 13-membered to 17-membered ring expansion. First, 3-

(tritylthio)propionic acid was converted to the acid chloride 3.37, and this was used to acylate lactam 

1.210 using the standard pyridine / DMAP conditions to form imide 3.42 (Scheme 3.10, 78%).   

 

Scheme 3.10: Acylation of 13-membered lactam using a trityl protected thiol-tethered carboxylic acid 

 

The experiments aiming to optimize the trityl deprotection/ring expansion are detailed in Table 3.4 

below. 
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Table 3.4: Optimization experiments for the S-Trt strategy 

Entry 
Scale/mmol 

of 3.42 
Acid 

Scavenger 
reagent 

Yieldb 
3.29/% 

Side productsb 

1a 1.9 
TFA 

(8 equiv.) 
i-Pr3SiH 

(1.4 equiv.) 
12 3.41 (48%), 3.43 (7%) 

2 1.9 
TFA 

(13 equiv.) 
i-Pr3SiH 

(1.2 equiv.) 
56 1.210 (4%), 3.43c 

3 0.20 AcOH 
i-Pr3SiH 

(1.2 equiv.) 
0 No reaction 

4 0.20 HCld 
i-Pr3SiH 

(1.2 equiv.) 
0 No reaction 

5 0.32 
TFAe 

(1.1 equiv.) 
i-Pr3SiH 

(1.2 equiv.) 
trace 1.210 (3%), 3.42 (80%) 

6 0.55 
TFA 

(13 equiv.) 
Et3SiH 

(1.3 equiv.) 
36 1.210 (4%), 3.43 (7%) 

7 0.21 
TFAe 

(13 equiv.) 
i-Pr3SiH 

(1.2 equiv.) 
44 1.210 (24%), 3.43 (25%) 

8 0.55 
TFAe 

(13 equiv.) 
i-Pr3SiH 

(1.2 equiv.) 
51 1.210 (27%), 3.43 (12%) 

9 0.37 
Pd/C, H2, EtOAc, 
Then CHCl3 / TEA 

N/A 0% No reaction, 3.42 recovered 

Unless stated, the following protocol was used for Step i) - the stated acid was added to 3.42 in DCM at RT and 

stirred for 3 min, before adding the scavenger reagent and stirring at RT for a further 30 min. a Step ii not performed. 
b Yields refer to material isolated cleanly following column chromatography. c 3.43 observed by TLC but not isolated. 
d 4 M in 1,4-dioxane. e at 0 °C. 

To begin, imide 3.42 was reacted with an excess of TFA for 3 mins, followed by the addition of iPr3SiH 

to trap the released trityl cation.79 It was hoped that revealing the thiol nucleophile in this way would 

promote ring expansion spontaneously; however, ring expanded product 3.29 was isolated in just 12% 

yield, with thiol 3.41 the major product in this reaction (entry 1). In addition, a new side product 3.43 

was isolated, which presumably formed via an acid-mediated condensation of thiol 3.41 onto the 

internal imide carbonyl group. In previous SuRE studies, it was found that a switch to basic reaction 

conditions can help promote the ring expansion step following protecting group cleavage.67 Therefore, 

it was decided to investigate the effect of removing the trityl group under acidic conditions followed 

by stirring the reaction mixture overnight with an excess of DBU in DCM at RT was investigated (entry 

2). Pleasingly, this led to a much-improved yield of the desired ring expanded product 3.29 (56%), 

along with minor side products. Attempts were made to further improve the yield of 3.29 by varying 

the silane scavenger, temperature and the acid reagents/equivalents, but none of these changes had 

a positive impact on the reaction outcome (entries 3ς8). Qualitative evidence of trityl deprotection is 

observed by the rapid intense color change (due to presence of conjugated trityl cation) as acid is 
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added to a solution of 3.42. In entries 3 and 4 this color change was not observed, indicating that these 

conditions did not result in complete deprotection. An attempt to suppress side product 3.43 

formation by reducing equivalents of TFA used resulted in low conversion (entry 5, 80% of starting 

material recovered). Reducing temperature to 0 °C also did not suppress 3.43 formation. Some 

evidence suggested that larger reaction scale would favour product formation. Comparing entries 7, 

8 and 2, it would appear that the larger the scale of the reaction, the higher the yield of thiolactone 

3.29. However, a direct comparison cannot be used as the temperature of the reactions differ. An 

attempt to remove the a trityl protecting group using Pd/C hydrogenation conditions was unsuccessful 

with only starting material recovered (entry 9). 

 

3.3.3 Mechanism of condensation side product 3.43 formation. 

Side product 3.43 is believed to be formed by protonation of the cyclol intermediate formed (3.44) 

following deprotection to reveal the thiol (3.41). A condensation reaction results in the formation of 

3.43 under acidic conditions (Scheme 3.11). Compound 3.43 is unstable and decomposes in CDCl3 over 

the course of a few hours at RT. The decomposition products of 3.43 were not elucidated. 

 

Scheme 3.11: Mechanism of 3.43 formation. 

 

3.3.4 Attempts using smaller ring sizes 

Smaller lactams were successfully acylated using this strategy, with 6- and 7-membered ring imides 

3.47 and 3.49 formed in near quantitative yields. Unfortunately, the deprotection/ring expansion 

conditions did not result in any ring expanded product formation (Scheme 3.12). This was consistent 



Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones 

61 
 

with what had been predicted by DFT, i.e. that сҦмл ŀƴŘ тҦмм ǊƛƴƎ ŜȄǇŀƴǎƛƻƴǎ ǘƻ ŦƻǊƳ ǘƘƛƻƭŀŎǘƻƴŜǎ 

are not favourable, with the RO isomers calculated to have the lowest relative Gibbs free energy. 

 

Scheme 3.12: Acylation of 6 and 7-membered lactams with attempted deprotection/ring expansion. 3.47 and 3.49 
contained trace impurities, mainly 3-(tritylthio)propionic acid 3.36, see experimental data chapter for details. 

3.3.5 Consecutive reaction step approach 

An attempt to form 3.29 over 3 steps with two chromatographic purifications (the first following 

acylation to form 3.42 [step 1, Scheme 3.13] and the second following ring expansion [step 3, Scheme 

3.13]) was successful resulting in a 34% yield for 3.29 and a 21% yield of recovered laurolactam 1.210 

(Scheme 3.13, trial #1). A procedural change for a second attempt involved shortened reaction time 

for the acid chloride formation (15 min as opposed to the normal 60 min) and with 3 consecutive steps 

performed with just one chromatographic purification (following step 3, Scheme 3.13, trial #2) led to 

an improved yield of 3.29 (47% over the 3 steps).  

It has been postulated that decomposition of the acid labile Trt group on the acyl chloride 3.37 may 

occur during its synthesis during which HCl is generated. Therefore, this procedural change involving 

a shorter duration for the acid chloride formation (from 1 h to 15 mins), as well as leaving the flask on 

high vacuum for a shortened 30 min, and this is believed to beneficial for the synthesis of the trityl 

protected acid chloride 3.37. 

 

Scheme 3.13: 3 consecutive steps to 24b with one chromatographic purification. Trial #2 performed by Dr Will Unsworth. 
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3.3.6 Summary of S-trityl strategy 

There were several advantages to the trityl protecting group strategy compared with S-Ac. First, the 

use of an acid cleavable protecting group eliminates undesired nucleophilic attack of the imide 

observed during thioacetate deprotection. Secondly, trityl protected 3-(tritylthio) propanoic acid 

(3.36) is commercially available. Finally, the main by-product formed after deprotection is 

triphenylmethane, a non-polar unreactive compound which is easily removable using column 

chromatography. 

Some disadvantages must also be considered however. A key consideration is that the N-acylation 

step using 3-(tritylthio) propanoic acid (3.36) is capricious and was sometimes unsuccessful. The trityl 

protected acid chloride may not be completely stable in the acidic conditions required for its synthesis, 

particularly on large scales, and this was a likely root cause of the inconsistent reaction outcomes. This 

may be addressed in part by shortening reaction times used to generate the acid chloride. But even 

so, repeating the acylation, deprotection/ring expansion sequence has often resulted in inconsistent 

yields of the desired product.  Finally, the elimination side-product (3.43) forms under the strongly 

acidic conditions required for deprotection, as well as significant amounts of the regenerated lactam, 

which negatively impacted the reaction yields. 

Overall, the trityl protecting group strategy provided an improvement in terms of yields compared 

with the original thioacetate group approach. This approach addressed a central issue with thioacetate 

deprotection, namely that of unselective nucleophilic attack. Unfortunately, the trityl strategy also 

introduced a new set of challenges. This led to the decision to explore another base labile protecting 

group, more similar to what had been implemented in SuRE chemistry in the past.  
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3.4 S-Fluorenylmethyl protecting group 

Both the S-acetate and S-trityl protecting group strategies were utilized successfully in the synthesis 

of thiolactone macrocycles. The acetate protecting group required a nucleophile and basic conditions 

for deprotection, whereas the trityl strategy required acidic conditions to cleave the trityl group 

followed by basic conditions to promote ring expansion. In order to improve reaction yields a new 

protecting group was sought that would require neither a nucleophilic reagent (leading to unselective 

attack, as seen in the acetate strategy) nor acidic conditions (leading to the condensation side product 

formation of 3.43, as seen in the trityl strategy). Neutral hydrogenation conditions had been used to 

successfully in the past to deprotect benzyl protected alcohols. However, this approach was 

discounted, as it was thought that deprotection to reveal a thiol may potentially lead to poisoning of 

the palladium catalyst required for hydrogenolysis.  

 

3.4.1 Base cleavable protecting groups 

Some of the most efficient ring expansions reported by the Unsworth Group utilize 9-

fluorenylmethyloxycarbonyl (Fmoc) protected ̡-alanine derivatives. These reactions operate via a 

two-step procedure, starting with an acylation reaction to form an imide (using the pyridine/DMAP 

conditions described earlier), followed by a base induced deprotection and ring expansion by stirring 

in DBU (10 eq.) over 18 h. The appeal of this approach is that a non-nucleophilic base such as DBU is 

all that is needed to induce protecting group cleavage and ring expansion. Yields for these reactions 

are typically around 90% over two steps (Scheme 3.14). 

 

Scheme 3.14: Fmoc protected amino acids are used in efficient acylation and deprotection/ring expansion reactions of 
lactams. Reaction performed by Dr Stephens. 

The aim was to investigate whether the Fmoc protecting group strategy could be applied to thiol-

tethered carboxylic acids for use in ring expansion chemistry. In the field of peptide chemistry there 

is precedent demonstrating that Fmoc protection of cysteine thiols is possible, although it is quite 

rare.80 Thiols protected using Fmoc are significantly more labile than Fmoc protected amines. Under 
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weakly basic conditions, Fmoc protected thiols (SFmoc, e.g. 3.52) degrade easily, and often are 

converted  into 9-fluorenylmethyl protected (Fm) thiols, with this group itself an alternative protecting 

group for thiols (3.54) (Scheme 3.15).81 

 

Scheme 3.15: Fmoc protected thiols are unstable to basic conditions and can be readily converted into Fm protected thiols. 

Fm protected thiols are more stable than their Fmoc analogues, but can still be deprotected by 

treating with base, in much the same way as Fmoc protected amines under broadly similar conditions, 

for example, using piperidine or DBU at RT.82 Therefore, it was decided to synthesize both S-Fmoc-3-

thiopropionic acid (3.56) and S-Fm-3-thiopropionic acid (3.59) to test them in SuRE reactions. Each 

was synthesized following literature conditions as summarized in Scheme 3.16.81,82  

 

Scheme 3.16: Preparation of Fmoc and Fm protected thiol-tethered carboxylic acids. 

The synthesis of both S-Fmoc-3-thiopropionic acid (3.56) and S-Fm-3-thiopropionic acid (3.59) were 

successful. Unfortunately, the acylation reaction using 3.60 to generate Fmoc protected 3.61 failed 

using the standard N-acylation conditions. A clean compound could not be isolated after repeated 

column chromatography. However, more positively, using Fm protected 3.62 the acylation was 
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successful with the desired imide (3.63) isolated in 82% yield. Trace dibenzofulverene (3.53) was also 

isolated.  

 

Scheme 3.17: Acylation using Fmoc and Fm protected thiol-tethered carboxylic acids. 

 

Having established that the Fm protecting group was viable for use with the standard acylation 

conditions, attention turned to the deprotection/ring expansion step. Pleasingly, this step proceeded 

as planned, with the desired 17-membered macrocycle isolated in 54% yield (Scheme 3.18). This yield 

was comparable to the highest isolated yields observed using the trityl protected thiol-tethered 

carboxylic acid strategy described earlier (56% of 3.29 isolated using trityl strategy). Laurolactam was 

also observed by TLC, suggesting that the imide (3.63) might be unstable under basic deprotection 

conditions. In general, SuRE reactions are performed without isolation of the intermediate imides 

where possible.  

 

Scheme 3.18: Deprotection/ring expansion of Fm protected imide 3.63. 
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After some optimization, it was decided to conduct the acylation and deprotection/ring expansion 

steps of the reaction without intermediate purification of the imide by column chromatography. Using 

this two-step procedure, the 17-membered macrocycle (3.29) was isolated in 54% yield over 2 steps. 

An additional symmetrical sulfide side-product (3.65) was also observed and isolated in 30% yield. A 

plausible mechanism for its formation is proposed below in Scheme 3.19. 

 

Scheme 3.19: Highest yielding result of two-step acylation and deprotection/ring expansion using Fm-protected 
3-mercaptopropionic acid and laurolactam. A mechanism for the formation of disubstituted side-product 3.65 is proposed. 

 

3.4.2 Summary of Fm protecting group 

The Fm protecting group strategy has several benefits. The deprotection and ring expansion 

conditions are one and the same, whereas trityl protected thiols require two steps to be performed 

(under acidic and basic conditions) in order to achieve deprotection and ring expansion. N-Acylation 

using Fm protected thiol-tethered carboxylic acid was also more reliable in our hands when compared 

with its trityl protected analogue.  
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Some disadvantages must also be considered however. A two-step synthesis is required to generate 

Fm protected thiol-tethered carboxylic acid, although this can be done without column 

chromatography and the synthesis can be performed on a large scale. Dibenzofulverene (3.53) is 

formed as a by-product, which can make isolation of pure ring expanded products such as 3.29 more 

difficult. Furthermore, it is believed that 3.53 may reversibly form a polymer with atmospheric 

oxygen.83 For instance, it is observed in at least trace amounts in every fraction isolated following 

column chromatography. Strong alkaline solutions are required to remove this otherwise insoluble 

polymer from glassware after reactions. 

The Fm protecting group strategy produced the highest yields of all the thiol protecting groups trailed, 

with a yield of 54% obtained for this two-step reaction to form ring expanded thiolactone 3.29. 

Comparing all three protecting group strategies, (acetate, trityl and 9-fluorenylmethyl), there are clear 

advantages and disadvantages to each. S-Fm and S-trityl provided comparable yields of around 50%. 

Both of these strategies also suffered from side product formation from unproductive pathways (3.43 

and 3.65). As S-Fm provided the most consistent results (in comparison to the problems with N-

acylation using S-trityl propionic acid) and was similar to the Fmoc strategy that was used very 

successfully with amines, it was selected as the preferred protocol moving forward to the ring size 

screen and substrate scoping phase of work. 

 

3.5 Ring size screen 

With the optimized procedure in hand, attention turned to applying this chemistry to a ring size 

screen. Lactams from 13- to 6-membered in size were all subjected to the same acylation/ring 

expansion protocol using 3 equivalents of Fm protected 3.59. For the larger rings, the desired 17- to 

12-membered ring expanded products were isolated successfully, in 54ς15% yield, (Scheme 3.20). 

However, the two smallest ring systems, 11-membered (3.50) and 10-membered (3.48) were not 

isolated under the same conditions. 
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Scheme 3.20: Ring size scope of sulfur ring expansion. Rings from 17- to 12-membered in size successfully produced. *For 

the 13 Ÿ17 membered ring expansion, 6 equivalents of acid chloride were added in total, in two portions of 3 equivalents. 

 

This demonstrates that 13- to 8-membered lactams can undergo a 4-atom ring expansion to form 

novel thioester containing products, with yields ranging from 15ς54% over the overall two-step 

sequence. These results agree with the key findings of the DFT study described earlier, which predict 

that 4-atom ring expansions starting from an 8-membered thiol to form a 12-membered ring 

expanded product are favourable. This is what we term ǘƘŜ ΨǎǿƛǘŎƘ ƻƴΩ Ǉƻƛƴǘ for the reaction, i.e. the 

smallest ring size in which ring expansion can be observed. The analogous examples starting from the 

7- and 6-membered thiols were predicted to favour the RO isomers, i.e. ring expansion is not favoured. 

Once again, the DFT prediction agrees with the experimental findings as 11- and 10-membered 

thioesters (3.50 and 3.48) could not be isolated. In the case of the smaller ring sizes (6ς8-membered 

thiols), symmetrical sulfide side products (3.71ς3.72) were also observed, suggesting that an 

unproductive mechanistic pathway is occurring, as shown in scheme 3.21 below.  

 

Scheme 3.21: Selection of symmetrical sulfide side-products observed during ring size screen. 
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3.6 Branched thiol-tethered carboxylic acid derivatives 

In order to further expand the scope of 4-atom sulfur ring expansion, various branched Fm protected 

-̡thiol-tethered carboxylic acids were prepared and tested. Thiols 3.77ς3.80 were synthesized from 

the corresponding methyl or phenyl substituted ʰΣʲ-unsaturated acids (3.73ς3.76) following 

conjugate addition reaction with thiourea (3.72). This was followed by Fm-protection of the thiol, 

which proceeded in moderate to good yields for 3.81 to 3.83. The only example that did not go 

smoothly was 3.84; an initial attempt to synthesize thiol 3.80 yielded a 1:1 molar ratio mixture of 

trans-cinnamic acid and 3.80 (Scheme 3.22) using the standard conditions. Therefore, in a subsequent 

attempt the reaction temperature was raised to 120 °C instead of 90 °C.  This led to an improvement, 

but after workup, some trans-cinnamic acid still remained, with 3.80 and trans-cinnamic acid isolated 

in a 4:1 molar ratio. This mixture was carried forward without further purification to the Fm-protection 

step, and pleasingly pure Fm-protected 3.84 was isolated following protection with no contamination 

of the previous trans cinnamic acid impurity.  

 

Scheme 3.22: Synthesis of branched thiol-tethered carboxylic acid derivatives. *3.80 isolated as a 4:1 mixture with starting 
material trans-cinnamic acid. 

 

With the branched Fm-protected thiol tethered carboxylic acids in hand, efforts turned to using these 

materials in ring expansion reactions. The established acylation and ring expansion conditions were 

used to ring expand laurolactam 1.210 using 3.81ς3.84 as the linear unit. Four different branched 17-
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membered thiolactones were synthesized (3.85ς3.88) in 58ς8% yield, with a methyl or phenyl 

substituent in the h - or ̡ -position with respect to the lactam amide (Scheme 3.23). 

 

Scheme 3.23: Synthesis of branched thiol-tethered carboxylic acids for use in ring expansion reactions. 

Some problems were encountered during the synthesis of 3.88. On the first attempt, a significant 

quantity of a cinnamyl side product 3.90 resulting from base-promoted SFm-elimination was isolated 

as the major product (Scheme 3.24, top). Repeating the reaction with milder acylation conditions 

alleviated undesired elimination to some degree and the thiolactone 3.88 product was isolated, albeit 

in only 8% yield over the two steps. It was concluded that branching is well tolerated for methyl 

substituents in both alpha and beta positions, whereas phenyl substituents are less well tolerated. It 

was also concluded that in the case of the synthesis of 3.88, the standard acylation conditions, which 

involve heating to 50 °C, promote competing elimination of the S-Fm group. Elimination is favoured in 

this instance as it forms a conjugated cinnamyl moiety in 3.90, which would be particularly favourable 

at elevated temperatures for entropic reasons (Scheme 3.24). 
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Scheme 3.24: Synthesis of 3.88 and side product 3.90. 

 

3.7 Attempted 3-atom ring expansions using protected thioglycolic acid derivatives 

A logical extension of the sulfur ring expansions reported was to attempt a ring expansion using a 

protected thioglycolic acid. This would lead to a 3-atom ring expansion if successful. 

 

Scheme 3.25: Proposed 3-atom ring expansion using thioglycolic acid derivatives. 

Variants of thioglycolic acid (3.95) representing each protecting group optimized so far were 

prepared or purchased (Figure 3.2). 

 

Figure 3.2: Thioglycolic acid and various S-protected variants. 

Trityl protected 3.97 and Fm protected 3.98 needed to be synthesized. The S-Ac derivative 3.96 is 

available commercially and was used as supplied. The synthesis of S-trityl 3.97 (Scheme 3.26) and S-
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Fm 3.98 (Scheme 3.27) are outlined here. 2-(Tritylthio)acetic acid 3.97 was synthesized via trityl 

protection of thioglycolic acid. Thioglycolic acid and triphenylmethanol were stirred in chloroform 

with TFA for 1 hour. Purification via repeated recrystallization was successful in removing persistent 

triphenylmethanol.  Trityl protected  3.97 was isolated in 15% yield with 1H NMR data consistent with 

those previously reported.84  

 

Scheme 3.26: Synthesis of trityl protected thioglycolic acid 3.97 

Next, the synthesis of S-Fm-thioglycolic acid (3.98) was performed using two different methods. The 

first using the same procedure used to protect 3-mercaptopropionic acid; via Fm tosylate (3.58) 

followed by an SN2 reaction in DMF (Scheme 3.27). This approach was successful, however the desired 

S-Fm-thioglycolic acid (3.98) isolated following aqueous workup was not pure, with significant 

amounts of the impurity dibenzofulvene (DBF) 3.53 remaining. The approximate yield of the SN2 step 

was 21%, accounting for the impurity. 

 

Scheme 3.27: Synthesis of S-Fm thioglycolic acid 3.98 via tosylate 3.58. 

 

In an alternative approach, 9-fluorenylmethyl chloride (3.99) was synthesized from the alcohol (3.57) 

via reflux in neat thionyl chloride (Scheme 3.28). Then, an SN2 reaction using chloride 3.99 and 

thioglycolic acid furnished the desired S-Fm-thioglycolic acid (3.98) in quantitative yield. An improved 

base/acid aqueous workup was used to remove DBF 3.53 from contaminated 3.98 with excellent 

results. With all the protected thioglycolic acids in hand, attention turned to attempting 3-atom ring 

expansions to form thiolactones. 
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Scheme 3.28: Synthesis of S-Fm thioglycolic acid via chloride 3.99. 

 

3.7.1 Attempted thioglycolic acid derivative acylation and 3-atom ring expansions 

Before attempting the S-protected thioglycolic acid variants in acylation reactions, a protecting group 

free approach was tested briefly. Three acylation/ring expansion reactions using thioglycolic acid were 

performed with slightly varying conditions, all unsuccessfully. It is highly probable that acid chloride 

3.100 is unstable (Scheme 3.29). Neither thiol 3.92 nor thiolactone 3.94 were observed. 

 

Scheme 3.29: Attempted acylation using unprotected thioglycolic acid. 

 

Moving on to the protected variants, beginning with acetate protected thioglycolic acid (3.96), the 

acylation was performed under standard conditions and found to be successful but low yielding with 

the imide (3.102) isolated in just 8% yield (Scheme 3.30).  



74 
 

 

Scheme 3.30: Acylation of laurolactam using S-acetyl thioglycolic acid. 

 

Imide 3.102 was subjected to piperidine deprotection conditions, as previously described in section 

3.2. No product thiolactone 3.94 could be isolated, however the molecular ion peak for the thiol (3.92) 

or ring expanded product (3.94) was detected after 1 hour when analyzed using mass spectrometry. 

At 24 hours, there was evidence by mass spectrometry that piperidine caused ring opening of the 

lactam (attack at carbonyl 1, Scheme 3.31), based on molecular ion peaks detected at m/z 357.2570 

and 442.3462; suggested structures 3.103 and 3.104 are proposed in Scheme 3.31. 

 

Scheme 3.31: Attempted ring expansion using acetate protected thioglycolic acid derived imide. 

 



Chapter 3: Successive Ring Expansion of Lactams to form Thiolactones 

75 
 

The ring expansion was unsuccessful. Due to the lack of specificity of nucleophilic attack on the three 

available carbonyls of 3.102 with this protecting group strategy (see section 3.2), it was decided to 

progress to alternative protecting group strategies, the next being S-trityl  protected thioglycolic acid. 

An attempted acylation of laurolactam with trityl protected 3.97 was unsuccessful in forming 3.106, 

with triphenylmethanol (3.107) isolated in 42% yield (with respect to the starting material acid after 

column chromatography). A second attempt of this acylation was followed by aqueous work up with 

10% aq. HCl with only laurolactam recovered following extraction (Scheme 3.32). 

 

Scheme 3.32: Attempted acylation of laurolactam using tritylthioacetic acid 3.97. 

The synthetic difficulties of 2-(tritylthio)acetic acid (3.97) synthesis and acylation led to the 

investigation of one last protecting group for thioglycolic acid, with the N-acylation attempted using 

Fm-protected thioglycolic acid (3.98) and our standard pyridine/DMAP conditions. Following column 

chromatography the product imide 3.109 was formed in 66% yield (Scheme 3.33). 

 

Scheme 3.33: Acylation of laurolactam using S-Fm thioglycolic acid. 

. 
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The ring expansion of 3.109 was therefore attempted, but upon reaction with DBU in DCM overnight 

an intractable mixture was formed. The solution was observed to turn black immediately upon 

addition of DBU. Repeating the reaction on a larger scale and with a shortened reaction time was done 

with the hope that some of the desired thiolactone or thiol could be isolated before degradation could 

occur (Scheme 3.34). The second attempt was also unsuccessful. A trace amount of laurolactam 1.210 

was isolated (<5 mg) following chromatography with the remainder of the reaction mixture best 

described as an intractable mixture. Efforts to perform 3-atom ring expansions to form thiolactones 

were ceased as a result. 

 

Scheme 3.34: Attempted ring expansion using S-Fm protected thioglycolic acid derived imide 

 

3.7.2 Possible degradation pathway of 3-atom ring expansion attempts to form thiolactones 

The 3-atom ring expansion using a thiol-tethered carboxylic acids was unsuccessful. None of the 

desired 16-membered thiolactone 3.94 was isolated in any of the reaction attempts, with several 

protecting groups trialled. Observations following the reaction described in Scheme 3.34 suggest the 

imide 3.109 degrades when exposed to basic conditions. This may relate to similar problems 

encountered during the synthesis of alpha halo imides (which will be discussed in Chapter 4). The 

synthesis of these imides 3.110 was also problematic, with literature precedent suggesting that alpha 

halo imides polymerize at ambient temperature over time. While SFm is not as good a leaving group 

as Cl or Br, we postulate that a similar process can still occur with compound 3.109, and is accelerated 

on the presence of base such as DBU (Scheme 3.35). 

 
Scheme 3.35: Proposed degradation pathway of thioglycolic imides such as 3.109. 
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3.8 Successive ring expansion to form thiolactones 

Alongside efforts to study the scope of sulfur ring expansion to expand simple lactams, studies to 

investigate successive ring expansion to form thiolactone-containing macrocycles were also 

undertaken.  The aim was to incorporate sulfur-based ring expansions into the existing nitrogen- and 

oxygen-based SuRE methodologies, as well as to attempt a successive sulfur ring expansion to form a 

macrocycle containing two thiolactones (Scheme 3.36).  

 

 

Scheme 3.36: Two approaches to SuRE incorporating thiolactones. Top: Thiolactone further expanded using SuRE. Bottom: 
Lactam or lactone expanded to incorporate a new thiolactone into macrocycle. 

 

3.8.1 Early proof of concept for thiolactone-containing successive examples 

To start, it was decided to test whether thiolactones prepared via the SuRE methods discussed in the 

chapter can themselves be acylated and undergo a 2nd SuRE reaction. Thus, previously expanded 

thiolactone products, such as 3.29, were subjected to N-acylation and deprotection/ring expansion 

conditions using various linear fragments.  It was demonstrated that 3.29 can be acylated using an h- 

or -̡amino acid derivative using standard SuRE conditions in good yields. This is then capable of 

undergoing a second ring expansion to form a 20-membered macrocycle (3.116) in 47% yield and a 

21-membered ring 3.117 in 14% yield over two steps (Scheme 3.37). Therefore, this demonstrates 

that cyclic products that have been previously expanded with sulfur are able to be expanded a second 

time.  
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Scheme 3.37: Successful successive ring expansion examples utilizing thiolactones. 

 

Next, it was shown that lactams that have been previously expanded using amino acid chlorides (e.g. 

1.215, can be acylated using thiol-tethered carboxylic acid chlorides, and subsequently ring expanded 

a second time to install a thiolactone; for example, 21-membered (3.120) was formed in this way, 

albeit in modest yield overall (Scheme 3.38). This example serves as a proof of concept that successive 

ring expansions to form thiolactone containing macrocycles are also viable. 

 

Scheme 3.38: Successful successive ring expansion example with thiolactone 3.120 formed in the final step. 

 

3.8.2 Thiolactone forming successive ring expansion examples attempted using S- Fm 

ǇǊƻǘŜŎǘŜŘ ʲ-propionic acid 

It is important to note that several other successive ring expansion reactions were attempted and 

were not successful. For example, the 6 reactions in Scheme 3.39 represent attempted acylation/ring 

expansions of lactams, lactones and thiolactones which all failed to deliver the desired thiolactone 

containing products. Many suffered problems during the N-acylation step. Incomplete acylation 
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observed by TLC resulted in repeated addition of acid chloride solution in attempt to achieve complete 

acylation. Many reaction mixtures demonstrated the desired mass peak of the corresponding imide, 

but not all examples. In some instances, starting material was recovered following ring expansion 

attempts. 

 

 

Scheme 3.39: Failed attempts at successive ring expansion using S-CƳ ʲ ǇǊƻǇƛƻƴƛŎ ŀŎƛŘ chloride 3.37. 
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All 6 unsuccessful attempts above used S-Fm protected 3-mecrcapto propionic acid. This was odd, 

considering the S-Fm approach proved to be the most effective method on the simpler cases, but 

unfortunately, it appears to be less well suited to promote SuRE on these more complex systems. 

However, having had success in performing a successive ring expansion where the second fragment 

was a trityl protected thiol-tethered carboxylic acid (Scheme 3.38 forming 3.120) it became apparent 

that the S-trityl approach may be better for more complex systems. In terms of the S-Fm strategy, the 

N-acylation step typically worked as expected, for example imides 3.131 and 3.135 were isolated and 

characterized before attempting deprotection/ring expansion. But the protecting group cleavage/ring 

expansion step was unsuccessful in both cases; most likely the basic conditions led to degradation/side 

reactions of the relatively reactive thiolactone starting materials and/or products (Scheme 3.40). 

 

Scheme 3.40: Initial attempt at successives using S-Fm strategy successfully generate imides 3.131 and 3.135 but failed at 
the ring expansion step. 
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3.8.3 Revisiting S-trityl for successive sulfur ring expansion 

With the realization that S-Fm appeared unsuitable for successive ring expansion examples where the 

second linear unit is an Fm-protected thiol, efforts were focussed on reattempting the most promising 

reaction systems using the S-trityl strategy. Purification to isolate the imides formed using the S-trityl 

approach (3.138 and 3.139) confirmed both imides were formed successfully, prior to any further 

reactions being performed (Scheme 3.41). Basic conditions were not used following deprotection to 

avoid any possible issues with elimination. The aim was to isolate either thiol or 3.132 or 3.136 without 

introducing 10 equivalents of DBU as per the standard procedure. This was a success with thiol 3.132 

isolated in 27% over 2 steps and thiol 3.136 isolated in 30% over 2 steps (Scheme 3.41). 

 

 

Scheme 3.41: Successful S-Trityl strategy acylation and Trityl deprotection to form RO thiols 3.132 and 3.136. 
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In order to carefully induce ring expansion of the thiols, a slightly weaker base was selected to attempt 

the ring expansion reactions: using TEA in place of DBU. Using 2 eq. of TEA in CDCl3, a small-scale ring 

expansion was attempted using 3.132. The reaction was monitored at various time points by 1H and 

13C NMR. Over 5 days at RT it became clear that a new compound (3.133) was slowly forming, with 

the presence of new carbonyl peaks visible by 13C NMR at 199.4, 197.7, 174.4 and 170.6 ppm (Figure 

3.3). 

 

Figure 3.3: 13C NMR bisithiolactone 3.133 beginning to form in the reaction mixture. 

 

This NMR sample was then heated in an oil bath at 45°C for 2 h. 13C NMR analysis demonstrated that 

this resulted in a roughly 1:3 ratio of double thiolactone 3.133 product to thiol starting material 3.132. 

The NMR sample was heated again in an oil bath at 55 °C over 8 h. 13C NMR analysis then demonstrated 

a roughly 1:1 mixture of bisthiolactone product (3.133) to thiol starting material (3.132) (Figure 3.4). 

It was decided at this point to isolate the bisthiolactone 3.133 as further heating risked undesired side 

reactions occurring. 

3.133 
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Figure 3.4: 13C NMR of reaction to form bisthiolactone 3.133 at various time points showing slow conversion and possible 
equilibrium mixture. 

Following purification by column chromatography, some recovered starting material 3.132 (6.6 mg, 

15%) was isolated alongside the desired bisthiolactone 3.133 in 31% yield.  

A similar procedure was used to synthesize 3.137. The thiol 3.136 was isolated in 30% yield over 2 

steps, followed by heating in CDCl3 at 55 °C with 2 eq. of TEA, this time for a total of 12 h. At 12 h a 

mass spectrum of the crude mixture suggested that the disulfide 3.140 was present as well. One 

procedural difference was that this reaction was performed in a round bottomed flask with stirring as 

opposed to inside an NMR tube with no stirring, as was the case in the synthesis of 3.133. Perhaps this 

allowed more oxygen to enter the flask, which may account for the formation of disulfide 3.140. 

Following purification, the desired thiolactone 3.137 was isolated in 17% yield, along with disulfide 

3.140 in 16% yield. Disulfide formation is thought to be a minor side product formed in other reactions, 

however this is one of the few occasions where it was cleanly isolated and fully characterized (Scheme 

3.42). 

5 days RT 

2 h heating at 45°C 
~1:3 3.133: 3.132 

  

8 h heating at 55°C 
~1:1 3.133: 3.132 
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Scheme 3.42: Successful successive attempts using S-Trityl strategy and isolation of intermediate thiols 3.132 and 3.136. 

 

3.8.4 Failed successive ring expansions and triple attempts 

Many other attempts at successive ring expansion reactions incorporating the newly developed sulfur 

chemistry were attempted, including a few attempted triple ring expansions, sadly without success. 

In most cases, failure of the N-acylation step was the main issue. As a record, these are summarized 

in Scheme 3.43. 
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Scheme 3.43: Lactams which failed to N-acylate en route to successive ring expansion to form thiolactones. 
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Some N-acylations were successful to some degree (for example 3.149, and 3.151 in Scheme 3.44), 

with the desired imides seen by TLC and MS, but unfortunately, none of the desired triple ring 

expansions were not isolated following protecting group cleavage. It is unclear why, but most likely 

starting material and/or product decomposition when treated with basic or acidic reagents results in 

the formation of complex mixtures of products.  

 

 

Scheme 3.44: Successive attempts where acylation appeared partially successful by TLC and MS, but unsuccessful on ring 
expansion step. 

 

3.8.5 Future work 

There was some promise in attempts to perform a triple ring expansion incorporating an amino acid, 

a hydroxy acid and finally a thio acid (3.129).  Ultimately, however, material was exhausted in attempts 

to reach this target and the scale of the reaction performed was too low to properly confirm ring 

expansion. 13C NMR was unable to unambiguously confirm the presence of a thioester despite an 

extended run-time on the spectrometer. The desired MS peak of the product was observed however, 

showing promise that the thiol 3.152 or thiolactone 3.129 could be isolated, given sufficient material. 

The revised stepwise trityl strategy (Scheme 3.45) is the recommended approach for achieving the 

final ring expansion to form 3.129 with isolation of the intermediate thiol 3.152 to be performed 

before attempting the final ring expansion in chloroform/Et3N. 
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Scheme 3.45: Proposed future route to synthesize triple ring expanded product 3.129. 

 

3.9 Summary of thiolactone synthesis via ring expansion and X-ray crystallography  

In conclusion, the synthesis of thiolactones via ring expansion was explored in this study, as an 

extension of the methodology developed for SuRE. Three different protecting groups for thiols were 

trialled (Ac, Fm, Trt) and optimized. A screen investigating the scope of this ring expansion to different 

ring sizes and branched examples was performed with DFT complementing experiment for the former 

study. Five successive examples were also successfully carried out, validating the compatibility of the 

new sulfur methodology with traditional nitrogen- and oxygen-based SuRE. Finally, three X-ray crystal 

structures were obtained to confirm ring expansion and deposited in the CCDC (Figure 3.5). 

 

Figure 3.5: The X-ray crystal structures of three thiolactones were solved and deposited in the CCDC. 

The work described in this chapter is the subject of one publication.85 
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4 Cascade ring expansion reactions using a common electrophilic 

imide 

4.1 Need for new methodology 

In this chapter the development of a new cascade ring expansion method based on SuRE is presented, 

from development and proof of concept, through optimization, and finally to exploration of the scope 

of the reaction.  

The central idea was to develop a new methodology by which multiple ring expanded products could 

be formed from a common imide starting material. It was envisaged that this could be achieved 

through the use of an imide with a pendant electrophilic functionality, for example, a leaving group 

(such as chloro-substituted imide 4.3). Introducing a nucleophile, such as a primary amine, could 

instigate a nucleophilic substitution to yield an amine-tethered imide (4.4) which could then undergo 

concomitant ring expansion (to form 4.6, Scheme 4.1). 

 

Scheme 4.1: Proposed SuRE ring expansion using a common imide starting material 4.3 

 

There are several potential advantages to this approach when compared with the SuRE reactions 

ŘŜǎŎǊƛōŜŘ ƛƴ /ƘŀǇǘŜǊǎ мҍо. SuRE reactions require protected amino and hydroxy acid chlorides 

(derived from the parent carboxylic acids), which are generally not commercially available, to be used 

as acylating agents. In order to alter the functionality of the acylating agent, a bespoke synthesis is 

required for each new case. This was the approach taken in Chapter 2, where a selection of N-alkylated 

Fmoc-protected amino acids was synthesized to expand the scope of functionality beyond N-methyl 

and N-benzyl groups. 
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To form a single ring expanded product from this study, 6 synthetic reactions were required in total. 

Three steps are required to synthesize the protected amino acid (2.18) (Steps 1ς3). This is followed by 

an acid chloride formation (Step 4) and N-acylation (Step 5), before the final deprotection ring 

expansion reaction can be performed (Step 6, Scheme 4.2). 

 

Scheme 4.2: 6 step synthesis to form ring expanded products with bespoke N-alkylated amino acids. 

Some of the inefficiencies in this process are associated with the need to have a protecting group on 

the nucleophile. This is required as the acid chloride formation would not be possible for a substrate 

containing an unprotected nucleophile, as it would quickly react with itself as soon as it is formed. 

Both alcohols and secondary amines are more nucleophilic than the lactam amide nitrogen in the 

acylation reaction. 

In addition, side reactions have been observed during acylation and protecting group cleavage. 

Carbamate protecting groups on acid chlorides of amino acids are known to react intramolecularly to 

form oxazolidine side products such as 4.8 (Scheme 4.3a). A separate issue relating to protecting 

groups is that the deprotection conditions can lead to the formation of side products, with an example 

shown in Scheme 4.3b. In this instance, dehydration occurs, forming a transient iminium ion 4.12 (in 

resonance with 4.13), which is then further reduced in situ under the reductive reaction conditions to 

form the N,N-acetal 4.14 in high yield (reaction performed by Dr Tom Stephens). 
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Scheme 4.3: Side reactions relating to protecting groups and deprotection conditions. a) Deactivation of acylation agent by 
carbamate protecting group. b) Side reaction observed in deprotection conditions (performed by Dr Tom Stephens). 

 

Devising a protecting group free approach was one on the reasons for us deciding to develop a new 

cascade reaction. By utilizing an acylating agent with two electrophilic sites, this reduces the number 

of synthetic steps required, as well as allowing the ring expansion to be performed with a variety of 

nucleophiles at a late stage in the synthesis. 

 

4.2 New acylation protocol 

Scheme 4.4 ōŜƭƻǿ ǎƘƻǿǎ ǘƘŜ ƎŜƴŜǊŀƭ ŀŎȅƭŀǘƛƻƴ ǇǊƻǘƻŎƻƭ ǳǎŜŘ ŦƻǊ ǘƘŜ ʰ-halo acid halide acylation 

agents using the standard pyridine/DMAP conditions as done previously. 

 

Scheme 4.4: New acylation procedure using common -hhalo acid halides acylation agent 
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4.2.1 Acylation using chloroacetyl chloride  

Initially, chloroacetyl chloride 4.16 was chosen as the acylation reagent. This was tested on lactams of 

two different ring sizes. When an 8ςmembered lactam 1.128 was employed, the reaction proceeded 

efficiently to yield 72% of the desired imide 4.17. To test the robustness of this protocol, a further 

reaction was performed on the 13-membered lactam 1.120. Generally, N-acylation is less efficient on 

larger lactams. Indeed, in the case of 1.120, the reaction did not proceed at RT, however heating at 

рл ɕ/ ǿŀǎ ōŜƴŜŦƛŎƛŀƭ ŀƴŘ ǉǳŀƴǘƛǘŀǘƛǾŜ ŎƻƴǾŜǊǎƛƻƴ ƛƴǘƻ ƛƳƛŘŜ 4.18 was achieved (Scheme 4.5). 

 

Scheme 4.5: Acylation using chloroacetyl chloride. 

4.2.2 Benzyl amine induced imide cleavage 

Unfortunately, it was found that attempting to promote the ring expansion of imide 4.17 via an initial 

SN2 reaction followed by ring expansion using benzyl amine as a nucleophile, did not result in the 

formation of the desired product. Instead, the imide was cleaved to regenerate the corresponding 

starting lactams; unfortunately, nucleophilic attack seems to occur preferentially at the carbonyl 

ƛƴǎǘŜŀŘ ƻŦ ŀǘ ǘƘŜ ʰ-carbon (Scheme 4.6, reaction performed by James McNulty). The same result was 

obtained when using 13ςmembered imide 4.18 as the starting material (not shown). 

 

Scheme 4.6: Benzyl amine cleaves N-chloroacyl imides regenerating the original lactam. Reaction performed by
 James McNulty. 
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4.2.3 Acylation using bromoacetyl chloride 

In order to aid the SN2 step of the reaction, it was thought that changing the leaving group from a 

chlorine to a bromine would be beneficial. Therefore, a bromoacetyl chloride acylating agent was 

tested next. However, none of the expected brominated imide product (4.21) was observed when 8-

membered lactam 1.218 was reacted under the conditions summarized in Scheme 4.7a. Instead, 

chlorinated imide 4.17 was isolated in low yield, which is believed to form via a halogen exchange 

process. The proposed mechanism for this reaction is shown in Scheme 4.7b. In the first step, the 

brominated imide is generated, as well as chloride ions. The chloride ions are believed to promote a 

SN2 reaction on the h-carbon, substituting bromine for chlorine. Attempting the same reaction of 13-

membered 1.210 was unsuccessful in forming either imide, with some starting material recovered 

(Scheme 4.7c). 

 

Scheme 4.7: Acylation using bromoacetyl chloride. A halogen exchange reaction is believed to be responsible for the 
formation of chlorinated imide 4.17. 

 

4.2.4 Acylation using bromoacetyl bromide 

Having been unsuccessful in isolating the desired brominated imide, the acylating agent was then 

changed to bromoacetyl bromide 4.23, thus eliminating any source of chloride altogether. The 
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acylation step was attempted multiple times, using various reaction times (ranging from 1 to 4 hours 

to form 4.21, Scheme 4.8a, or up to 24 h in attempts to form 4.22, Scheme 4.8b). 

The results of the acylation were inconsistent, with yields of the 8ςmembered imide 4.21 varying 

greatly, up to a maximum of 60%. When analyzed using mass spectrometry, all the purified 

halogenated imides showed a mass peak at m/z 168 (or 238 in the case of 13ςmembered lactam 

acylations), which likely corresponds to the formation of the ring closed compound 4.24 (Scheme 4.8).  

 

Scheme 4.8: Acylation using bromoacetyl bromide. 

This unwanted intermediate side product (4.24) may lead to polymerization,86,87 thus lowering the 

yield. IndeedΣ ǘƘŜǊŜ ƛǎ ǇǊŜŎŜŘŜƴǘ ŦƻǊ ʰ-halogenated imides such as 3.110 to eliminate a halide leaving 

group, forming mesoionic oxazoles known as isomünchnones 4.2488 which polymerize over time, as 

shown in Scheme 4.9. In fact, N-haloacyl lactams from 6-to-8-membered in size have been reported 

to be unstable and polymerize at room temperature, in a study by Mathias and Moore.86,87,89 
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Scheme 4.9: Polymerization of N-haloacyl imides described in the literature.87  

In our hands, brominated imides (4.21, 4.22) were more challenging to characterize than their chloro 

derivatives (4.17, 4.18), likely because they are more prone to polymerization of the type described 

above, which may be responsible for the inconsistent and low yields of these compounds. 

4.2.5 Benzyl amine induced imide cleavage and lactone formation 

Although the synthesis of 8ςmembered N-bromoacyl imide 4.21 was problematic, enough material 

was isolated to test the next step of the reaction. However, when benzyl amine was reacted with imide 

4.21 in DCM, in an attempt to induce an SN2/ring expansion cascade, none of the desired ring 

expanded product 4.19 could be isolated. Instead, a lactone-containing 11ςmembered ring 4.28 was 

isolated in low yield (Scheme 4.10).  

 

Scheme 4.10: Attempted SN2/ring expansion of N-bromoacyl imide 4.21 using benzyl amine resulted in formation of mixed 
lactone/lactam 4.28 and amide 4.29. 
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We propose that trace amounts of water present in the reaction are the cause of this unexpected 

result, with lactone 4.28 formed via the mechanism proposed in Scheme 4.11. Additionally, an amide 

4.29 was isolated, suggesting that imide 4.21 can be attacked at the carbonyl by amines as well as at 

ǘƘŜ ʰ-position displacing the bromide (Scheme 4.11).  

 

Scheme 4.11: Proposed mechanisms of formation of mixed lactone/lactam 4.28 and amide 4.29. 

 

4.2.6 Optimization of lactone forming reaction 

Based on the unexpected formation of lactone 4.28, further investigation was made into the effects 

of intentionally adding water into these reactions, to test whether this could be used productively to 

induce ring expansion to form lactone products. Thus, imide 4.21 was stirred in the presence of water 

and conditions were screened, with and without base, in both THF and DCM. The lactone-containing 

11ςmembered ring 4.28 was isolated in up to 43%, with these results presented in Table 4.1. The 

combination of DCM and TEA resulted in the best yield. An attempt using THF and TEA led to the 

formation of a bicyclic compound 4.31. This is believed to be formed via the attack of methanol 

(present during column chromatography) on reactive intermediate 4.24.  Bicyclic compound 4.31 has 

been observed and reported previously in the literature and its structure was confirmed by comparing 

its 13C NMR data to those reported previously.67 The isolation of this bicyclic methanol adduct suggests 

that reactive intermediate 4.24 is being formed in the reaction or during column chromatography. 

This evidence is consistent with the polymerization mechanism that has been described above. 


































































































































































































































































































































































































































