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“Reports that say that something hasn't happened are always interesting to me, 
because as we know, there are known knowns; there are things we know we 
know. We also know there are known unknowns; that is to say we know there are 
some things we do not know. But there are also unknown unknowns – the ones 
we don't know we don't know. And if one looks throughout the history of our 
country and other free countries, it is the latter category that tend to be the difficult 
ones”  

Donald Rumsfeld 

“Truly cyanosulfidic, truly protometabolic”  

Saidul “Lello Wrathman” Islam 

 

““I should put some Monty Python in the quotes section of my thesis!”                

– Cal Foden (All Round Good Egg)”  

Sam Roberts 

“Well, it's nothing very special. Uh, try and be nice to people, avoid eating fat, 

read a good book every now and then, get some walking in, and try and live 

together in peace and harmony with people of all creeds and nations.” 

Monty Python’s The Meaning Of Life  
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Abstract  

The universally conserved assignment of amino acids to the genetic code is 

cognate with the role of peptides predating all life on Earth. Catalytically 

competent and small oligopeptides would provide a rational step from amino 

acids to extant enzymes. Consequently, methods to form peptide bonds 

prebiotically are of great interest but they remain a significant challenge. The 

formation of peptide bonds through the ligation of amino acids is hampered by a 

disparity in the acid dissociation constants of the reacting ends, and – despite 

being thermodynamically favourable – a high energy barrier. Carboxylate 

activation chemistries have sought to overcome this by utilising highly reactive 

activating agents, but product yields are generally low. This work focuses on 

nitriles, and has aimed to challenge this view by employing their direct activation. 

Section 2.2: Inspired by the role boron has played in the synthesis of amides and 

its presence on Earth, a strategy for the direct, unprotected activation and ligation 

of aminonitriles was pursued. This was demonstrated to be unfavourable 

regardless of boron’s presence, verifying that this ambitious type of ligation is not 

sufficient for the meaningful production of oligopeptides. Section 2.3: Cysteine 

was found to have an exquisite reactivity with aminoacetonitrile and the formation 

and hydrolysis of a thiazoline product identified as a potential route to a native 

chemical ligation type strategy in which indications of thioester where observed 

by 13C NMR. Deleterious side reactions meant that this ligation strategy was 

unlikely to be feasible on the early Earth. Section 2.4: Recognising the 

importance of prebiotically plausible protecting groups, the direct activation of α-

amidonitrile with N-acetylcysteine was found to enable an aqueous, mild, and 

organocatalytic reaction for the synthesis of peptides. The full set of Ac-GlyN-AA-

OH amidines from amino acid ligations and Ac-Gly-AA-NH2 peptides from amino 

amide ligations were characterised to validate the robust scope of the reaction. 

Harnessing the thiazoline and chemistry developed in the previous section, the 

addition of cysteine to an otherwise inert solution of coupling partners facilitated 

a ligation. A host of other thiols, prebiotically plausible and otherwise, were also 

found to enable the transformation. These findings represent a significant 

advance in aqueous amide bond forming strategies.  
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Nomenclature and numbering 

Pentose sugars 

 

Nucleoside numbering  

 

Amino acids, amidines, and their derivatives are denoted using their 3-letter 

codes. Alanine (Ala-OH) has been selected as an example and a selection of 

possibilities shown (although not all feature in this work). Combinations of these 

codes are used to produce the abbreviated name. A superscript capital ‘N’ in bold 

(N) represents an amidine group instead of an amide. Likewise, a superscript 

capital ‘S’ in bold (S) can represent the sulfur in a thioamide. 
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1 Introduction 

 “How did life begin?” has been one of the most fundamental questions which 

humans have asked themselves for millennia. The origin of life on Earth is 

perhaps one of the most remarkable questions homo sapiens has the ability to 

contemplate – self-awareness about our place in the cosmos is a privilege 

unknown to exist for other species on our planet. The sheer quantity of life on 

Earth is staggering, with an abundance of life covering the surface of the Earth 

on land and in the vast oceans. The variety of life which has evolved is also 

remarkable, with an organism of some type seemingly filling every evolutionary 

niche on offer in each environment on our planet. Recent estimates have 

computed that up to 1 trillion species may be present on Earth.1 

The question of “How did life begin?” itself can be split into two constituent parts; 

the first comprises of a definition of life on Earth itself and the second pertains to 

the process by which the most complex chemical system known to us was 

formed. 

For the first part, Joyce2 has suggested that life is a ‘self-sustained chemical 

system capable of Darwinian evolution’. This answer is succinct enough to 

encompass what is understood about life at this point – that it is, in fact, chemistry 

in action, and that Darwinian evolution3, 4 is the theory which governs the changes 

which life undergoes in response to selection pressures in its environment and 

due to random genetic mutations. The second part is still unanswered – 

generations of scientists have and will continue to work on fragments of this vast 

question, perhaps never reaching a final conclusion. 

It is definitely arrogant to assume that chemistry is the only player in solving the 

issue of the origins of life. A myriad of other subjects and their sub-disciplines are 

heavily called upon to enrich the answer and the journey towards it. Physics, 

biology, geology, palaeontology, astronomy, engineering,a and computer science 

all play distinct and essential roles in unravelling the mystery of our origins. 

However, given that the component parts of life are chemical systems organised 

out of organic molecules, organic chemistry has the potential to offer a detailed 

                                            
a Designing and building of spacecraft. 
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viewpoint on the question of the origin of life on Earth. In simulating early Earth 

chemical scenarios in the laboratory, organic chemists have the capacity to make 

reasonable forecasts as to how some of the simplest chemical feedstocks were 

able to self-assemble into the complex chemical architectures found in extant 

biology.  

This review will first set out the broader scope and context of the chemical origins 

of life on Earth. The current methods of study will then be discussed, leading up 

to a brief explanation of the RNA world theory to add a further background 

element to the discussion. Finally, the protein world theory and the synthesis of 

amino acids will be discussed, and a detailed discussion of the literature 

surrounding prebiotic peptide ligations will be covered. With this framework of the 

current methods for amino acid ligations laid out, the research chapters will 

attempt to develop new methods to overcome the challenges that the field faces.     
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1.1 Set and Setting 

1.1.1 Earth 

It is thought that the Earth was formed approximately 4.56 billion years ago 

through multiple massive collisions between celestial bodies and protoplanets of 

various diameters.5 Over time, the mass of the Earth was accreted in this way 

and had reached about 70-80% of its current size by about 4.5 Billion years ago, 

when subsequent collision with a Mars-sized object led to the formation of the 

Moon. Similarly, the Moon also accreted matter through a series of extremely 

heavy bombardments.  

Preservation of isotopic material in the lithosphere is the main quantifiable and 

available evidence for the epochs the Earth has passed through since its genesis. 

The first, the Hadean, is characterised by extremely high average temperatures 

(ca. 230 °C), high bolide impact flux, and the absence of biotic material.6 Similarly, 

all evidence – despite the controversies it may draw – for life on Earth is also 

patently preserved in the rock record through suboxic and anoxic diagenesis. The 

discovery of the Jack Hills Zircons in Western Australia has previously provided 

good estimations for the age of the Earth, but recent analysis of detrital zircons 

from the same locale has deduced the presence of a potential source of biogenic 

carbon as ancient as 4.1 billion years old.7 Other analyses in Greenland have 

supported this timeframe, by uncovering the presence of nitriles, aromatics, and 

anhydrides in mineral inclusions which may be indicative of Eoarchean life.8 Yet 

more recent work has questioned these findings in Greenland, however, as they 

relied on highly specific morphologies and rock fabrics for evidence of the 

presence of this biotic material. It may be the case that the findings in Greenland 

are simply due to rock deformation rather than previous microbiological activity.9  

Despite the continual debate in this field and highly vestigial nature of these 

fragments, the importance of this research is that it allows geologists to estimate 

a window for the appearance of life. It is putatively accepted that this window 

existed approximately 200-400 million years immediately after the Hadean, when 

the Earth cooled, meteoritic bombardments largely ceased, and a stable 

hydrosphere developed (Figure 1).10-12  
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Figure 1. Relative timescale for the emergence of life on Earth. 

With this in mind, the prebiotic sciences accept that there are a variety of 

potentially plausible geochemical scenarios which could have taken place. The 

exact location, concentration, pH, and temperature for abiogenesis will never be 

determined. Given that the exposure of extant biological chemical species to 

particularly harsh conditions such as high or low pH and high temperatures often 

results in degradation by hydrolysis, conditions are considered with this in mind. 

Geochemical and environmental events offer clues as to the planetary setting in 

which life could have originated. Many of the existing common natural 

phenomena of Earth are present around the reaches of the Solar System on other 

planets. Therefore, it can be argued that Earth may have had these features in 

an early and similarly primitive biosphere as it does today. Outlined are a number 

of conceivable geochemical scenarios, but there are a great number more which 

would enable equally interesting reaction modalities.  

1. Lightning13 offers remarkably high single point temperatures and UV fluxes 

under which very unconventional Miller-type chemistries (vide infra) can 

take place. Earth receives a very high quantity of lightning strikes – a total 

of about 1.4 × 109 yr-1.14 The high energy chemistries brought about by 

this could have played a key role in producing substances which were 

otherwise inaccessible by more common chemical pathways. Perhaps 

most notable would be the reaction of otherwise inert gases such as 

methane and nitrogen.   

2. Submarine hydrothermal vents,15-21 commonly delineated as black and 

white smokers, have a rich flow of inorganic species at high temperatures 

where today thermophile bacteria thrive in the boundary areas of 

superheated waters. In these vents exist micro-partitioned environments 

where molecules are thought to have been able to accumulate and give 

rise to simple metabolic sequences. The theory surrounding an origin of 

life at these vents suffers from a number of issues, chiefly: First, of infinite 
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dilution, that is to say, once ‘nutrients’ are released, their concentrations 

drop so rapidly that it is difficult to envisage how they could be assimilated 

in any large quantity by a nearby organism. Second, the primary 

postulated C1 feedstock, cyanide, suffers from rapid hydrolysis under black 

and white smoker conditions.22 Moreover, the ‘natural pH gradients’ which 

are suggested to have enabled a proton gradient as an energy provider 

(and in doing so garnered significant interest in the field) have recently 

been shown to been unlikely to have played a role in the origins of life.23 

Finally, deep sea conditions would not have allowed the ultraviolet 

radiation mediated release of solvated electrons in the form of hydrogen 

sulfide – which is thought to be essential for cyanide homologation and 

thereafter the synthesis of ribonucleotides24 (vide infra). Perhaps above all 

is the lack of experimental demonstration of these vent systems in the face 

of the seemingly opposing theories favouring cyanide and sulfur 

chemistries. To date, no known vent system or subsystem has been 

replicated to give theoretically abiogenic conditions.  

3. Rivers and lagoons25, 26 offer highly plausible scenarios for the flow, 

purification, and ejection of waste materials. Chemical species can be 

rained in from outside the vicinity of a reaction, and rivers can continuously 

deliver them to a reaction network to allow it to exist out of equilibrium. 

Lagoons offer an ideal opportunity for stagnant solutions to undergo 

evaporative drying to produce very high local substrate concentrations. 

They would also enable the crystallisation of solutes; if a major species 

crystallises selectively, and a washing process in the form of a river or 

stream that removes adjacent impurities, there then exists a potential 

purification method for important intermediates.27, 28  

4. Impact craters29, 30 may promote some of the highest temperatures and 

permit some of the most challenging metal nitride and carbide forming 

chemistries. Most importantly, they may allow formation of cyanide, a key 

C1 umpolung synthon for nucleobase, amino acid, and lipid precursor 

formation (vide infra). Given that the conclusion of the Late Heavy 

Bombardment is widely considered to have allowed for the advent of 

abiogenesis to occur through the cooling of the Earth and the forming of 

aqueous basins, a generous supply of cyanide could have been 
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accumulated at that point and would have enabled the preliminary 

emergence of organic chemistries leading towards the building blocks of 

core biological metabolites. 

1.1.2 Feedstocks 

With a basic picture of the setting of the early Earth, the set can now be 

considered. Oparin initially postulated many of the first synthons which could 

have been present and concluded that the atmosphere was likely to be somewhat 

reducing and contain an assortment of simple carbon and nitrogen feedstocks.31 

Eschenmoser’s subsequent analyses mostly concurred and added additional 

species,32 and along with other spectroscopic analyses of the cosmos,33 including 

Saturn’s moon Titan,34 further species have been added to create a chemical 

palette rich in reaction handle diversity for such a small set of species. (Figure 2) 

 

Figure 2. Commonly postulated plausibly prebiotic species. This is a brief selection of potential 
starting materials for prebiotic chemistry, many more are probable. 

There is very little direct evidence for some of the species that would have been 

present before abiogenesis. A substitute for this is analyses of the atmosphere 

and regolith on extra-terrestrial bodies for organic species and (particularly) 

water, which is thought to be essential for the development of Life.35, 36 In addition 

to this, there is a long list of detected molecules in the interstellar space, with the 

notable exception that the only proteogenic amino acid observed is glycine.37 By 

envisaging these basic interstellar and extra-terrestrial molecules present in a 
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more concentrated and chemical rich atmosphere38 on the early Earth with the 

aforementioned geological inputs, one can start to conceive what chemistry may 

have taken place.  

1.1.3 Scope and context 

Biochemical unity across nearly all species is likely to be cognate with a single 

origin of life.39-42 The purpose of prebiotic chemistry is to uncover, through 

experimentation, the presumed mechanism by which the components of life could 

have arisen. Previously, it has been popular in the field to develop chemistry in 

which complex mixtures were created and the majority of the analysis and 

rationalisations were carried out post hoc. Although perhaps an unsatisfying way 

to uncover the subsystems of multifaceted networks, these endeavours have 

been important for prebiotic chemistry on its journey to a more nuanced 

approach. 

Perhaps the finest example of the analysis of complex mixtures is the seminal 

Miller-Urey experiment13, 43-45 where it was demonstrated how molecular 

complexity can form by exposing a mixture of slightly reducing simple gases 

(H2O, CH4, H2, NH3) to high energies in the form of electrical discharges to 

produce some basic biologically relevant molecules such as amino acids (Miller-

type chemistries, vide supra). Electrical discharge has been a means of 

accessing atmospheric scenarios since chemistry was a subject in its infancy, as 

Cavendish showed in 1788.46 The Miller-Urey experiment was similarly an 

attempt to reproduce a geochemical scenario in which lightning could uncover 

high energy pathways, something which is typically considered a challenge to 

recreate in the laboratory setting. The Miller-Urey experiment itself has been 

repeated in a number of incarnations, and analyses and investigations of it have 

been notably exhaustive.22 The conclusions have led the community to believe 

that the scenario is plausible and an important vector for the production of simple 

feedstock species. More than this is the impetus the research gave the field to 

pursue a solution to the question of how life began on Earth. The excitement 

surrounding the experiment is and continues to be understandably great, and to 

this day it goes down in history as one of the ‘greats’ of elegant and effective 

experimental design, arguably inspiring many to research in the field.  
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Despite this view, efforts have evolved considerably in the last seven decades, 

and with the advent and development of analysis techniques such as NMR and 

mass spectrometry, it has been found that creating quite specific systems in 

isolation of other species and rationalising reactions therein is much more 

instructive. In this way, organic chemistry and the study of our origins are a natural 

marriage. 

Prebiotic chemistry today therefore seeks to uncover the nascent and emergent 

properties of chemical networks, the systems within, and to exploit the links and 

interrelationships which are compatible with and endorse existing biochemistry. 

Modern synthetic chemistry makes use of unusual conditions, tailored protecting 

groups, and exotic reagents to enact kinetically and thermodynamically 

unfavourable transformations – but prebiotic chemists are not afforded this luxury.  

In view of this, systems chemistry has been found as a useful way of approaching 

these complex dynamic phenomena by using a synthetic framework. In aiming to 

understand the way components interact in a network, the emergent products 

can be determined. The predisposition of products forming does not belie 

simplicity, it demonstrates that pathways were favoured substantially over a 

myriad of others. Complexity in this context could therefore be understood to be 

the creation of species whose predisposed syntheses cannot be imagined or 

perhaps established.10 

Within prebiotic chemistry, systems are useful tools which arise from the fact that 

a complex abiotic scenario is still far removed from an elementary cell.47 Even 

though this is the case, systems chemistry breaks down the numerous ill-defined 

manifolds from multicomponent interactions, and in a step-wise and 

experimentally reproducible fashion tries to makes advances towards our last 

universal common ancestor (LUCA).  

If systems chemistry networks are optimised, species should form 

spontaneously, with some degree of stereochemical selectivity, and without the 

concomitant formation of extraneous by-products. They typically must not require 

a special order of addition of reactants – reasonable geochemical scenarios 

which allow for this are considered. Additionally, notwithstanding the background 

rates of competing hydrolysis or the decomposition of new species, the poor 
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yields and selectivity resulting from Miller-Urey type chemistries are replaced with 

the target molecule presenting in high yield, and as the most prevalent species 

by a comfortable margin, with the view that the reaction system shows that the 

formation of the species in question was predisposed to form as it was so 

favoured by the system that created it. This inexorable product formation is 

something Sutherland has mentioned recently40 – it is asserted that instead of 

biology evolving the amino acids, nucleobases, and other components it needed 

to function, it was instead presented with a set of species with predisposed 

syntheses which happened to organise themselves successfully under our 

planetary conditions. 

1.1.4 Biology down and chemistry up   

Molecular phylogeny is a useful technique to trace biology to some of its simplest 

origins.48 Its value as a method was notably shown when Woese found evidence 

for the presence of archaea in the 1970s, by correlating the association 

coefficients derived from analysis of 16S ribosomal units in several key species 

of each kingdom.49 From the point of view of prebiotic study, the biochemistry of 

extant species can be compared and commonalities identified.47 Once 

information about how early cells might have behaved or their appearance has 

emerged, one can start to construct ideas about what would be required for 

abiogenesis to have occurred.50 A minimal ‘living’ organism is likely to have 

needed reliable chemical feedstocks (nutrition), informational molecules for 

reproduction (a (proto)genome), a device to produce a segregated chemical 

domain (a membrane), a source of energy (metabolism), and some catalytic 

functions (perhaps oligopeptides) (Figure 3).40, 51  

 

Figure 3. Representation of a basic protocell. 
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Modern biochemistry is only able to work anti-chronologically to a non-definable 

point to identify a LUCA which makes effective use of the four key cellular 

components. Since the new classification of the three domains emerged (Figure 

4), the forerunner to them has been a topic of extensive debate.  

 

Figure 4. The classification of the three domains of life. It is a putatively held view that LUCA 
preceded and gave way to the current state of life on Earth. 

Discussions52, 53 about LUCA are centred on what biochemistry it possessed and 

what setting it inhabited. Phylogenetic analyses of protein clusters have 

tentatively revealed some information – that LUCA was perhaps autotrophic, 

anaerobic, CO2-fixing, and thermophilic.54
 Problematically, when faced with the 

issues of the syntheses of the molecular machinery of a basic cell with a limited 

pool of plausibly prebiotic substrates, the usual toolbox afforded to the biological 

sciences is rendered effectively useless, and these investigations which occupy 

the biology down approach begin to fail.  

Conversely, organic chemistry and the theories and techniques that accompany 

it are well suited to produce the monomers and other small molecules which 

inhabit extant biological systems in a prebiotically plausible way. Treating the 

synthesis of species retrosynthetically is a satisfying and productive way of 

postulating methods of producing them. Issues arise when systems become so 

complex that they are effectively intractable, and it is consequently at this 

interface that contemporary prebiotic chemistry seeks to work. The physical 

sciences are in some ways about scale; put simply, when physics becomes too 

complex to explain with physics and mathematics, chemical theories are more 

useful. When chemistry becomes too complex, biological theories take over. 

Therefore, prebiotic chemistry perhaps sits neatly at the intersection of aqueous 

phase organic chemistry and evolutionary biochemistry, microbial ecology, and 

molecular biology and phylogeny.  
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With all this in mind, various schools of thought have emerged which advocate 

the first life forms relying on one of the components (nutrition, a genome, a 

membrane, metabolism, and catalysis) first to allow formation of the others. 

Perhaps the most popular has been the RNA world theory (which will be covered 

in greater detail later) which advocates that RNA could fulfil a number of key 

functions in a primitive apparatus.42, 55, 56 Still, some others advocate a protein 

world to carry out essential early functions (again this will be discussed further). 

There is also a reasonable argument to be made that a segregated chemical 

environment is essential, and thus a lipid world theory has been discussed as a 

necessary precursor for the formation of membranes.57-59 (Proto)metabolism in 

the form of an iron sulfur world has also been argued as a first potential system. 

An initial framework was laid down by Wächtershäuser60 but much more recently 

the theory has gained significant traction, as Mansy and co-workers have argued 

that iron-sulfur clusters, which are ancient and essential extant cofactors,61 could 

have been formed from UV light.62, 63 Having said that, this four membered 

‘chicken and egg’ situation between genetics, catalysts, membranes, and 

metabolism is a somewhat problematic view of the current state of the art. 

Sutherland notes that “this (quadru)polarisation was hindering progress in the 

field” and that a “more holistic approach” was needed.40 Thus, the meeting of the 

biology down and chemistry up models must aim to find common origins of 

chemical species and cross-reference their origins and destinations in a network.  
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1.2 RNA world  

1.2.1 The central dogma of molecular biology 

The importance of hereditary characteristics was independently realised64 by 

Darwin and Wallace some 80 before the seminal elucidation of the structure 

responsible for it, DNA, by Watson and Crick,65 Wilkins,66 and Franklin.67 When 

the structure and the gravity of its importance were realised, it spurred on the 

creation of molecular biology, and the pace of work to understand and harness 

genetic information was and continues to be understandably vigorous. Soon 

after, the spectacular work of Khorana68 and Nirenberg69 was similarly ground-

breaking in illuminating the system of 64 codons which encode for 20 amino acids 

and the subsequent synthesis of proteins (Table 1).  

Table 1. The triplet base system of RNA which encodes for each amino acid. Note the degeneracy 
inherent in the triplets, and the two amino acids, methionine and tryptophan, in red, which have 
only one triplet codon. Those amino acids which have less degeneracy are thought to be late 
additions to the amino acid set, perhaps because their (proto)biosyntheses are lengthier. Each 
triplet codon Watson-Crick base pairs with an anti-codon loop, which makes up one of 4 loops of 
the aminoacyl-tRNA macromolecule.  

 
 SECOND BASE   

   G A U C    

F
IR

S
T

 B
A

S
E

 

G 

Gly Asp Val Ala U 

T
H

IR
D
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A

S
E

 

Gly Asp Val Ala C 

Gly Glu Val Ala A 

Gly Glu Val Ala G 

A 

Ser Asn Ile Thr U 

Ser Asn Ile Thr C 

Arg Lys Ile Thr A 

Arg Lys Met Thr G 

U 

Cys Tyr Phe Ser U 

Cys Tyr Phe Ser C 

Stop Stop Leu Ser A 

Trp Stop Leu Ser G 

C 

Arg His Leu Pro U 

Arg His Leu Pro C 

Arg Gln Leu Pro A 

Arg Gln Leu Pro G 

This system of protein translation from RNA and the transcription of DNA to 

produce RNA is known as the central dogma of molecular biology, enunciated by 

Crick in 195870 and then later defended and strengthened in 1970.71 It has proven 

to be one of the most compelling canons of modern science (Figure 5).  
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Figure 5. The central dogma of molecular biology. In the system of general transfers, DNA acts 
genotypically to be replicated to allow cell replication and can also be translated to give RNA. 
RNA then acts genotypically and phenotypically to transcribe proteins which have specific 
chemical function and give phenotype outright. All of the processes in extant biology by which the 
central dogma is able to take place are protein mediated, with the exception of ribozymes, which 
are catalysts formed of RNA and proteins. Special transfers are known, but rarer, and often 
confined to viruses. There are also unknown transfers of proteins to RNA and DNA. This figure 
represents many decades of work and the exact mechanisms by which these transfers occur is 
beyond the scope of this review. 

This highly degenerate universally conserved system of genetics, giving proteins 

with myriad functions from a strict set of 20 α-amino acids is truly astounding, and 

would strongly suggest a common source of life on Earth in LUCA (vide supra). 

Although elusive, LUCA is thought to have possessed and been governed by this 

3-membered system or something very close to it. But with the central dogma of 

molecular biology, the chemistry up and biology down approaches, and LUCA in 

mind, a paradox emerges in the aforementioned four-membered ‘chicken and 

egg’ situation. Given that proteins mediate all the processes that allow the flow of 

genetic information in the central dogma, and that DNA and RNA are required for 

the synthesis of these  same proteins it is conceivable that some entity could be 

expected to have been responsible for both the hereditary information (genotype) 

and chemical function (phenotype) at some point during abiogenesis..     

In the hypothesised reducing atmosphere of the early Earth,38 the 

complexification of molecules would have occurred through sequential reactions. 

The species formed may have been highly predisposed to have continued 

replicating themselves or encouraging and chaperoning the self-assembly of 

others. Then if it is supposed, as Sutherland has,40 that the Earth was presented 

with a set of molecules which happened to be compatible with an abiogenic event 

under our planetary conditions, then one of these molecules or a more likely a 

plexus thereof would therefore have been able to circumvent the paradox 

surrounding the central dogma. In doing so it would become the superior catalytic 

progeny responsible for a sufficient (proto)genomic condition to be met. It is RNA 

that is thought to be able to fulfil this heterotrophic condition on a number of levels.  
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1.2.2 Arguments for RNA 

The notion that RNA was the species that is able to fulfil genotypic and phenotypic 

functions originated some time ago and has continued to gain traction steadily 

since. RNA possesses a host of characteristics and properties observed in 

various guises which have led the community to hold it in such a coveted manner.  

RNA is present as a motif in many key universally conserved cofactors. It is 

thought to therefore be highly vestigial, and this ‘evolutionary hangover’ is 

perhaps indicative that the chemical aetiology of RNA was present from a very 

early stage of evolution. Flavin adenine dinucleotide, nicotinamide adenine 

dinucleotide, Coenzyme A, adenosine triphosphate (ATP), cyclic adenosine 

monophosphate, vitamin B12, adenosylcobalamin, S-adenosylmethionine, 

cytidine triphosphate, and 3ʹ-phosphoadenosine-5ʹ-phosphosulfate are all 

cofactors with an RNA motif. 

Further still, catalysis which only requires RNA has been found in nature. This 

work originally awarded the joint 1989 Nobel Prize for chemistry to Thomas 

Cech72 and Sidney Altman,73 and has given way to much further research.74-76 

Ribozymes perform activity as an enzyme does but only contain R(ibo)NA. They 

have been implicated in a variety of functions including RNA cleavage, RNA 

splicing, tRNA biosynthesis, and viral replication. These many ribozyme functions 

point to the potential chemical aetiology of the self-replicating systems that are 

essential for life to have evolved (Figure 6). 
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Figure 6. The 3.1 Å crystal structure of the Varkud Satellite ribozyme77 dimer. The VS ribozyme 
has been found to mediate rolling circle replication in a plasmid present in Neurospora 
mitochondrion by enabling cleavage of a phosphodiester bond. There is some retention of the 
double helix moiety, but the structure is largely disrupted in favour of creating an active site. 
Magnesium ions are shown in green, and potassium in purple. 

Another compelling and accompanying piece of evidence is the structure of the 

ribosomal subunit and the revelation that it has ribozymal character. Ribosomes 

are the cellular machinery responsible for the synthesis of primary protein 

sequences and as such their structure and function is thought to be key to 

revealing insights into an ancient, mutually held, origin of life. While protein 

chaperones in these subunits are also crucial to their function, landmark 

analysis78-81 of these components has shown that tertiary RNA motifs are at the 

core of the mechanism forming sequence-specific peptide bonds, and thus these 

insights further cement the theory surrounding the phenotypic and genotypic 

roles RNA may have played on the early Earth. In most cases, RNA performs 

poorly in terms of catalytic activity compared to proteins. But the finding that the 

ribosome, which is among some of the most important and oldest machinery that 

a cell has, has RNA at its core, is a strong suggestion that RNA is a relic of the 

earliest stages of evolution. If in the open stages of evolution this fundamental 
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subunit was entrenched into an active site then it may be that biology was unable 

to ‘evolve out’ its function, and it has remained in place ever since.  

During the emergence of the discipline of molecular biology, many had the early 

grasping of a notion that some hereditary apparatus must have been present on 

the early Earth. Orgel55 and Crick,82 whilst outlining the origin of the genetic code, 

laid out some of the early ideas surrounding how such replicating 

macromolecules would have been required for evolution to begin. Gilbert83 was 

the first to coin the actual ‘RNA world’ term and ideas have since been added 

extensively by Orgel,84 Joyce,56 and Eschenmoser39, 85 and countless others on 

many of the intricate aspects about RNA which make it so well matched to its 

role. Attempting to imagine and carry out, by experimentation, a scenario where 

pre-synthesised activated RNA monomers are able to self-assemble de novo 

from a complex mixture of ‘competing’ XNA monomers is a vast challenge of 

chemical and geological interest, but it is beyond the scope of this review. 

1.2.3 Prebiotic RNA formation 

The set of four ribonucleotide monomers are the first components required for 

polymerisation to give RNA strands which have the possibility to encode high 

fidelity genetic information for protein synthesis. Therefore, the prebiotic 

syntheses of these monomers are of considerable interest, and work in this area 

has been extensive to understand the mixed oxygenous and nitrogenous 

chemistries which make up these species. Older views and more recent solutions 

will be briefly discussed.   

Their construction represents a significant synthetic challenge, so much like a 

natural product synthesis, careful strategies are postulated within the accepted 

bounds of the early Earth (vide supra) to ensure the required arrangement of 

sugar and base. The mixed nitrogenous and oxygenous chemistries must give 

the base with the correct arrangement of these atoms, and the β glycosidic bond 

connectivity at the anomeric position of the sugar. The sugar arguably has a 

greater set of constraints – it must be β-D-ribose (β-D-1), implying the following: 

a 5-carbon aldose sugar, in the ring closed furanosyl form (rather than the 

thermodynamically favoured pyranose form), ribose stereochemistry, and having 

D absolute stereochemistry (Figure 7). Finally, the ribonucleotides should ideally 
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be phosphorylated in such a way as to allow the mandatory 5ʹ→3ʹ linkage to take 

place upon polymerisation. 

 

Figure 7. The universally conserved canonical ribonucleotides. Cytidine has been used to show 
the conventional sugar numbering system. 

One of the earlier notions surrounding prebiotic ribonucleotide synthesis which 

has debatably been superseded by recent efforts is the classical (and forgivably 

logical) retrosynthetic disconnection of the glycosidic bond (C1ʹ-N, Figure 8). This 

strategy focuses on producing the sugar and bases with separate reaction 

manifolds in the hope that this can reduce the number of deleterious side 

reactions when they are later combined.86  

 

Figure 8. The classical retrosynthetic disconnection of the canonical ribonucleotides. 

In the formose reaction,87, 88 which is where sugars are produced from the alkaline 

oligomerisation of formaldehyde, yields of ribose 1 are less than 1%, with the rest 

being an intractable mixture of compounds.89 1 is relatively unstable with respect 

to degradation in solution (t½ = 73 mins, pH 7, 100 °C and 44 years at pH 7, 0 
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°C)90 and prone to isomerise rapidly under short timeframes through its pyranose, 

furanose and open chain conformers. This allows detrimental isomerisation to 

ribulose and then to other pentose sugars, making it an highly unattractive choice 

of starting material for a viable prebiotic ribonucleotide synthesis.90-92  

Benner93 has attempted to overcome the degradation of ribose via the inclusion 

of borate, which has long been known to stabilise cis-diols (Scheme 1). The cis-

diols which would otherwise undergo multifarious Lobry de Bruyn-Alberda van 

Ekenstein rearrangement,40 aldol, and Cannizzaro reactions are thought to be 

tamed via the borate complex 2 to give pentoses, one of which is the stabilised 

ribose complex 3. Unfortunately, any selectivity for ribose 1 over the other sugars 

present, many of which contain cis-diols, was not observed. Further work has 

affirmed this from NMR studies and extended it to show that borate stabilises 

glucose.94 More recently still, Benner95 has claimed that the synthesis of 

carbohydrates can take place in “mineral-guided prebiotic cycles”.   

 

Scheme 1. Glycolaldehyde 4 can react with formaldehyde 5 to give glyceraldehyde 6. Borate is 
thought to stabilise ribose 1. Yields of 1 and other sugars in this homologation reaction are not 
provided in this research. 

Turning to the bases, Oró’s classic synthesis of adenine 7 was the first effort to 

uncover a potentially prebiotic route.96, 97 After polymerising an aqueous solution 

of ammonium cyanide at 70 °C for several days, and subsequent acid hydrolysis 

of the mixture, low yields of around 0.5% of adenine 7 were produced.98 Guanine 

8 is not formed in this manner,99, 100 but when the cyanide tetramer 9 (up to 15% 

yield from cyanide98 10) is hydrolysed to amide 11, reaction with cyanogen 12 

gives good yields of guanine 8 (60%). Reaction of tetramer 11 with cyanide gives 

a poor yield of adenine 7 (11%).101 Forming purines as an emergent species in 
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these reactions is patently quite inadequate as it gives way to a host of additional 

tri/tetra/pentameric species, and thus this work has drawn understandable 

criticisms.102, 103 The chemistries producing higher order sugars (and syrups) in 

the formose reaction 87, 88 from formaldehyde 5 and the intractable tars from 

cyanide homologations104 producing nucleobases are therefore clearly poor in 

their own right at forming their desired products. In addition to this, when these 

subsystems are combined, the formation of cyanohydrins is extremely favourable 

(keq = 106 M-1),105 and thus envisioning a geochemical scenario where they 

coexist is exigent (Scheme 2). 

 

Scheme 2. Net sugar and purine reaction products from formaldehyde and cyanide chemistries, 
respectively, and the highly favourable mutual reaction product glycolonitrile 13, which would 
render such formose and cyanide oligomerisation chemistries mutually incompatible in the same 
locale. 

Pyrimidines also have challenging syntheses. Cytosine 14 can be produced in 

5% yield from the reaction of cyanate 15 with cyanoacetylene 16 after 24 h at 100 

°C via isocyanates 17 and 18.106 Alternatively, extremely high urea 19 

concentrations, possibly permitted by a drying lagoon scenario, can react with 

cyanoacetylene 16 hydrolysis product cyanoacetaldehyde 20 to give the mutual 

product 21 which can ring close to give 14 in 50% yield.107 Uracil 22 can then be 

produced slowly (t½ = 300 years) from 14 via deamination at C4 (Scheme 3).108 
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Scheme 3. Routes to cytosine 14 and uracil 22. 

If the bases were to be produced separately from the sugars, the endergonic 

glycosidation of the base at the correct nitrogen position to the D-ribofuranose 

(itself in equilibrium with its open chain, pyranose and desired furanose forms) to 

form the set of canonical β-D-ribonucleotides would then have to take place 

(ribosylation). In the 1970s, Orgel attempted to form ribonucleosides by heating 

canonical nucleobases to dryness. By virtue of their lack of electron lone pair 

availability at N1, it was found that pyrimidines do not react in this way. It was 

demonstrated that by exposing a mixture of adenine 7, D-ribose 1, and various 

salts such as MgCl2 and seawater to temperatures of over 100 °C afforded 

maximum yields (4%) of the desired purine riboside and a host of unwanted 

constitutional isomers.109, 110  

Many unsatisfactory results in this area have led to some abandoning hope in 

that RNA is too complex to be synthesised in the first instance and that because 

of this the RNA world theory is not necessarily a viable possibility for the origins 

of life.84, 111-113 It is true that the combined low probability of canonical sugar and 

base formation, glycosidic bond formation, and the correct stereochemistry 

makes for a very low likelihood of obtaining any meaningful amount of 

ribonucleotides. Recent work, inspired by some earlier forays, has been less 

myopic on this pivotal issue, and genuine solutions have been proposed to 

overcome it.  
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Orgel and Sanchez’s first notion of constructing the pyrimidine ribonucleotides 

from a different direction from the traditional glycosidic bond forming route was 

as elegant as it was simple. The route assumed a pure sugar sample (D-5ʹ-

phosphate-ribose, 23) from some other prebiotic source, and reacted it with 

cyanamide 24, a substance believed to be present on the early Earth, to give 

ribo-aminooxazoline-5ʹ-phosphate 25. Subsequent in situ reaction with 

cyanoacetylene 16 then affords the anhydronucleoside 26. This fused tricycle 

was also hydrolysed in situ to give α-cytidine-5ʹ-phosphate 27, the unnatural 

anomer, in a yield of 28% overall. Subsequent irradiation with UV light gives a 

small quantity of the desired β-cytidine-5ʹ-phosphate 28 via a photoanomerisation 

process (4%).114 Nagyvary115 succeeded in overcoming this photoanomerisation 

issue by utilisation of a synthetically installed phosphate group on the 3ʹ oxygen 

in arabino-3ʹ-phosphate anhydronucleoside 29 so that intramolecular 2ʹ,3ʹ-cyclic 

phosphate formation would afford the chosen, activated, β-riboside 30 (Scheme 

4). 

 

Scheme 4. Top: Glycosidic bond formation is achieved in this synthesis by the reaction of 
cyanamide with the aldose form of D-ribose-5ʹ-phosphate 23. Bottom: Nagyvary’s result, 
cyclisation of ribo-anhydronucleoside-3ʹ-phosphate 29 (via arabino-3ʹ-phosphate and arabino-
aminooxazoline-3ʹ-phosphate) to give the β-riboside 30 directly. 

Further investigations have been carried out into the low yield associated with the 

photoanomerisation step, but this is beyond the scope of this review.116, 117 

Additionally, the assumption of a chirally pure sugar sample to permit the desired 
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D-stereoisomer to form in the synthesis has been addressed. Sutherland was 

able to circumvent the issue of D-ribose synthesis by showing that stepwise C-N 

bond and pentofuranosyl backbone installation can be achieved upstream from 

formation of the nucleobase, thereby bypassing pentose sugars altogether. Initial 

unbuffered conditions of the reaction of glycolaldehyde 4 with cyanamide 24 gave 

a host of unwanted products,118 but later efforts made excellent use of the second 

pKa of phosphate buffer (7.21) to control this reaction to afford the a 2-

aminooxazole 31 cleanly.119 (Scheme 5). 

 

Scheme 5. Phosphate buffer at pH 7 mediates the clean reaction of glycolaldehyde 4 with 
cyanamide 24, giving the concealed glycosidic bond, marked in red. 2-Aminooxazole 31 then 
reacts with glyceraldehyde 6 to give ribo-aminooxazoline 32 and arabino-aminooxazoline 33. The 
reaction sequence outlined in Scheme 4 can then take place to give the canonical pyrimidine 
ribonucleotides.  

The canonical purine ribonucleotides have been an obvious subsequent target 

but have remained elusive.120, 121 Recent work has successfully constructed ribo-

anhydronucleosides of 8-oxo-inosine and 8-oxo-adenosine (34 and 35, Figure 9), 

via a doubly divergent synthesis utilising aminooxazoline and thione precursors, 

but at the cost of an as yet irremovable oxygen at the 8-position on the purine 

ring.122 Further to this, the full set of canonical β-arabino-nucleosides have been 

produced prebiotically in one reaction sequence, by employing photochemical 

reduction of 8-mercapto precursors for the purines (36 and 37, Figure 9).123 The 

scope and detail of these divergent syntheses is beyond the scope of this review. 
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Figure 9. Extent of efforts to afford purine ribo-nucleosides. 

It can be argued that these recent syntheses of pyrimidine and purine nucleotides 

display some characteristics of predisposition for their formation with regard to 

prebiotically plausible conditions. The outstanding selectivity during the reaction 

sequences and notable lack of any major side products is noteworthy. This, 

combined with the notion that biology is able to make use of RNA geno- and 

phenotypically, and that RNA sequences have significant chemical aptitude in the 

form of ribozymes impresses ideas about the special role RNA may have played 

during abiogenesis.  

A huge number of questions remain about these monomers. Why is ribose the 

sugar motif present in RNA? How did the monomers polymerise? What is the 

mechanism of the leap or minor gradations between monomers, polymerisation, 

and encoded peptide synthesis?39, 85, 86 These are perhaps some of the most 

tantalising chemical questions that are known today, and continue to be an 

important area of discussion. 

To consider wholly the question of the chemical origin of life, credence must be 

given to RNA and its prebiotic synthesis. The starting materials and products of 

the reactions described above are not mutually exclusive to RNA, but sit in 

concert with the entire plexus of pre-biological chemistries. The generational 

nodes (vide infra) that species such as glycolaldehyde, glycolonitrile, and cyanide 

inhabit are essential to obtaining a broader and more satisfying systems 

chemistry view of the proto-networks that came to be life.24 

The RNA world theory is not without a litany of criticisms, however, and has been 

labelled in as many words as the ‘least worst theory’.124 In the procedures 

describing ribonucleotide synthesis by Powner and Sutherland, correctly timed 

and ordered reagent delivery has raised questions about its viability. Points have 
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also been made with regard to the hydrolytic stability of RNA, and certainly the 

long passage if time – presumably with variations in temperature and pH – may 

not have favoured any meaningful accumulations unless a robust membrane was 

in place. The catalytic activity of RNA has also had doubt cast upon it; given that 

most ribozymes known today are >100-mer, how can it be conceived that random 

polymerisation (itself an unsolved challenge125) be responsible for the generation 

of meaningful amounts of (proto)ribozyme? Not only this, but the known catalytic 

repertoire of RNA is small, with most transformations confined to phosphoryl 

transfers.126 This combination of problems is certainly disheartening, but 

outstanding efforts have been made to address this. A sequence as short as 5-

mer has been found to have aminoacylating properties.127 Ice has been found as 

an effective medium to reduce hydrolytic degradation.128 RNA polymers and 

ribozymes have been developed that replicate themselves,129 and are able to 

transcribe from an active ribozyme.130 Finally, synthetic genetic polymers have 

been shown to have traits reminiscent of evolution and heredity.131   

It may be naively argued that since the catalytic activity that RNA holds is so poor 

when compared to proteins, why didn’t proteins rule from the start? This may be 

a strong argument in favour of RNA. As previously mentioned, the very fact that 

these remnants remain points to their inability to be ‘evolved out’ of the systems 

that they then came to start, in other words, they are apparently universal and 

clearly indispensable parts of the cellular apparatus. In lieu of the criticisms of the 

RNA world theory, an alternative, the protein world, has been proposed.   
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1.3 Protein world 

1.3.1 Protein world theory 

The protein world theory132, 133 advocates that proteins or oligopeptides preceded 

or co-evolved with RNA during the stages of early evolution as a species with 

heritable catalytic function. It is seen by some as sitting diametrically opposed to 

the RNA world theory, but a more holistic view is that the two ‘worlds’ may 

perhaps be complementary to each other.134 It takes only a cursory glance to the 

central dogma of molecular biology to see just how intertwined the two systems 

are.  

The protein world is broadly split into literature which is more speculative, with 

hypotheses about possible mechanisms and explanations containing some 

empirical evidence, and work which, despite not directly affiliating itself with the 

protein world theory, simply aims to produce peptide bonds from amino acids or 

their derivatives. The former will be covered briefly, and the latter will be 

examined in more depth.  

Ikehara135, 136 proposed the ‘[GADV]-protein world hypothesis’ which contains 

only a small amount of experimental evidence. It purports that globular proteins 

of glycine, alanine, aspartic acid, and valine (GADV) would form preferentially on 

the early Earth, and that the peptides would have such functions as replication 

and coding of nucleotides. Egel has written on the ability of ‘statistical peptides’ 

to have function based on the folding and aggregation properties of peptides.137 

This is similar to Kurland, who asserts that stochastically generated peptides 

which have some pseudo-enzymatic function accumulate based on the catabolic 

pathways of their unused cousins. It is also mentioned that, since cellular 

ribonucleotide synthesis utilises amino acids, so should a prebiotic one.113 These 

essays and the ‘[GADV]-protein world theory’ present a number of key issues and 

assumptions: 
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1. Most conspicuously, the massive assumption of vast reserves of amino 

acids which spontaneously assemble into peptides upon dehydration, 

which has been demonstrated in many examples to be an unfavourable 

process (vide infra). 

2. Peptides are due some stochastic function by virtue of their random 

sequence. Assuming a full set of 20 proteinogenic amino acids to give 

maximum possibility for function, this would be akin to the famous analogy 

of an infinite number of monkeys randomly typing to achieve the full works 

of Shakespeare! This point is largely ignored in these works, but some 

probabilistic analysis would be beneficial here. For a pentapeptide, with an 

option of any of the 20 amino acids in any position, there are 205 = 3.2 

million combinations, and for a chain length n there are therefore 20n 

combinations. For a typical 300-mer protein, more that 10390 (20300) 

permutations exist, which is ~10360 more combinations than there are stars 

in the known universe. Even for the [GADV]-protein world theory, a 10-mer 

chain yields over 1 million combinations. If there is some prebiotic 

predisposition to form certain catalytically active oligopeptide sequences 

then this may offer clues to overcoming this combinatorial issue.  

3. The folding of these proposed peptides can protect them from proteolysis. 

Kurland simply assumes this – and makes note that protein folding in its 

own way is a form of self-coding. Protein folds are often relatively delicate 

hydrogen-bonded structures, and the potentially harsh prebiotic 

environment may not favour their longevity. Perhaps probabilistically 

generated peptide function may be aided by shorter strands.  

4. Peptides which are useless (which is presumably the vast majority) will 

undergo proteolysis faster. This claimed based on the assumption that 

because they have not folded successfully this exposes them to more 

rapid degradation. The resulting amino acids will be recycled again into a 

useful species, until folded and locked into thermodynamic minima with a 

functional structure. Tertiary structure is not a guarantee of function, so 

what is to say highly insoluble and hydrolysis resistant proteins such as 

amyloids accumulated to the point where they were the dominant peptide 

sequences? They would serve themselves as long lived sequences by 

doing so.  
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Further pieces have attempted to lay down a theoretical framework based on the 

phylogenetic analysis of hundreds of genomes. The analyses reveal a number of 

interesting revelations; firstly, that the most ancient domains may have had 

metabolic roles, and did not interact with RNA.138 Secondly, that as systems 

evolved, early functions were linked to some folded structures and translation did 

start with RNA and also thioester mediated amino acylation.139 Finally, the RNA 

and protein subunits of the ribosome co-evolved – potentially having similar ages 

– providing some indication that the RNA world/ protein world theory clash is not 

as dichotomous as previously imagined.140 These studies present some issues, 

chief among which is that phylogenetic analyses only go as far back as DNA 

coded primary peptide sequences, notwithstanding the issues with phylogenetic 

analysis itself. In effect, to peer back beyond the point at which coded peptide 

synthesis began is quite impossible, as the advent of coding has masked any 

previous pre-central dogma sequence information.  

The ultimate goal is to produce a peptide that is able to replicate itself or another 

peptide. As early as 1996, a self-replicating 32-mer α-helix peptide was reported 

by Ghadiri.141 The peptide, based on a domain of a yeast transcription factor, was 

found to be able to template its own synthesis through increasing the rate of a 

thioester mediated ligation of two fragments of the peptide. This experiment may 

offer clues to breaking the ‘chicken and egg’ paradox which has dogged prebiotic 

chemistry since its infancy.142, 143 Since Ghadiri’s work, a number of other self-

replicating peptides have been identified144-147 but work to develop these systems 

stochastically, as life may have done, has been sluggish.148 

Much more recently, work has focused on prions and amyloid fibrils as templates 

for peptide synthesis. Amyloids149, 150 are aggregates of proteins which are highly 

susceptible to accumulating themselves into larger deposits. They were 

considered by biologists and in medical circles continue to be seen as aberrations 

of biology – often associated with the brain deposits though to be in part 

responsible for conditions such as Alzheimer’s, Huntington’s and Parkinson’s 

diseases.  
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Lynn151 found that the oligomerisation of 6-amino-2-napthaldehyde could be 

catalysed by simple peptides that were able to assemble into amyloid phases, 

and that simple enantioselective retro-aldol chemistry could also be controlled by 

similar systems. Most interestingly, it was found that alteration of the peptide 

sequence was able to predictably modulate the proximity and density of the 

relevant catalytic sites, and that this in turn achieved a template-directed self-

polymerisation of amyloid. Similarly, Riek152 has developed a prebiotic synthesis 

of peptides from amyloids which is sequence selective, stereoselective, and 

regioselective for amino acids. The amyloids in these pieces of work are 

themselves quite specific and are both restricted, chemically, to the individual 

reactions that they chaperone. Certainly an ‘amyloid world’ theory is interesting; 

amyloids are highly resistant to degradation149, 150 and offer a unique 

paracrystalline surface for reactions to take place. The globular proteins which 

make up enzymes require an active site to perform function, and this may be a 

disadvantage against the larger surface present in amyloid type structures.   

Considering the problems of prebiotic peptides is better realised by trying to 

consider the more fundamental view of how each amino acid was formed (and 

not assuming their presence) and by working on high-yielding and tangible ways 

to produce peptide bonds in aqueous solutions before considering the 

implications. This view of the issue has better potential to produce answers along 

its journey instead of aiming for the prize of a full understanding from the outset. 

Protein function is often considered from the standpoint of extant enzymes, 

whose catalytic function is truly staggering, with remarkable selectivity and 

substrate turnovers outrivalling most man-made creations. But it is also worth 

recalling what Martin posited about enzymes: that they do not invent new 

reactions, only improve on existing ones.153 Four billion years of selection 

pressures has forced these species to be as high fidelity as they are today. To 

obtain any catalytic peptide function through experimentation, and not 

mathematical theories,154 should be considered a primary research goal.  
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1.3.2 Amino acids 

The Strecker reaction155 is a well understood area of amino acid chemistry and 

continues to be an active research area from a synthetic point of view.156 Its 

plausibility on the early Earth stems from the efficiency of the process and the 

availability of the required feedstocks. Indeed, further examination45 of the Miller-

Urey experiments has shown that the involvement of the Strecker reaction is likely 

under the conditions Miller used. It is worth noting, however, that a reducing 

atmosphere which was used in these discharge experiments is less probable than 

previously supposed,157, 158 and this would result in a poorer rate of amino acid 

synthesis by atmosphere spark discharge.29  

The Strecker reaction begins with ammonia attack on an aldehyde 38, followed 

by iminium formation (39) and subsequent cyanide attack to produce the α-

aminonitrile AA-CN. The nitrile group can then undergo a double hydrolysis to 

give amino acid AA-OH. Reversible cyanide attack on the aldehyde is also 

possible, but hydrolysis of cyanohydrin 40 to give acid 41 is slower than that of 

the hydrolysis of AA-CN, resulting in an accumulation of α-amino acids (AA-OH, 

Scheme 6).  

 

Scheme 6. The mechanism of the Strecker reaction. 

The Bucherer-Bergs reaction159, 160 is another route to amino acids using the 

presence of carbon dioxide to aid hydrolysis of the nitrile group (Scheme 7). After 

the Strecker reaction and the formation of an α-aminonitrile AA-CN, the amine is 

able to attack the carbon centre of carbon dioxide to give carbamic acid 42. The 

carboxylate is then well placed to form imino-N-carboxyanhydride 43 via attack 

at the nitrile with a 5-exo-dig cyclisation. This then leads to ring opening to give 

isocyanate 44 which forms the corresponding hydantoin 45. Further hydrolysis 
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gives the resultant N-carbamoyl-α-amino acid 46 and then the desired amino acid 

(AA-OH).  

 

Scheme 7. Mechanism of the Bucherer-Bergs reaction. 

The Bucherer-Bergs reaction bears some similarity to the ketone assisted 

hydrolysis of aminonitriles that Commeyras established in the late 1970s.161, 162 

Here, an α-aminonitrile (AA-CN) is able to form a hemiaminal 47 with acetone 

48. 47 is then able to cyclise to form imino-N-carboxyanhydride 49 which results 

in the ketone addition serving simultaneously to stop the amine from participating 

in nucleophilic attack on any other species present and also to activate the 

substrate to hydrolysis by water (50). Once hydrolysis takes place, the amino 

amide is formed (AA-NH2, Scheme 8). Additionally, the process has more 

recently shown to be efficiently catalysed with simple carbohydrates.163  

 

Scheme 8. Commeyras' ketone-mediated aminonitrile hydrolysis, shown here with acetone 48. 
Given that aldehydes will react similarly and are required for Strecker chemistry this type of 
hydrolysis can certainly be envisioned to be taking place over the Bucherer-Bergs reaction with 
its less thermodynamically favourable CO2 mediated hydrolysis pathway. 

Each of the Strecker reaction, the Bucherer-Bergs reaction, and Commeyras’ 

ketone assisted hydrolysis assumes the Strecker aldehyde to contain the relevant 

functional group prior to any cyanide coupling to access amino acids beyond 

glycine (which uses formaldehyde 5 – the simplest aldehyde). Formative work by 
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Sutherland30 has brought together systems chemistry and amino nitrile synthesis 

into a “cyanosulfidic protometabolic network” with cyanide as the key 

homologation reagent. 

One of the key differences between this network and other routes to proteogenic 

amino acids is not that homologation is solely through classic Kiliani-Fischer164 

type cyanide homologation chemistries but instead that methylene linkages are 

accessed through hydrogen sulfide and copper cyanide mediated reductive 

photodeoxygenation of α-hydroxythioamides to afford thioamides. These 

thioamides, themselves products of nitrile thiolysis with hydrogen sulfide, then 

undergo reduction to give aldehydes trapped as cyanohydrins in the presence of 

copper cyanide (Scheme 9). The photoreduction of hydrogen cyanide has also 

been successfully facilitated by stoichiometric bisulfite at pH 7.165 

 

Scheme 9. Top: Kiliani-Fischer homologation to give α-hydroxyamide 51. Bottom: Steps in the 
cyanide 10 and hydrogen sulfide mediated homologation chemistry using acetone 48 leading to 
valine cyanohydrin 52 and valine α-hydroxythioamide 53. Hydrogen sulfide acts as a 
stoichiometric reductant during the photodeoxygenation of 53 to give valine thioamide 54, and 
when valine cyanohydrin 55 is produced via valine aldehyde 56.  

Scheme 10 shows the network starting with the formation glycolonitrile 13 

occurring from treatment of formaldehyde 5 with cyanide 10. Glycolonitrile 13 

then undergoes reaction with ammonia to give glycine via a Strecker reaction. 

Hydrogen sulfide and copper cyanide mediated photoreduction of glycolonitrile 

13 to glycolaldehyde 4, a key intermediate both in amino acid and ribonucleotide 

synthesis119 (vide supra), allows access to lactonitrile 57 via acetaldehyde 58. 

This then forms alanine directly and threonine from aldehyde 59. When 

glycolaldehyde 4 is reacted with cyanide 10 to give cyanohydrin 60, serine is 
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formed after hydrolysis. If the cyanohydrin 60 undergoes reduction to 

glyceraldehyde 6 it can quickly tautomerise to form dihydroxyacetone 61, and 

then photoreductive homologation of acetone 48 can begin with acetone 

cyanohydrin 52 and hydrogen sulfide to give thioamide 54. Valine is accessed 

through reaction of ammonia with cyanohydrin 55 and leucine from further 

homologation (62 + 63).  

Acetylene 64, from the hydration of calcium carbide thought to have been formed 

during high temperature meteorite impacts, is required to access longer chain 

amino acids in copper cross coupling processes. The copper (II) mediated 

oxidative cross coupling with hydrogen cyanide 10 gives cyanoacetylene 16 

which serves as the handle for either direct reduction to aspartic acid and 

asparagine via cyanohydrin 65 or homologation via alkene 66 and cyanohydrin 

67 to glutamic acid and glutamine. In a copper (I) driven process, acrylonitrile 68 

is produced from 64 and 10, and reaction with ammonia produces amine 69. 

Guanylation then occurs through the reaction of 69 with cyanamide 24 to give 

guanidine 70, and after cyclisation (71), ring opening (72), thioamide reductive 

homologation (73), and hydrolysis, arginine is formed. Alternatively, 69 can 

cyclise directly via 74 to afford cyclic thioamide 75 which goes on to give proline.  
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Scheme 10. Sutherland’s systems chemistry exploration of the route to some of the proteogenic 
amino nitriles whose respective acids are present in extant biology. Obviously, a number of amino 
nitriles are missing from this picture. The formal aldehydes of these species usually react well 
under Strecker conditions to give the amino nitriles, but the formation of aromatic species, lysine, 
and methionine remains unknown – but are of considerable interest.   

Sutherland asserts that the network does not produce a large range of other 

compounds, and that this may mean that biology did not select its own building 

blocks. It is also the case that many of the products are used in other areas of 

prebiotic synthesis. Cyanamide 24, cyanoacetylene 16, glyceraldehyde 6, and 

glycolaldehyde 4 all have important roles in ribonucleotide synthesis, so it is an 

excellent example of a network whose intermediates and products have multiple 

roles. In this way, it is fortunate that the set of amino acids or other feedstocks 

that were produced from organic chemistry turned out to work on our planet.   
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1.3.3 Peptide bonds 

The formation of the peptide bonds which link together amino acids in peptides 

is a challenge which remains after amino acid formation. Simple condensation in 

aqueous media to produce an amide bond is thermodynamically favourable but 

extremely slow,166 which is due to the dissociation exponent disparity between 

reacting ends – a high pH will give amine and carboxylate, a low pH will give 

ammonium and carboxylic acid, and at near neutral pH values amino acids exist 

as zwitterions (ammonium and carboxylate). The amine pKaH and carboxylic acid 

pKa are mis-matched and therefore do react with one another in water (Figure 

10).  

 

Figure 10. Amino acids’ two reactive ends display incompatible chemistries at a result of their 
pKaH and pKa mismatch.   

Other work has pointed to hydrothermal vents, due to the equilibrium constant of 

a simple condensation being greater at higher temperatures.18 Short peptides 

have been formed from heating solutions of amino acids to higher 

temperatures,15 mimicking these vents, but criticism can be drawn here due to 

the process being kinetic rather than thermodynamic and the concentration being 

infinitely dilute once out of the flow of hot effluent.24 

Alternating wet and dry states (cycles) are a popular theme of prebiotic chemists 

when envisioning geochemical scenarios. A pond or lagoon, dried in the intense 

heat of a prebiotic sun during the day, re-wetted with rain, and cooled overnight 

is undeniably a plausible scenario. Certainly, recent work by that of Cronin25 on 

the heating of glycine to give short polymers has been interesting, even if the 

scope was quite limited and it did not directly pertain to prebiotic peptide synthesis 

– the main point of the research being that an automated ‘robot’ could perform 

the synthesis.  

Drying onto mineral and salt surfaces has been reviewed167 from a surface 

chemistry perspective and describes some of the current theories. Wet-dry cycles 

remain as an explanation as to how some oligopeptides could form in the first 
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instance, but their limited scope with regard to amino acid type and chain length 

may mean they were a background process compared to other reactions. 

In Cronin’s work, salt was required for peptide formation, which may be due to 

some coordination interaction upon drying. Rode132, 166, 168 has published 

extensively on the topic of aqueous phase salt-induced peptide formation, mainly 

using copper salts and concentrated sodium chloride solutions. Above 3 M 

concentrations of sodium chloride, it was predicted computationally that the first 

hydration shell of the sodium ion would no longer be saturated, and thus may be 

able to act as a strong dehydrating agent in this context. Additionally, it was 

thought copper (II) ions would be able to coordinate the amino acid and induce 

amide bond formation. However, reaction yields are consistently and 

disappointingly low, typically less than 3%. 

Covalently bonded carboxylate activating agents are another route to the 

elongation of peptides. In conventional peptide or amide bond synthesis,169 

activating agents such as CDI, EDC, and HATU are commonplace in the 

laboratory and all function by activation of the carboxylic acid and subsequent 

attack by the amine onto a newly generated electrophilic carbonyl centre (Figure 

11). There are a host of other activating agents which work in a similar manner.170   

 

Figure 11. 1,1'-Carbonyldiimidazole (CDI), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
(EDC), and (1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 
hexafluorophosphate (HATU) and their activated intermediates. 

While the full scope of translation and transcription is beyond the scope of this 

review, biology’s peptide bond forming strategy is able to exquisitely exploit 
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activated intermediates like these ribo- and enzymatically in the ribosome. Amino 

acids are first adenylated via the consumption of ATP, resulting in a pre-activated 

species which is then recognised by a specific aminoacyl-tRNA synthetase, and 

esterification to the anticodon loop can then take place. Then, specific codons 

base pair with each aminoacyl tRNA, attaching it to the correct position on the 

transcription chain of mRNA. The N-terminus of these aminoacyl-tRNAs 

(aminoacylated anticodon loops) are then able to react with the C-terminal ester 

of a growing peptide chain, and the process repeats itself, eventually giving the 

full primary sequence of a protein (Scheme 11).171  

 

Scheme 11. The sequence of reactions leading to peptide formation in the ribosome. This diagram 
is hugely simplified and is intended to represent the chemical mechanism involved in ligation. 

Nature’s second peptide assembly machinery is non-ribosomal peptide 

synthesis,172, 173 which takes a similar approach to ribosomal peptide synthesis in 

that it is modular, but it instead employs sulfur in the guise of thioesters. This is 

achieved by utilising the universally conserved co-factor, coenzyme A. These 

secondary peptide metabolites are often cyclic, and carry other abnormal 

structures such as chain branching and embedded ring structures such as 

thiazoles or oxazoles, which impart function as natural products. These features 

may suggest that non-ribosomal peptide synthesis is a later evolutionary addition 
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to biology. Not all organisms perform non-ribosomal peptide synthesis, it usually 

being the preserve of microorganisms such as fungi or bacteria. Interestingly, 

non-ribosomal peptide synthesis is entirely protein mediated, and it is noteworthy 

that, of course, these proteins are transcribed and translated from DNA and RNA 

respectively. Why biology codes for proteins which synthesises further proteins 

is an interesting question, and it may be the case that the ribosomal machinery 

is not able to easily synthesise peptides beyond the conventional N to C 

sequence, since non-ribosomal peptide synthesis contains a higher proportion of 

abnormal motifs.  

Non-ribosomal peptide synthesis begins with the addition of coenzyme A to the 

relevant peptidyl carrier protein, linking the thiol with the 4ʹ-phosphopantetheinyl 

co-factor. In the same way as ribosomal peptide synthesis, the applicable amino 

acid is activated as an aminoacyl adenylate before being attached to the ‘coded’ 

portion of the synthesis. Once these modules are assembled, the cascade that 

follows from the amine attacking the reactive thioester bond yields the peptide 

(Scheme 12).  

 

Scheme 12. The chemical mechanism of non-ribosomal peptide synthesis. 

Somewhat similarly to amide coupling agents and in biology, prebiotic chemists 

have postulated possible reagents which would act in an analogous manner. For 
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example, although cyanamide 24 is in poor equilibrium with its tautomer 

carbodiimide 76, it could react with glycine giving carbamimidic anhydride 77, an 

activated form. This would allow further attack of glycine, yielding Gly-Gly-OH 

and urea 19 as a by-product (Scheme 13).174   

 

Scheme 13. Possible role of cyanamide 24 in peptide synthesis. 

While it is worth noting that cyanamide only equilibrates to its carbodiimide form 

at temperatures lower than 100 K,175 the authors who suggested the importance 

of cyanamide174 24 extend the idea to include the role of 5(4H)-oxazolones as 

intermediates in a cyanamide-promoted sequence. As shown in Scheme 14, 

5(4H)-oxazolone 78 was detected as the intermediate species in the ligation 

between Bz-Ala-OH and glycine. This species would be available for attack by 

an amine nucleophile to give an extended chain with the overall process being 

faster than that of the direct nucleophile attack on the activated species as 

detailed in Scheme 13. Interestingly, more recent analyses of Stanley Miller’s 

archived samples and repeating of spark discharge experiments has also 

supported the case for cyanamide as an activating agent,176 but little work has 

followed on from this. 

 

Scheme 14. A 5-membered ring intermediate 78 improves overall rate of chain elongation, but 
yields remain low for this ligation strategy. When side chains are present, 5(4H)-oxazolones can 
be prone to chiral instability via enolisation in the ring.177, 178  
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5(4H)-Oxazolones have recently garnered further interest as a conceivable 

amidation route. Pascal et al.179 have shown that reactions of methyl tyrosine 

5(4H)-oxazolone 79 with phosphate esters or nucleotides are capable of yielding 

acylphosphate 80 which might offer clues to a primitive translational route to 

peptides. Additionally, they showed that mixed anhydrides were formed at the 5ʹ- 

and 3ʹ- termini of RNA strands to give phosphate monoesters, but 

phosphodiesters resulting from reaction at the phosphate linkages were not seen 

due to steric hindrance (Scheme 15).  

 

Scheme 15. 5(4H)-Oxazolone 79 can hydrolyse simply in water to revert back to the 
corresponding N-acylated amino acid, or it is able to form the phosphoric mixed anhydride which 
can act as a potential primitive translational material. Methylated tyrosine was selected as a model 
substrate as its UV absorption for HLPC analysis was easily tracked, and the methylation of the 
phenol would inhibit side reactions and improve solubility.   

Amino acid phosphate mixed anhydrides are high energy species as 

demonstrated by the equilibrium constant for the formation of adenylates,180 and 

by the same token ribozymes which aminoacylate RNAs are putative 

apparatuses of an RNA world.127, 181-183 The reaction of 5(4H)-oxazolones with 

nucleotides may therefore represent an intermediate process before coded 

peptide synthesis was taking place in ancestral RNA organisms. 5(4H)-

oxazolones have also found use in the search for a connection between peptide 

chemistry and lipid compartments.184   

N-Carboxyanhydrides (NCAs, Leuchs’ anhydrides) have received a good deal of 

attention in the field for some years.185 They are formed prebiotically in a similar 
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way to imino-N-carboxyanhydrides (43, Scheme 7) found in the Bucherer-Bergs 

reaction, and represent an activated form of an amino acid. 

 

Scheme 16. Formation of an NCA 81 takes place through reaction of carbon dioxide with amine 
AA-X to give a carbamate 82. Cyclisation then takes place with a suitable leaving group present 
such as an alcohol or a thiol to give the NCA 81. In alkaline solution with an appropriate amino 
acid either hydrolysis or oligomerisation can occur. 

Work led by Ghadiri on using carbonyl sulfide (COS) as an activating agent in 

place of carbon dioxide has been of recent interest. In 2004 it was reported186 

that treatment of L-phenylalanine with COS yielded an NCA 81 via a 

thiocarbamate intermediate. The presence of an amino acid (as seen in Scheme 

16) with a sample of pre-formed thiocarbamate 83 gave the desired dipeptides 

and tripeptides in yields of up to 63% and 13%, respectively. COS was selected 

due to its electrophilicity and therefore superior activating capabilities and it is 

also believed to be a component of volcanic gases. Sutherland and Pascal have 

also carried out some work on NCAs with regard to nucleotides and have found 

that un-coded amino-acylation of 3ʹ-nucleotides by NCAs is possible under 

prebiotic conditions.187 Similarly, Ghadiri has expanded on this work by means of 

observing the reaction from the point of view of the formation of phosphate 

anhydrides.188 It has also been shown, albeit with low yields, that NCAs are able 

to act as an intermediate in the formation of thioacids – compounds widely 

believed to be important energy carriers and acylating agents in a protometabolic 

world.189  
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Scheme 17. Summary of the work by Ghadiri and co-workers in recent years. The use of COS to 
mediate the production of NCA 81 has been a useful insight into their potential role on the early 
Earth. From AA-OH a thiocarbamate 83 can form from nucleophilic attack on COS. The NCA 81 
is then observed via either direct cyclisation from 83 or via an isocyanate 84. The earliest 2004 
paper186 (A) outlines an amidation protocol to give the dipeptide Phe-Phe-OH, and the later 
publication188 (B) demonstrates that both pyrophosphate (from phosphate ester 85), a vital 
phosphorus compound in prebiotic chemistry, and aminoacyl adenylate 86 can form. Aminoacyl 
adenylates are critical intermediates in modern coded protein synthesis. More recently still it was 
demonstrated that thioacids (AAS-OH) can be produced from NCAs (C).179  

Szostak’s recent work190 on NCAs has suggested that their importance may not 

be solely confined to peptide bond formation. The unique reactivity of NCAs was 

demonstrated with an investigation for the fatty acylation of amino acids and in 

situ peptide bond formation. An amphiphilic product 87 was formed when valine-

NCA 88 was treated with arginine and oleic acid 89, and it was shown that this 

product can spontaneously incorporate itself into preformed vesicles of the fatty 

acid 1-palmitoyl-2-oleoylphosphatidylcholine (POPC). In addition to this important 

finding which links together ideas of membrane formation, NCAs, and peptide 

bonds, it was discovered that a labelled 15-mer RNA oligonucleotide had its local 

concentration around the vesicle increase by being attracted to the amphiphilic 

portion of the exterior of the vesicle (Scheme 18). Szostak theorises that the lipid 
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membrane is important not only because it can create a segregated chemical 

milieu in its interior but also because it possesses the ability to allow a variety of 

chemistries to take place on its surface. Functionalised membranes such as the 

one produced could have offered specific advantages by maximising functional 

oligonucleotides on a surface and reducing their translation degrees of freedom 

– thereby improving rates of reaction.  

 

Scheme 18. The unique reactivity of NCAs is demonstrated with fatty acylation and the ability of 
the new species to increase local RNA concentration around vesicles through electrostatic 
attraction.  

NCAs are then clearly potentially important activated intermediates, but many 

other activating agents have been suggested, originating from volcanic sources 

or available atmospherically. A common theme is that many are 

hetereocumulenes. Table 2 summarises some that have been discussed here 

and others which have been suggested or researched. Each of the agents serves 

to activate the carboxylic acid towards nucleophilic attack as discussed previously 

(Scheme 13). 
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Table 2. Suggested prebiotic activating agents, reproduced from Pascal et al.191 

Entry Activating agent Hydrolysis product ΔG° (kJ mol-1) 

1 Urea 19 CO2 + NH3 −16 

2 COS CO2 + H2S −17 

3 Pyrophosphate Phosphate −19 

4 CO HCO2H −16 

5 HNCO CO2 + NH3 −54 

6 HCN 10 HCO2H+ NH3 −75 

7 RCN RCO2H+ NH3 −80 

8 NH2CN 24 Isourea −83 

9 HNCNH 76 Isourea −97 

10 HCCH 64 CH3CHO −112 

Hud and Krishnamurthy added to the idea of carboxylate activation as a strategy 

for chain elongation with the use of an ester-mediated pathway to access 

depsipeptides – polymers of amino acids with both amide and ester linkages.26 

They assert that amides are difficult to form efficiently in water, and thus that as 

polyester formation is easier, they might have played an early role on Earth. Using 

a wet-dry cycle sequence with lactic acid 90 and glycine chain lengths of up to 4-

mer in amide were found after 8-12 cycles, giving yields of around 20%. The 

mechanism was thought to occur firstly via attack of glycine on lactic acid dimer 

91 (which exists in equilibrium with its cyclic lactide). The carboxylic moiety of the 

glycine-lactic acid dimer 92 (detected by mass spectroscopy) is then secondly 

able to esterify and consequently be reactivated (93). Attack of glycine can take 

place again and afford the new amide linkage (74), a process that is able to repeat 

itself (Scheme 19). Many chains formed have lactic acid stochastically 

incorporated into them, and ideally the selection pressure of faster ester 

hydrolysis than amide means chain lengths of only amino acids are accumulated 

with the passage of time.  

 

Scheme 19. Lactic acid 90 mediated peptide formation 
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Another method of chain elongation which has been studied is via a 

diketopiperazine (DKP, cyclo-(Gly)2) facilitated pathway. It is possible that this 

type of structure could form under dehydrating conditions or from NCAs. While it 

was thought that DKPs in general were inactive compounds and that their 

formation was actually a process that hinders the extension of oligopeptides, 

Yamagata192 found that the higher energy cis-amide is susceptible to attack by 

an amine of an amino acid, to give triglycine, but with consistently low yields (< 

10%). Amides usually reside in the trans form, but DKPs do not allow this. The 

ring opening of the system was therefore thought to provide the necessary free 

energy for peptide bond formation (Scheme 20). However, in Pascal’s recent 

work193 and much earlier findings194 it is asserted that DKPs are possibly a dead 

end, which contradicts this finding, and evidence to suggest that their production 

is somewhat hindered by strong activating agents in water means that the role of 

DKPs in prebiotic peptide formation is still unclear.   

 

Scheme 20. DKPs as a possible route to peptide lengthening. 

Commeyras’ foray into the possible systems chemistry of peptide synthesis with 

the primary pump model195-197 offers a stimulating insight into how NCAs from the 

Bucherer-Bergs reaction, wet-dry cycles, activating agents, and Strecker 

products, can come together to form peptides on a Hadean beach.  

Commeyras envisions a beach subject to tidal wetting and drying in the Hadean 

periodb, 198 where CAAs (N-carbamoyl amino acid, 46, Scheme 21), produced 

through Bucherer-Bergs chemistry dry on a surface and the N-termini can 

become nitrosated via oxides of nitrogen from the oxidation of nitric oxide. The 

intermediate 94 liberates nitrous acid, as observed by a pH drop in the 

experiment, followed by nitrogen, water and carbon dioxide to give the NCA 81 

upon solvation in a buffered ocean. Strecker chemistry products ring open the 

                                            
b The Hadean is a geological eon about 4 billion years ago, characterised by high levels of; 

volcanism, stellar impact rates, temperatures, atmospheric pressure, and CO2.  
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NCA 81 liberating carbon dioxide, driving the reaction forward and a producing 

dipeptide (AA-AA-OH). In conjunction with this, the NCA 81 can hydrolyse, 

releasing carbon dioxide to give an amino acid AA-OH which upon addition to 

isocyanic acid reforms the CAA 46. The N-terminus is functionalised further with 

introduction of more NCA 81. The scenario was cycled two to five times with 

glycine, alanine, valine, and glutamic acid and pentamers were observed in 

longer running experiments. Somewhat conspicuously, there is a total lack of 

yield-based information in the analyses Commeyras carried out, which was 

confined to HPLC and mass spec information.   

 

Scheme 21. Details of the primary pump. 

The dogma that surrounds prebiotic peptide synthesis is that peptide ligation 

occurred through amino acids formed from hydrolysis products of the Strecker 

reaction. Orgel199 found that thioacids (95) make extremely efficient acylation 

agents in the presence of an oxidant, presumably proceeding via a diacyldisulfide 

intermediate (96). It was found that the first amine addition proceeds quickly to 

give amide 97 but the second addition to the resulting (dithioperoxoic) S-acid 98 

is slower. Additionally, thioacids are stable in neutral solution, but their syntheses 

are not well explored in the prebiotic literature. 
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Scheme 22. Orgel’s thioacid based acylation pathway. This route potentially circumvents the need 
for dehydrating conditions. 

Scheme 23 shows the recent work under review from the Powner group200 which 

has sought to expand on this by harnessing the reactive affinity of α-amidonitriles 

with sulfides. The synthesis of α-amidothioacids Ac-(AA)n-SH begins with the 

thiolysis of an amidonitrile Ac-(AA)n-CN under basic conditions to produce an α-

amidothioamide Ac-(AA)n-AAs-NH2. Hydrolysis of Ac-AAS-NH2 is more 

challenging, and requires prolonged heating under basic conditions, but gives the 

desired thioacid in good yield. Ligation then proceeds in minutes with the 

stoichiometric oxidant potassium ferricyanide (believed to prebiotically 

plausible201) to give amide bonds in excellent overall yield. Other activating 

agents such as cyanoacetylene (a ribonucleotide synthesis reagent119) have 

been utilised with the same effect. The cycle has been found to give up to 5-mer 

in length, single ligations are tolerant to all amino acid side chains, and 

termination with amino acids or amides (Ac-(AA)n-OH and Ac-(AA)n-NH2) is 

facilitated by the same reaction to give native peptide sequences.    

 

Scheme 23. The ligation cycle developed in the Powner group200 which address some of the key 
problems associated with prebiotic peptide literature. 
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Once formed, peptide bond degradation by direct water hydrolysis at different 

sites can have a half-life of up to many hundreds of years at neutral pH.191 

However, an alternative neutral pH pathway, whereby the decomposition of 

unprotected peptides occurs by ‘bite-back’ of a free amine present at the N-

terminus via a diketopiperazine, has a much shorter half-life, of around 40 

years202, 203 (Figure 12). This latter mechanism represents a significant problem 

not only for the evolution of peptides, but for extant proteins, and may explain 

why up to 90% of native mammalian protein sequences are N-acetyled at their 

terminus.204  

 

Figure 12. Glycine polymer of n monomeric units showing the half-lives of various peptide bond 
sites at neutral pH and 25 °C.191  

The methods covered above to produce peptide bonds under prebiotic conditions 

are most commonly hampered by low yields due to the high energy barrier 

associated with amide bond formation. The literature has a large focus on the 

hydrolysis of nitriles, rather than the reactions which employ them. Any new 

methods would ideally address this by aiming for consistently high yields and a 

robust tolerance to a range of conditions and other prebiotic substrates. 
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1.4 Systems chemistry and outlook 

Despite the great advances made in understanding how some of the key 

components in life could have been made under conceivably prebiotic conditions, 

problems have still remained about finding, as Joyce calls it; “a plausible 

mechanism for overcoming the clutter wrought by prebiotic chemistry.”42  

As the biochemistry of life on Earth is made up of sets of interconnected super- 

and subsystems, it follows that prebiotic chemists must attempt to emulate this 

from the very simplest reaction networks if they are to have any hope of trying to 

understand our origins. The study of these systems can become exponentially 

more complicated with the addition of new species such that analysis to any real 

degree of understanding or accuracy is near impossible. The simplification of 

complex systems may therefore be a way to better uncover the emergent 

behaviours and nascent properties of them.  

The strict temporal and spatial separation required for reagent delivery in 

Sutherland’s landmark canonical ribonucleotide synthesis119 (section 1.2.3) has 

become a common criticism of the work. Having a mechanism, such as 

crystallisation or evaporation, able to separate the necessary products from 

complex mixtures, was seen as potentially playing an important role in solving 

this problem.  

2-Aminooxazole 31, formed from the reaction of glycolaldehyde 4 with cyanamide 

24, benefits from a high vapour pressure, so could be synthesised separately, 

evaporated, and rained into another location holding glyceraldehyde 6. However, 

the two key starting materials, 4 and 6, cannot be exclusively and purely 

synthesised; 6 isomerises readily in phosphate buffer (phosphate is vital to buffer 

the reaction sequence) to dihydroxyacetone 61,205 and there is no selectivity for 

4 over 6 for the reaction with cyanamide 24. The solution to this issue was the 

use of 2-aminothiazole 99 to selectively and chronologically sequester these 

aldehydes as highly crystalline aminals.28 When a mixture of 4, 6, and 61 is 

treated with 2-aminothiazole 99, the aminal of glycolaldehyde 100 first crystallises 

out of the solution in 2 hours (first required in the synthesis), with the 

crystallisation of the aminal of glyceraldehyde 101 following within 2 days and 

continuing over the course of a fortnight (required second). Crucially, it was found 



71 

 

that dihydroxyacetone 61 slowly equilibrated to form aminal 101 in the presence 

of 2-aminothiazole 99, due to precipitation of this species (Scheme 24). 

 

Scheme 24. The selective crystallisation of precursor aldehydes for ribonucleotide synthesis. 99 
is has an increased aromaticity over 31 and consequently masked aldol reactions with 6 to give 
the sulfur analogue of 102 do not take place.  

The propensity for aldehydes rather than ketones to crystallise in the presence of 

2-aminothiazole 99 was further exploited to selectively crystallise proteinogenic 

Strecker aldehydes from mixtures with various ketones which are known to 

produce aminonitriles under Strecker conditions. Treating these purified aminal 

mixtures directly with ammonium cyanide resulted in excellent conversion of the 

original aldehydes to their corresponding α-H-aminonitriles and may offer a 

possible answer as to why all proteinogenic amino acids lack geminal alkyl 

groups.  

2-Aminothiazole 99 is itself formally produced from 2-mercaptoacetaldehyde 103, 

the formal Strecker aldehyde precursor of cysteine, while 2-aminooxazole 31 is 

formed from glycolaldehyde 4, the aldehyde which produces serine under 

Strecker conditions. These relationships pose interesting questions about the 

generational nodes that these species may inhabit and the privileged links and 

interrelationships which they exploit (Scheme 25).  
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Scheme 25. 4 and 103 may occupy divergent points in chemical networks to give species which 
are responsible for the production of amino acids serine and cysteine. They may have a role in 
ribonucleotide synthesis and the selection of Strecker aldehydes, respectively.   

This work uncovers associations between amino acid and ribonucleotide 

syntheses and adds real insight to the systems chemistry view which has gained 

popularity in prebiotic chemistry in recent years. In combination with the efforts of 

Sutherland30 (section 1.3.2) the common origins of products and starting 

materials of important biogenic species involved in compartmentalisation, 

replication, and function are being revealed. The mutual interdependence of such 

species may point to the shared ancestry and deep-seated roots of chemical 

species, and offer clues to why biological systems are ordered in such ways as 

they are nowadays.  

All things considered, the future of prebiotic chemistry, with an emphasis on a 

systems and networks aspect, is brighter than ever. The field has matured well 

since the earliest days of the Miller-Urey experiment to an area full of lively debate 

and fervent experimentation. The great challenges which remain are how the 

networks described above transitioned into the makings of early life, and how 

chemists and those from associated fields will effectively test this. The work of 

producing individual canonical species prebiotically must continue, because the 

heuristic implications from previous endeavours have been so successful.  
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1.5 Conclusion 

A relatively brief overview of the context and features of the RNA world have been 

provided. Clear challenges remain in the synthesis of the remaining 

ribonucleotides (adenine and guanine), and the polymerisation and coding 

aspects of this theory. Great headway has been made in the face of valid 

criticisms of this work, and RNA, probably aided and abetted by proteins, still 

remains the most likely contender for a chemical system which can provide both 

geno- and phenotypic characteristics. 

A number of amino acids remain un-synthesised with solutions not at all obvious. 

The aromatic amino acids present particularly challenging problems, with no 

known prebiotic syntheses. Methylation is an important feature in biological 

systems and also remains an unsolved challenge. An excellent prebiotic testbed 

to explore would be the methylation of homocysteine to give methionine. Cysteine 

has also proved elusive, and due to its importance in providing the formation of 

disulfide bonds which give secondary and tertiary structural motifs in protein 

folding, its prebiotic synthesis is interesting to consider.  

Prebiotic oxygen-based activation chemistries are clearly inferior to those which 

utilise sulfur, as demonstrated by their lower overall yields and requirement for 

large excesses of reagent and harsher conditions. Certainly, experiments which 

use drying to ligate amino acids (an oxygen-based activation system) are the 

most inferior of all prebiotic amino acid ligation methods. Future methods would 

attempt to emulate enzymes, whose great activity and ubiquity in living systems 

is undoubtably due to their superior catalytic activity.  
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2 Results and discussion 

2.1 Project aims 

The universally conversed assignment of amino acids to the genetic code clearly 

indicates the role of peptides predates the last common ancestor of all life on 

Earth. The singular aim of this piece of research was therefore to determine new 

methods to prebiotically form peptide bonds. This work has focused on nitriles, 

and sought to overcome the presently held dogma that carboxylic acids are the 

most favourable species to perform amidation chemistry with. The advantage of 

utilising nitriles may be that the higher free energy state they possess over 

carboxylic acids means they are more suited to peptide bond formation through 

an activated intermediate.  

Carboxylic acids represent a distinct thermodynamic minimum as they are the 

double hydrolysis products of nitriles. This inert character usually cannot be 

overcome without highly reactive electrophilic activating agents. When carboxylic 

acids are coupled to amines successfully with activating agents, the free energy 

contributions required to enable the reaction often comes from the highly reactive 

heteroallene moieties that are present in these agents (Scheme 26). As 

discussed in section 1.3.3, carboxylate activation chemistry has long been the 

mainstay of prebiotic peptide ligations. It is justifiable that chemists have sought 

a method which replicates the ligation chemistries in extant biology, but the 

consistently low yields and continual variations on an old theme certainly call for 

a fresh strategy. 

 

Scheme 26. The conventional strategy utilised in prebiotic ligation chemistry and a new nitrile 
activation chemistry which could bypass it. 
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2.2 Towards boron mediated ligation 

2.2.1 Introduction 

It is known that boron compounds have an important roles as reagents206, 207 and 

catalysts208 in the synthesis of amide bonds. Trivalent boron compounds are often 

Lewis acids by virtue of their ability to accept electrons into the empty 2pz orbital. 

This takes the bonding arrangement of electrons from trigonal planar to 

tetrahedral, and in doing so, it is able to activate some donating species to 

nucleophilic attack through enhancing their electrophilicity, as demonstrated by 

previous experimental209 and computational210 research. If displacement of the 

molecule with the newly formed bond is possible, and the boron compound is 

released unchanged, a catalytic process can result (Scheme 27).  

 

Scheme 27. Possible mechanism of boron compound behaviour in a prebiotic environment. LB = 
Lewis base, EC = electrophilic centre, EC* = activated electrophilic centre, Nu = nucleophile. 

Boron has a unique set of properties which make it a conceivable candidate for 

playing an essential role in early Earth chemistry. Boron is present in low 

concentrations in seawater today (0.4 mM) but it is thought possible that the local 

concentrations may have been higher when abiogenesis occurred.211 In solution 

terrestrial boron exists primarily as boric acid, but is also present as its esters, its 

anhydrides, and other acid forms. Boron is found in a wide range of minerals, 

including the minerals kernite, colemanite, and ulexite.211,212 It is also widely 

known that through hydroxyl exchange borate compounds complex extremely 

well to 1,2-cis-diols, which are ubiquitous in sugars. Because of this they may 

serve to provide chemical and thermal stability to diols which might be susceptible 

to hydrolysis or other decomposition pathways in hostile abiotic environments.213  

Recent work by Benner214 has shown that the presence of borate minerals may 

have aided selective phosphorylation of ribonucleotides. Lüneburgite is a borate 

mineral consisting of phosphate, borate, and magnesium. In the presence of 

cytidine 104, borate coordinates the cis-diol present (105) and allows 
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phosphorylation only at the one remaining site (106, Scheme 28). However, there 

are a vast number of borate containing minerals and the study is limited to only 

one, which was produced synthetically. This paper does demonstrate the 

importance of considering the use of actual minerals which might have been 

present on an early Earth, but the analysis is confined to HPLC, without any 

mention of yields.   

 

Scheme 28. Borate minerals may aide selective phosphorylation of ribonucleotides. 

The aim in this section of the project was to demonstrate that boron, in the form 

of borate, could activate α-aminonitriles to nucleophilic attack by another α-

aminonitrile, allowing the formation of the desired amide bond in water. In the first 

instance, aminoacetonitrile (Gly-CN), a nitrile precursor to the simplest amino 

acid, glycine, was used. 

α-Aminonitriles were explored in the 1970s by Chang,215 who attempted their 

direct ligation at pH 9 without successfully forming a peptide product. 

Ponnaperuma216 also identified Gly-CN in several spark-discharge experiments.  

The chromatography of Gly-CN and its derivatives formed upon heating at 

various pH values has also been well documented.217  

α-Aminonitriles have a remarkably low pKaH when compared to α-amino acids or 

indeed many other amines. They have values typically between 5-6,218 whereas 

α-amino acids have values between ca. 9-10. This means they are deprotonated 

over a much broader pH range and, crucially, are fully deprotonated at neutral 

pH. Since it is overwhelmingly likely that the free amine is required for any 

reactivity in water this allows α-aminonitriles to potentially ligate over a wider 

range of conditions than α-amino acids, and reactions may be possible even at 

mildly acidic pH values.   
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Scheme 27 can be modified by using boric acid as a surrogate for carbon dioxide 

in the Bucherer-Bergs reaction. It was envisioned that boron would act to allow 

amide bond formation via formation of a 5-membered ring system (107 and 108), 

and collapsing of the intermediate 109 to give the peptide borate adduct 110 and 

then Gly-Gly-CN after hydrolysis (Scheme 29).  

 

Scheme 29. Top: The Bucherer-Bergs reaction. Bottom: Possible mechanism for boron's 
activation-attack sequence to enable amidation. 

Scheme 30 shows the other mechanistic possibility involving two molecules of 

Gly-CN being brought together by a boron centre (111 and 112). After an amine 

nucleophilic attack on the activated nitrile (113) and formation of diazaborylidine 

114, collapse to acetimidamide 115 and eventual hydrolysis would give Gly-Gly-

CN. 
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Scheme 30. Another possible mechanism for amide bond formation in the presence of boric acid. 

Experiments were analysed by time-course NMR spectroscopy analysis (in 

distilled water) and by mass spectrometry derivatisation experiments. From an 

NMR point of view the choice of Gly-CN, as the simplest α-aminonitrile, meant 

that when spectra were obtained the only peaks observed would be the singlets 

of the CH2 present, thus simplifying analysis somewhat. When analysing the 

results, the tert-butanol peak at 1.24 ppm was set to an integral value of 1, and 

other peaks were integrated against this. All experiments described in this section 

of the report have a control without boric acid as well as an experiment with boric 

acid. 
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2.2.2 Towards the ligation of Gly-CN under aqueous conditions  

The behaviour of Gly-CN incubated under neutral conditions with boric acid was 

first examined as a starting point, and Figure 13 illustrates the complexity of the 

mixture formed over the course of several days. The lowest spectrum (t = 0), 

shows a solution containing only Gly-CN, and subsequent timepoints show a 

mixture of species developing. Aliquots were taken and analysed roughly every 

24 h, and it can be seen that a new major species forms rapidly at 3.8-3.9 ppm 

and continues to increase. The control experiment, without boric acid, revealed a 

number of peaks with similar chemical shifts. 

 

 

Figure 13. 1H NMR (600 MHz, H2O, noesygppr1d, 3.2-4.1 ppm) stacked plot of spectra to show 
the incubation of Gly-CN, with boric acid, pH 7, 60 °C, over 5 days. See general procedure 1 in 
section 3.2.1 for method. 

The identity of these unknown peaks was confirmed by the addition of authentic 

samples of hypothesised compounds to the reaction mixture to observe which 

peak heights increased. Some compounds were purchased from commercial 

sources, and some were made synthetically (Figure 13). Glycine and glycinamide 

 

Chemical shift (ppm) 
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were thought to be present in the mixtures, as a result of hydrolysis of the nitrile 

present in the starting material Gly-CN. As a cyanohydrin, glycolonitrile 13 could 

form when Gly-CN fragments into its constituent components of cyanide, 

formaldehyde, and ammonia, as the Strecker reaction is a reversible process. 

Glycolamide 116 and glycolic acid 117 would result from the single and double 

hydrolysis of glycolonitrile 13, respectively. Gly-Gly-CN would result from the 

optimum ligation pathway, as discussed in section 2.2.1, while Gly-Gly-NH2 and 

Gly-Gly-OH would be the single and double hydrolysis products of Gly-Gly-CN, 

respectively.  

 

Figure 14. Potential compounds present in the mixture observed by 1H NMR in Figure 13. 

The synthesis of Gly-Gly-CN presented a number of challenges. An attempt at a 

protocol was made by first reacting Boc-Gly-OH with Gly-CN using 

B(OCH2CF3)3, a recently developed amidation agent,207 but this was not 

successful on account of quite low conversion and purification issues. More 

success was achieved via the Weiland mixed anhydride method.219 Activation of 

the carboxylic acid with iso-butyl chloroformate produced the mixed anhydride 

118. This intermediate was immediately reacted with freebase Gly-CN and after 

an aqueous work up the protected compound Boc-Gly-Gly-CN was obtained in 

reasonable yield (Scheme 31).  
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Scheme 31. Weiland mixed anhydride method for Boc-Gly-Gly-CN synthesis. 

A number of acid based deprotections of Boc-Gly-Gly-CN did not give the 

desired compound Gly-Gly-CN. Multiple attempts were made at deprotection of 

Boc-Gly-Gly-CN using hydrochloric acid in methanol. It was thought that upon 

acidification and deprotection, the amine was able to cyclise onto the nitrile 

moiety, possibly via iminopiperazinone 119 to give cyclo-(Gly)2 (Scheme 32).     

 

Scheme 32. Possible cyclisation pathway of Boc-Gly-Gly-CN. 

A new method was sought via a different protecting group strategy. Cbz-Gly-OH 

was used to synthesise Cbz-Gly-Gly-CN via intermediate 120.  

 

Scheme 33. Route to Cbz-Gly-Gly-CN. 

An attempted deprotection of Cbz-Gly-Gly-CN via hydrogenation in methanol 

gave multiple spots by TLC, and in acetonitrile the deprotection did not occur at 

all (Scheme 34). Attempts at purifying the compound by column chromatography 

on normal phase silica would likely have resulted in cyclisation with it being an 

acidic medium. The propensity of the compound to cyclise is testament to its 
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instability. Literature searches for 1,6-amine nitrile linkages give few results, and 

those that are given contain bulky side groups which may hinder or stop 

cyclisation. This deprotection cyclisation sequence might represent a new way to 

access 2,5-diketopiperazines in general.   

 

Scheme 34. Removal of Cbz group was not successful with hydrogen gas in both methanol and 
acetonitrile. 

Fortunately, a deeper search of the literature later showed there was protocol for 

the acidic deprotection of Boc-Gly-Gly-CN using methanesulfonic acid.220 The 

methanesulfonate salt of Gly-Gly-CN was obtained in excellent yield after a 

reaction time of 8 days (Scheme 35).  

 

Scheme 35. Successful deprotection of Boc-Gly-Gly-CN. 

The synthesis of Gly-Gly-NH2 was not facile through the use of standard amide 

coupling reagents such as HATU, CDI, EDC, and B(OCH2CF3)3. Instead, the 

Weiland mixed anhydride protocol was employed using ammonia as the 

nucleophile. Boc-Gly-Gly-OH was formed in fine yield from Gly-Gly-OH and di-

tert-butyl dicarbonate. Subsequently the acid was activated to allow ammonia to 

attack and form Boc-Gly-Gly-NH2 in excellent yield. Deprotection was then 

achieved with TFA (Scheme 36). 

 

Scheme 36. Route to Gly-Gly-NH2. 
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Cyclo-(Gly)2 was also a thought to be present in the mixtures, and was 

synthesised via the cyclisation of Boc-Gly-Gly-OMe. The formate 121 was not 

isolated and upon reflux gave cyclo-(Gly)2 (Scheme 37).   

 

Scheme 37. Cyclo-(Gly)2 synthesis. 

A small sample of glycolonitrile 13 was prepared by stirring molar equivalents of 

potassium cyanide and formaldehyde 5 at pH 10, and room temperature, and 

was used without further purification or analysis.  

 

Scheme 38. Preparation of glycolonitrile 13. from cyanohydrin formation from formaldehyde 5 and 
potassium cyanide. 

Upon addition of these authentic compound samples to the reaction mixture, 

evidence in support of the presence of Gly-Gly-OH (the largest signal at 3.83 

ppm in Figure 13) and a number of other species was detected in the reaction 

mixture. Gly-Gly-CN and Gly-Gly-NH2 were curiously not detected, and a 

number of peaks still remained unidentified. Table 3 contains the yields after 6 

days of reaction.   
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Figure 15. 1H NMR (600 MHz, H2O, noesygppr1d, 3.2-4.4 ppm) spectrum to show the incubation 
of Gly-CN (500 mM), with boric acid (1.0 eq.) at pH 7 and 60 °C, after 6 days. See general 
procedure 1 in section 3.2.1 for method. 

Table 3. Percentage yield by 1H NMR for species in mixture after 6 days of incubation of Gly-CN 
(500 mM) at pH 7 and 60 °C, with and without (control) boric acid (1.0 eq.). See general 
procedure 1 in section 3.2.1 for method.   

 

Species 
% Yield by 1H NMR 

B(OH)3 control 

Gly-CN 15 10 
Gly-Gly-OH 37 10 
Gly-NH2 9 5 
Gly-OH 0.1 0 
Cyclo-(Gly)2 4 0 
13 2 5 
116 <1 <1 
117 <1 <1 

The role of glycinamide in the experiments was intriguing. If glycine was present 

in small amounts, then was it being ligated more rapidly to Gly-Gly-OH than 

glycinamide, and if so, why was glycinamide not ligating in the same manner to 
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form Gly-Gly-NH2? The other possibility in this case was that the second and 

final hydrolysis of an aminonitrile to a carboxylic acid is more challenging than the 

first to a primary amide, such that glycinamide was accumulating in the reaction. 

The reaction conditions (Figure 15, and a control without boric acid) were 

repeated with the addition of glycinamide (1.0 eq.), but neither appeared to give 

the presumed ligation product Gly-Gly-NH2 after the addition of an authentic 

sample, meaning that glycinamide may not be particularly reactive under these 

conditions in comparison to glycine. Once formed, glycine was therefore thought 

to be forming Gly-Gly-OH, and glycinamide was accumulating in the reaction. A 

control reaction with only glycinamide incubated under the same conditions 

showed no reaction (Scheme 39).  

 

Scheme 39. Top: Addition of Gly-NH2 (1.0 eq.) did not result in the formation of the presumed 
ligation product Gly-Gly-NH2. Bottom: Gly-NH2 was unreactive under the same conditions. See 
general procedure 1 in section 3.2.1 for method. 

The role of cyclo-(Gly)2 in the reaction was also interesting as it could only have 

arisen by some ligation reaction. Further to this, given the issues experienced 

with the deprotections to form Gly-Gly-CN, where it was assumed that some 

degradation by cyclisation was taking place, it was considered that cyclo-(Gly)2 

could be forming by the same pathway. This would potentially explain the lack of 

Gly-Gly-CN observed in the reaction. It was also not known if the Gly-Gly-OH 

which was thought to have been observed was forming from the hydrolysis of a 

cis-amide present in cyclo-(Gly)2 or if it was being formed by the direct ligation 

of glycine (top, Scheme 40). Cyclo-(Gly)2 (1.0 eq.) was therefore also included 

as an additive in a reaction under the same conditions detailed before (middle, 

Scheme 40, and a control without boric acid) but was found not to react with Gly-
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CN in either case, thus demonstrating that it may be a potential dead end as has 

been previously suggested in the literature.193, 194 A set of control experiments, 

with and without the inclusion of boric acid, were carried out with only cyclo-

(Gly)2, but this similarly showed no reaction (bottom, Scheme 40).   

 

Scheme 40. Top: Gly-Gly-CN might not have been observed due to cyclisation to cyclo-(Gly)2. 
Gly-Gly-OH could have then formed either from the hydrolysis of cyclo-(Gly)2 or from the 
direction ligation of glycine with Gly-CN. Middle: cyclo-(Gly)2 did not react when added to the 
reaction with Gly-CN. Bottom: when cyclo-(Gly)2 was incubated alone no reactivity was 
observed. See general procedure 1 in section 3.2.1 for methods.    

Trifluoroethylamine 122 was found as an amine with a similar pKaH (5.7)221 to Gly-

CN (5.5)218 and it was also included in the incubation of Gly-CN in an attempt to 

understand why Gly-Gly-CN was not being observed in the reaction mixture. N-

glycyltrifluoroethylamine Gly-122 was a postulated product when 

trifluoroethylamine 122 was included in time-course experiments with Gly-CN.  

The reference compound was formed from Boc-Gly-OH, HATU and 

trifluoroethylamine hydrochloride (122.HCl) in poor yield. Quantitative 

deprotection of Boc-Gly-122 gave the desired amide Gly-122 (Scheme 41).  
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Scheme 41. Synthetic route to Gly-122. 

When 122 (1.0 eq.) was included in the reaction, the 1H NMR spectrum showed 

the addition of one new species, but spiking of an authentic sample of Gly-122 

confirmed it was not the desired product. 19F NMR spectroscopy showed the 

presence of two new fluorine environments. 

 

Scheme 42. Addition of trifluoroethylamine 122 (1.0 eq.) did not result in the formation of the 
presumed ligation product Gly-122. 

Without clear answers to the questions which remained about the operative 

pathways at play, and to confirm the structure and identity of the remaining 

unknown peaks present in the reaction, 1H–13C HMBC NMR spectroscopy was 

carried out on the reaction in Figure 15. It was most disappointing to find out that 

the peak that was considered to be Gly-Gly-OH did not correlate as expected 

with the carbonyl region, but the nitrile region. The nitrile 2,2'-

azanediyldiacetonitrile 123 was purchased from a commercial source and added 

to the reaction mixture, which confirmed this was the major species (Figure 16).  
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Figure 16. 1H–13C HMBC (1H: 700 MHz [3.0–4.0 ppm], 13C: 176 MHz [10-185 ppm], H2O) spectrum 

to show the incubation of Gly-CN (500 mM) with B(OH)3 (1.0 eq.) with t-BuOH (200 mM) as the 
internal standard after 2 days at pH 7 and 60 °C. The peak corresponding to 123 can appear as 
both a single broad peak and two peaks. See general procedure 1 in section 3.2.1 for method. 

The formation of this nitrile was thought to be due to Gly-CN undergoing a reverse 

Strecker reaction, where a methaniminium ion 124 and cyanide are formed. Gly-

CN would then react with 124 to give the diamine 125. Further iminium 126 

formation with loss of ammonia would allow cyanide to attack, giving the nitrile 

123. 

 

Scheme 43. Possible mechanism for the formation of nitrile 123 resulting from a Strecker process.  

This result explains why glycinamide had accumulated in the mixture, as it was 

simply the hydrolysis product of Gly-CN, and the small glycine quantity was due 

to the slower hydrolysis of the primary amide in glycinamide. Two other signals 

(unknown 1 and unknown 2, Figure 16) also correlated in the 2D NMR with the 

nitrile region of the 13C NMR spectrum. Because glycinamide and glycine were 

present and could undergo Strecker reactions in a similar manner to that of Gly-

CN in Scheme 43, the Strecker products 127 and 128 (Figure 17) resulting from 
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glycinamide and glycine, respectively, were hypothesised to be present in the 

mixture. 

 

Figure 17. Glycinamide and glycine Strecker products. 

Syntheses of Strecker products 127 and 128 was carried out to confirm their 

presence in the mixtures. The synthesis of glycinamide Strecker product 127 was 

straightforward through a Finkelstein reaction although multiple attempts had to 

be made due to purification issues (Scheme 44).  

 

Scheme 44. Synthesis of glycinamide Strecker 127. 

The synthesis of glycine Strecker product 128 was not as facile. Direct reaction 

of glycine and chloroacetonitrile, as in Scheme 44 did not give any conversion 

but use of glycine ethyl ester gave the protected amine salt in acceptable yield 

(129, Scheme 45). 

 

Scheme 45. Synthesis of glycine Strecker product 128 starts with formation of the ethyl ester, 
followed by the formation of the salt (129.HCl) 

Cleavage of the ethyl group using base resulted in a mixture of side products and 

no conversion to the desired acid. It is likely that the presence of base induced in 

situ Strecker to occur and further degradation of the starting material.  Upon 

addition of glycinamide Strecker product 127 to the mixture, the signal associated 

with unknown 2 in Figure 16 increased in intensity, so it was confirmed as this 

species (17%). Because the chemical shift of glycine is higher than that of 

glycinamide, unknown 1 in Figure 16 was rationalised to be that of the glycine 

Strecker product (4%).  
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2.2.3 Mass spectrometry analysis 

Another analysis technique was examined to explore if traces of peptide product, 

which might be unobservable by NMR, could be detected. Low molecular weight 

peptide-like molecules in complex mixtures do not exhibit strong UV absorbance 

and thus filtering and de-salting the mixtures would not be adequate for a clear 

result by UP-LCMS. Thus 2,5-dioxopyrrolidin-1-yl quinolin-6-ylcarbamate (AQC, 

130) was prepared as per Michaud222  from amine 131 and carbonate 132 as it 

allows derivatisation and UV ‘marking’ of the N-termini of peptides and peptide 

fragments (133, Scheme 46).  

 

Scheme 46. Synthesis of 130 and subsequent reaction with a peptide fragment to give a UV 
chromophore. See section 3.2.2 for method. 

A model sample preparation method was taken from Ward et al.223 but it was 

thought that de-salting of the mixtures via the use of a Sep-Pak® reverse phase 

columns would be necessary for analysis. This method proved partially 

successful, and a number of the species detected by NMR were observed after 

the incubation of Gly-CN (Scheme 47). The lack of an AQC-Gly-Gly-OH adduct 

peak was thought to potentially be due to the free amine end of glycylglycine 

being largely protonated (with the zwitterionic form present) during the 

derivatisation protocol and thus raising the pH of the solution before derivatisation 

of the sample was used to solve this. Unfortunately, the AQC-Gly-Gly-OH mass 

was not observed and this confirmed the lack of glycylglycine in the mixtures from 

the aforementioned NMR experiments. AQC derivatives of glycine, glycinamide, 

and the glycinamide and glycine Strecker product (127 and 128) were observed 

(see section 3.2.2 for mass spectrometry data and method). 
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Scheme 47. Species observed in the reaction mixture after AQC derivatisation. See general 
procedure 1 in section 3.2.1 initial reaction method and section 3.2.2 for mass spectrometry 
method. 

2.2.4 Further investigations into the formation of nitrile 123 

The formation of the nitrile 123 was further investigated to understand how quickly 

it formed, and if its formation could be hindered, thus potentially favouring other 

pathways. Figure 18 and Figure 19 show the formation of the major species 123 

and glycinamide with and without the addtion of boric acid, respectively.  

The yield of the Strecker nitrile 123 with boric acid present in the reaction is 

significantly higher than without, the reason for which is not immediately obvious. 

The boric acid may help stabilise an intermediate or facilitate a step in the 

mechanism, but is clearly not required. Without boric acid present in the reaction, 

the the yield of glycinamide is moderately higher. In both reactions, the quanitity 

of 123 decreases after peaking between 24 and 48 hours. This is likely due to 

hydrolysis or other degradation pathways to the glycine and glycinamide Strecker 

products (127 and 128) or to Gly-CN, cyanide, and formaldehyde 5. 
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Figure 18. 1H NMR yield of 123 and glycinamide relative to the internal standard (IS, tBuOH, 200 
mM) over 4 days of incubating Gly-CN (500 mM) with boric acid (1.0 eq.) at 60 °C and pH 7. See 
general procedure 1 in section 3.2.1 for method.  

 

 

Figure 19. 1H NMR yield of 123 and glycinamide relative to the internal standard (IS, tBuOH, 200 
mM) over 4 days of incubating Gly-CN (500 mM) without boric acid (1.0 eq.) at 60 °C and pH 7. 
See general procedure 1 in section 3.2.1 for method. 
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Next, the yield of the nitrile 123 was investigated over a range of pH values (5-

10) to further understand the conditions that could favour or disfavour its 

formation (Figure 20 and Figure 21). This revealed that 123 could form over a 

wide range of pH values, but was especially favoured under acidic conditions, 

which produced 123 as the only major species. As the pH is raised, the quantity 

of 123 formed is low, but a huge range of other species are formed, implying that 

hydrolysis pathways take over the reaction manifold.  

Why nitrile 123 is formed in higher quantities at lower pH values is not clear. 

Below pH 7, Gly-CN is closer to its pKaH (5.5),218 and this may strike the right 

balance between keeping some Gly-CN present for reaction to form 123, and 

allowing the retro-Strecker process, which produces the components for the 

formation of 123, to take place.  
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Figure 20. 1H NMR yield of 123 relative to the internal standard (IS, tBuOH, 200 mM) over 4 days 
of incubating Gly-CN (500 mM) with boric acid (1.0 eq.) at 60 °C and pH 5 6, 7, 8, 9, and 10. See 
general procedure 1 in section 3.2.1 for method. 

 

 

Figure 21. 1H NMR yield of 123 relative to the internal standard (IS, tBuOH, 200 mM) over 4 days 
of incubating Gly-CN (500 mM) without boric acid (1.0 eq.) at 60 °C and pH 5 6, 7, 8, 9, and 10. 
See general procedure 1 in section 3.2.1 for method. 
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After the detection and confirmation of Strecker products present in the reaction 

mixture, the inclusion of species present from the degradation of Gly-CN was the 

next clear step to push the equilibrium in the opposite direction according to Le 

Châtelier’s principle (Scheme 48). It was hoped that this would increase the 

amount of Gly-CN in the solution and therefore increase the probability of the 

desired amide bond forming reaction taking place.  

 

Scheme 48. Gly-CN undergoes retro-Strecker to give cyanide, ammonia, and formaldehyde 2 via 
iminium 9. 

Formalin (1.0 eq.) at pH 7 and 60 °C produced a chaotic spectrum whose peaks 

could not be identified. Experiments with ammonia under the same conditions 

gave a very unexpected result. To begin with, ammonium hydroxide (1.0 eq.) was 

used, but it showed very high selectivity for the undesired nitrile 123. This result 

is directly at odds with the hypothesis that the equilibrium would move to hinder 

this process. Using five equivalents of ammonia at pH 7 and 60 °C it was found 

that the selectivity for nitrile 123 was greater and it was produced in a higher 

quantity. Using five equivalents of ammonia at pH 9 gave a similar result. At the 

time of writing, no clear or single explanation for this paradoxical behaviour can 

be given.  

A different nitrile substrate was then examined under the reaction conditions. 2-

Aminopropanenitrile hydrochloride Ala-CN.HCl was formed from DL-lactonitrile 

57 in poor yield (despite doubling of the literature224 yield). Ala-CN freebase was 

not isolated and simple stirring with hydrochloric acid (1 M) formed the desired 

salt without the need for HCl gas (Scheme 49).  

 

Scheme 49. Synthesis of Ala-CN. 
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Ala-CN was then incubated at pH 7, 60 °C, for 5 days. Unfortunately, the 

presence of many overlapping quartets was observed, which made analysis too 

complex. However, a clear solution (not the black solution with deposits seen in 

experiments with Gly-CN) was observed, potentially due to suppression of 

polymerisation at the CH site. It was thought that the introduction of a methyl 

group had moderated against any enolisation processes by providing extra steric 

hinderance against reaction at this site (Scheme 50).  

 

Scheme 50. Ala-CN was successful in producing a reaction mixture that did not produce 
polymeric material, which is known to occur with cyanide,225 but the overlapping quartets which 
arose from its incubation did not allow for any meaningful analysis. See general procedure 1 in 
section 3.2.1 for method. 

2.2.5 Conclusion 

Scheme 51 is the culmination of the exploration detailed above. By viewing the 

reaction as a network, as is common in systems chemistry, the picture of what is 

happening in the solution is drawn. 

On the left (in maroon), it was hoped that Gly-Gly-CN would be formed from Gly-

CN reacting with itself, but this was not observed. Cyclisation to cyclo-(Gly)2 (in 

teal) could occur, but hydrolysis to Gly-Gly-NH2 is also a possible pathway. 

Spiking of an authentic sample of Gly-Gly-NH2 confirmed that this pathway to 

Gly-Gly-OH was not likely to be occurring as it was not detected in the mixtures, 

and hydrolysis of the primary amide to a carboxylic acid would be relatively slow. 

The formation of cyclo-(Gly)2 is therefore still unclear.  

One explanation is that Gly-Gly-CN may be unstable since when the amine is 

boc-deprotected synthetically, as detailed above, it degrades quickly into a 

mixture of products, one of which is possibly cyclo-(Gly)2. Consequently, if any 

Gly-Gly-CN is formed then it may be rapidly cyclising to give cyclo-(Gly)2 (via 

the cyclic amidine). Even though there have been suggestions that cyclo-(Gly)2 

is both a ‘dead end’193 and that it could act as a potential reservoir of dipeptide,192 

the reactions in general have not been particularly good for its production (yields 

of ca. < 4%). Furthermore, under reaction conditions solely with cyclo-(Gly)2, it 



98 

 

exhibits little in the way of reactivity with respect to the formation of Gly-Gly-OH, 

and with Gly-CN in situ little else but the typical Gly-CN reaction pathways occur, 

and not the chain elongation chemistry which had been proposed previously.192 

The centre pathway (in green), in which glycinamide is formed via hydrolysis is a 

route which occurs significantly in the mixtures in terms of yield. Reactions of 

glycinamide with Gly-CN have been carried out to assess this direct ligation 

pathway, but it did not occur. Glycinamide’s main role may then lie in its reaction 

to give the glycinamide Strecker product 127.  

The source of Strecker compounds begins with the pathway to glycolonitrile 13 

on the right-hand side (in red). 13 has been detected in the mixtures, and direct 

hydrolysis leads to glycolic acid 116 and glycolamide 117 (seen in blue), which 

are most likely inactive as they lack any significant nucleophilic character in water. 

It is also still unclear what purpose, if any, nitrile 123 could serve in prebiotic 

chemistry given that it is formed so readily from Gly-CN under various conditions.  

 

Scheme 51. Combining the information from the various experiments allows this system chemistry 
picture to be built up. As in other systems chemistry approaches detailed in the introduction, a 
complex mixture is analysed via identifying pathways and thus final products can be predicted. 

The hypothesis that the presence of boric acid could act in some activating 

pathway to allow peptide ligation directly appears very unlikely given the above 

evidence. In water (whose concentration is 55 M) boric acid may reside partially 

in its tetrahydroxyborate form, greatly diminishing any Lewis acidic character it 

possesses, although this is somewhat pH dependant. Indeed, many boron based 

activating strategies for amidation use very dehydrating conditions as a driving 
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force for the condensation, presumably to avoid this inactive form existing in 

reactions. In the case of Gly-CN this may be overcome by using a wet-dry cycle 

approach as an active water removal method, but some crude experiments have 

revealed that a great deal of polymeric species is present in these experiments. 
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2.3 Towards a cysteine-based ligation strategy 

2.3.1 Introduction and preliminary investigations 

Cysteine is said to have been a late addition to the genetic code,226, 227 and some 

work supports the notion that more complex organisms possess more cysteine 

residues in their protein sequences.228 It is a relatively rare amino acid, with just 

over 2% of residues in homo sapiens being cysteine.228 Cysteine plays an 

essential role in the tertiary structural motifs of proteins, as when oxidised it forms 

disulfide bonds with itself which are able to tether together residues which would 

otherwise be separated spatially. As a thiol, cysteine features particularly 

prominently in proteases from the papain family (papaya, fig, kiwifruit, etc.), where 

it forms catalytic dyads and triads with residues such as histidine and aspartic 

acid.229 Cysteine binds metals and heavy metals, where it forms active sites with 

elements such as zinc, copper, iron, and nickel.230 Prebiotically, these binding 

properties have been applied to iron sulfur clusters which are claimed to be 

ancient co-factors.61-63 

A prebiotically plausible synthesis for cysteine has long remained an elusive 

target for prebiotic chemists, as analyses of Miller-Urey spark discharge 

experiments carried out with hydrogen sulfide have failed to detect any significant 

amounts.44, 231 Discovering a such a synthesis for cysteine may uncover 

potentially mutually held pathways with other prebiotic subsystems, and the 

heuristic implications of this are unknown, but enticing. This understanding may 

well be essential to our broader understanding of the origins of the genetic code 

and eventually to the chemical origins of life.  

2-Mercaptoacetaldehyde 103, which is the ‘formal’ Strecker aldehyde of cysteine, 

resides in its cyclic dimer form 134, and when treated with ammoniacal cyanide 

solution results in an intractable mixture. This is most likely due to the precursor 

nitrile to cysteine, Cys-CN, reacting with itself via an incipient nitrile thiol addition 

reaction to give a polymeric product (Figure 22, see section 3.3.1 for method). 
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Figure 22. 1H NMR (600 MHz, H2O, noesygppr1d, 2.25-9.5 ppm) spectrum the Strecker reaction 
performed on 2-mercaptopacetaldehyde 103 (200 mM). The cluster of unassignable peaks 
between 2.5 and 5.5 ppm is indicative of a slew of products, some of which are likely to be more 
soluble polymeric species. Longer polymers may have lower solubility, and an insoluble product 
was found in the mixture. This insoluble solid was later isolated, dissolved in DMSO-d6, and 
analysed by NMR spectroscopy to reveal a similarly complex mixture. 

The reaction of amino thiols with nitriles to give thiazolines such as 135 (above) 

is well understood for various substrates,232-236 and the reaction of cysteine in this 

manner features prominently in the synthesis of firefly luciferins.237 The complex 

degradation observed above was assumed to be due to the unique 1,2-aminothiol 

linkage that cysteine possesses reacting similarly. Due to its reactivity, we also 

investigated cysteinec as an additive under the time-course reactions carried out 

with Gly-CN at neutral pH.  

                                            
c All cysteine (Cys-OH) used for reactions in this section and in subsequent parts 
was L-cysteine.  
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Upon reaction of Gly-CN (100 mM) with cysteine (1.0 eq.), at neutral pH and 

room temperature for 24 h, NMR spectroscopy appeared to show the presence 

of a thiazoline species (136). This was implicated due to a distinct peak and 

splitting in the NMR spectrum at ca. 4.5 ppm as a result of the cysteine α-proton 

shifting downfield and was in agreement with literature values for the same 

compound (which was published concurrently while this work was being 

conducted).238 It is also known in the literature that the hydrolysis of thiazolines 

is acid mediated,239 and from this it was believed that hydrolysis to glycylcysteine 

(Gly-Cys-OH) was also being observed (Figure 23, see also Table 23 in section 

3.3 for further initial investigations on thiazoline 136 formation).  

 

 

Figure 23. 1H NMR (600 MHz, H2O, noesygppr1d, 0.5-5.0 ppm) spectrum to show the reaction of 
aminoacetonitrile (Gly-CN, 100 mM) with cysteine (Cys-OH, 100 mM) with t-BuOH (50 mM) as 
the internal standard after 1 h at pH 7 and room temperature. See Table 23 in section 3.3 for 
further data. The method for this reaction is as detailed for those in Figure 24, found in Table 24 
in section 3.3.3.. 

To confirm unequivocally the hypothesis that cysteine was reacting with Gly-CN 

to give the thiazoline 136 which was subsequently undergoing hydrolysis to the 

peptide product Gly-Cys-OH, a reaction was carried out with fully protected 

analogues of the starting materials. Ac-Gly-CN was treated with Cys-OMe at pH 

5, and both the protected thiazoline 137 and the peptide Ac-Gly-Cys-OMe were 
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successfully isolated and fully characterised (Scheme 52, see section 3.5.16 for 

characterisations).  

 

Scheme 52. The reaction of Ac-Gly-CN with Cys-OMe at pH 5, after 1 week. The reaction was 
carried out at pH 5 to accelerate hydrolysis of the thiazoline 137 formed. 

During the studies detailed below, work was published concurrently by the Vallée 

group on the subject of a ‘thiol rich peptide world.’240 The synthesis of the 

thiazoline 136 and the hydrolysis to the dipeptide Gly-Cys-OH is described by 

the same method. 

2.3.2 Towards direct thiazoline ligation 

The central endocyclic sp2 thiazolyl carbon was initially identified as a potentially 

electrophilic site. It was thought that once an amine attacked this carbon a 

tetrahedral intermediate might form (138). Then, addition of water would cleave 

the C-S bond (139), creating another tetrahedral intermediate (140) that could 

collapse to a glycyl peptide, releasing cysteine, overall resulting in a catalytic 

route (Gly-AA-OH, Scheme 53).  

 

Scheme 53. Amide bond formation resulting from the reaction of an amine with the potentially 
electrophilic site present in thiazoline 136.   

A variety of nucleophiles were trialled. Disappointingly, a reaction in this manner 

was not found to be taking place, as confirmed by spiking of authentic samples 

and NMR studies (Scheme 54 and section 3.3.2). This was not necessarily 
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surprising, however, as if the hydrolysis of the thiazoline is acid mediated, it is 

likely that the endocyclic nitrogen would initially need to be protonated before 

water attacks the central ring carbon to form the tetrahedral intermediate. Such 

as that is, the attack of an amine nucleophile would also require the endocyclic 

nitrogen to be protonated. However, the attacking amine would also have to be 

not protonated simultaneously for nucleophilic attack, and there may not exist pH 

values that fulfil these conditions, meaning the required components for reaction 

progress are mutually incompatible. Alternatively, the addition of a nucleophile 

could be reversible, and the equilibrium could lie far to the starting material side.    

  

Scheme 54. Summary of the scope of nucleophiles scope explored. Gly-CN was both trialled as 
an excess reagent from the start, and with addition of fresh reagent. See Scheme 97 in section 
3.3.2 for method. 

In an attempt to activate the sp2 endocyclic carbon further to nucleophilic attack 

(142) and realise the possibility of the mechanism outlined in Scheme 53 without 

the problem of mutually incompatible pH values associated with the endocyclic 

nitrogen and an incoming amine nucleophile, N-methylcysteine (N-Me-Cys-OH) 

was proposed as an alternative thiol (Scheme 55 and 3.3.2). This compound was 

synthesised in excellent yield (93%) in a dissolving metal reduction of (R)-

thiazolidine-4-carboxylic acid 143. Ligation reactions took place at pH 5 and 7 but 

they resulted in uncontrollable mixtures of potentially polymeric species.      
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Scheme 55. Top: Synthesis of N-Me-L-Cys-OH. Bottom: Use of N-Me-L-Cys-OH to potentially 
circumnavigate the issue associated with mutually incompatible pH values for nucleophilic attack 
on the thiazoline. See Scheme 98 in section 3.3.2 for method.   

2.3.3 Investigation into the hydrolysis of thiazoline 136 

Given these problems faced with a direct ligation strategy, and the unprompted 

conversion of 136 to Gly-Cys-OH, the acid mediated hydrolysis was of 

considerable interest and was therefore investigated further to ascertain the 

optimum conditions for formation of the dipeptide.  

A 48 h NMR time-course carried out at pH 4, 5, 6, and 7 revealed that the 

formation of the thiazoline 136 was rapid and similarly high yielding at pH 5, 6, 

and 7 with concentrations levelling off and increasing slowly after 4 hours at room 

temperature. The reaction at pH 4 exhibited a very low yield of 136 but a high 

yield of Gly-Cys-OH. Similarly, lower yields of Gly-Cys-OH were observed at pH 

5, 6, and 7 (Figure 24 and Figure 25).  
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Figure 24. 1H NMR yield of the thiazoline 133 from the reaction of Gly-CN (100 mM) with cysteine 
(1.0 eq.) at pH 4, 5, 6, and 7, at room temperature relative to an internal standard (t-BuOH, 50 
mM). See Table 24 in section 3.3.3 for method.  

 

 

Figure 25. 1H NMR yield over time, relative to Gly-CN, of Gly-Cys-OH formation from the reaction 
of Gly-CN (100 mM) with cysteine (1.0 eq.) at pH 4, 5, 6, and 7, at room temperature relative to 
an internal standard (t-BuOH, 50 mM). See Table 24 in section 3.3.3 for method.   
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These results clearly demonstrate that the hydrolysis of thiazolines is, as 

previously reported,241 acid mediated. The mechanism is likely to require the 

initial protonation of the endocyclic nitrogen before water can attack the central 

carbon, as suggested before. To further confirm this, a reaction at pH 9 revealed 

the formation of a small amount of 136 but no presence of Gly-Cys-OH (Table 

23 in section 3.3.1).  

The low yield of 136 at pH 4 may be explained by the fact that as soon as 136 

forms it is rapidly hydrolysed. At pH 4, this would imply that the rate determining 

step for the formation of Gly-Cys-OH is the cyclisation of Gly-CN with cysteine. 

Conversely, at pH 5, 6, and 7, the formation of thiazoline 136 may be similarly 

slow, but that once formed it is able to accumulate on account of its slower 

hydrolysis at these pH values relative to pH 4. 

The reactive groups in cysteine have high dissociation exponent values (pK) 

compared to the acidic or neutral pH that the reaction takes place at (NH3
+

 = 

10.03, SH = 8.08).242 If it is assumed that the reaction must take place via free 

amine and thiolate, then this reaction is quite remarkable. However, since the 

reaction takes place at acidic pH values this assumption is probably naïve, and 

therefore it poses questions about the proton transfers that are likely to be 

required for the reaction to take place. 

To further probe the mechanism of the reaction, the reaction for the formation of 

136 was carried out in DMSO-d6 (polar aprotic) and D3COD (polar protic) with 

stoichiometric triethylamine, relative to Gly-CN, to ascertain if the proton transfers 

that water enables were required for the reaction to take place. In both cases, the 

reaction did not take place to any significant degree (Scheme 99 section 3.3.3). 

This suggests that there are important proton transfers taking place during the 

reaction which are best suited to happen in water.  
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2.3.4 Towards a native chemical ligation based strategy for ligation  

Native chemical ligation (NCL) was developed in the early 1990s by Kent243-245 

as a methodology to synthesise and modify peptides of moderate lengths (< 200-

mer) by ligating a synthetically produced thioester and a peptide with an N-

terminal cysteine. The formation of the amide bond drives the equilibrium position 

of the reaction at near neutral pH. Since the technique has emerged it has 

remained an important tool in protein chemistry. Macmillan246-248 has further 

developed aspects of intein chemistry to demonstrate that the equilibrium of the 

reaction can be shifted into reverse in the presence of a vast excess of a thiol. 

NCL can therefore perform the opposite function – cleaving proteins with internal 

cysteine residues to generate thioesters which then allow further synthesis or 

modification, as required (Scheme 56).   

 

Scheme 56. In standard NCL transthioesterification occurs rapidly and near quantitatively to give 
a transient cysteinyl thioester which is able to convert to the more stable amide form through a 
rapid intramolecular reaction. In reverse NCL, a vast excess of RSH, typically several hundred 
equivalents, is able to intercept the miniscule amount of the transient cysteinyl thioester that forms 
in the equilibrium to give a peptide thioester. The main challenge of standard NCL is the clean 
and facile synthesis of peptide thioesters, and reverse NCL is a partial solution to this pernicious 
problem in the field. 

The conditions of NCL were also thought to be potentially analogous with those 

present at the origin of life. It is possible that local concentrations of prebiotic 

thiols could be remarkably high if they had the opportunity to accumulate in an 

evaporite basin or in the vicinity of volcanic activity.249 Thioesters themselves are 

also ubiquitous motifs in extant biology, serving a huge array of important 

functions which range from non-ribosomal peptide synthesis with coenzyme A 
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(see section 1.3.3) to ester formation, and the biosynthesis of lignin – which 

makes up a significant proportion of the Earth’s biomass.250  

The thioester world theory suggested by Lipmann,251 and later popularised by de 

Duve252, 253 in the mid-1990s, proposed thioesters as a key part of the earliest 

protometabolic sequences. The thioester bond, as de Duve distinguishes, is ‘high 

energy’, and may have fulfilled a versatile triple function of storing energy, 

releasing energy, and allowing the synthesis of peptides. More recently, work by 

Whitesides254 has developed an interesting thioester based network with 

oscillatory, bistable, and autocatalytic behaviours, adding some context to the 

potential role thioesters could have played on the early Earth.     

With this in mind, and encouraged by the identification of the conditions which 

gave the pleasing spontaneous formation of a C-terminal cysteine peptide bond 

in water, the prospect of a prebiotic native chemical ligation based strategy for 

the synthesis of other dipeptides was appealing. Through incubating Cys-Gly-

OH observed in the reaction in the presence of a large excess of a thiol, it was 

imagined that a glycyl thioester would accumulate and stand ready to react with 

an amine to give a new peptide (Scheme 57).  

 

Scheme 57. The proposed sequence for an NCL based strategy for the unprotected formation of 
peptide bonds in water. This process would be catalytic in cysteine, overall, which would serve to 
activate the nitrile to amidation vicariously through 136 and Gly-Cys-OH.   

Further to this concept, reverse NCL is possible over a broad pH range (5-8) and 

at these pH values the low pKaH (5.5)218 of Gly-CN would ensure a significant 

quantity would be deprotonated and thus be available for ligation. Moreover, the 

N-terminus of the original Gly residue would have a significantly higher amine-

type pKaH of around 9-10 as its nitrile group was no longer present, meaning it 
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would not be able to interfere in the reaction, potentially resulting in an 

unprotected ligation sequence. The sequence context of NCL motifs is also 

important, and terminal Gly-Cys-OH residues, as was present in this case, have 

been found to have the highest thioester yields when tested against a range of 

model peptide substrates with varying Gly-Cys residue positions.247 

Suitable initial conditions for the procedure were next sought, and encouragingly 

it was found that the most often used conditions in the literature246, 247 would sit 

well with the original reaction of Gly-CN and cysteine to give Gly-Cys-OH. 

Reverse NCL procedures typically take place in phosphate buffer at pH 5.8, a pH 

value, as previously determined (see section 2.3.3), that would not only allow the 

formation of Gly-Cys-OH but also give the incoming aminonitrile nucleophile a 

sufficiently neutral state. Despite its high yield of Gly-Cys-OH, the reaction at pH 

4 would not satisfy this condition. 

The background hydrolysis of any thioester which formed under the conditions 

was also an important consideration, and fortunately work has been carried out 

in the context of thioesters on the early Earth to determine their stability in 

aqueous solutions of various pH values.255 A pH value of 5.8 would neither allow 

the acid or base mediated hydrolysis pathways to take hold, as pH values 

between 3 and 7 represent the lowest rates of hydrolysis in this context.  

One of the most popular thiols used for the formation of these thioesters in NCL 

is sodium 2-mercaptoethanesulfonate (MESNa). MESNa is a highly water 

soluble, non-volatile, and odour free solid which does not require an inert 

atmosphere. MESNa is also found as a coenzyme in methanogenic bacteria 

(coenzyme M).256 Despite not being conceivably prebiotic, it was selected as the 

model thiol in these studies.  

NCL uses proteins or peptides, typically with low concentrations (<1 mM), and 

therefore mass spectrometry is utilised as the chief technique due to its sensitivity 

and easy diagnostic assessment in determining reaction progress. Early on it was 

therefore recognised, as demonstrated by Macmillan,247 that isotopic labelling of 

the key nitrile carbon in the reaction sequence would be necessary if NMR were 

to be used as the primary investigation technique. This was because if MESNa 

was to be in the high excess equivalence required (ca. 600 eq., 0.7 M, 10% w/w) 
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this would take it to its limit of solubility. Accordingly, the peptide substrate would 

be at a very low concentration (ca. 1 mM) as a consequence of this, not all of 

which was certain to react to form 136, Gly-Cys-OH, and eventually the thioester, 

so observing non-labelled thioesters would likely be well beyond the sensitivity of 

conventional carbon NMR techniques. Once a 13C site has been installed at the 

diagnostic position, the great deviation in 13C NMR chemical shift between a 

nitrile, thiazoline, amide, and thioester would be highly indicative of reaction 

progress. Thioesters typically have 13C NMR chemical shifts of above 200 ppm, 

which is beyond the typical 13C NMR chemical shift range for sp2 carbon nuclei, 

and is therefore not generally confused with other motifs, so reactions were 

assessed on this basis. As is common practice in NCL chemistry, 3,3′,3′′-

phosphanetriyltripropanoic acid (TCEP) was also included as a disulfide reducing 

agent to ensure that as much thiol as possible was available for reaction and to 

keep the overall environment reducing (Scheme 58).   

 

Scheme 58. Expansion of Scheme 57, taking into account thiol choice, conditions, and the 
proposed pathways and the key 13C NMR environment that might be observed over the course of 
the reaction. The top pathway shows the ideal net effect of the reaction, while the bottom pathway 
shows the intermediates that the reaction would pass through on the way to amide bond 
formation.  

To this end, a synthesis of Gly-13CN was pursued, but it presented a pernicious 

challenge in its purification step. Despite multiple attempts following on from a 

patent257 to optimise the Strecker reaction with non-isotopically labelled 

potassium cyanide, formaldehyde, and ammonium chloride in the first instance 

(see Scheme 6 section 1.3.2), the best reaction yielded an isolated sample of 

Gly-13CN with an impurity of ammonium chloride (27.5% w/w ammonium 
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chloride, as determined by NMR). Although ammonium chloride was potentially 

another nucleophile to interfere with the reaction, it was though that the pH would 

be low enough such that ammonium would predominate over ammonia.  

Rather than use further resources to perfect the synthesis of Gly-13CN, the 

compatibility of ammonium chloride with thiazoline 136 and Gly-Cys-OH 

formation was examined instead. Ammonium chloride at an increased loading 

(1.0 eq.) was therefore included under the same conditions as detailed in Figure 

24 and Figure 25 to exaggerate any outcome it had on the reaction. At pH 5, there 

was a small decrease in both 136 and Gly-Cys-OH yields, but at pH 7 a moderate 

increase in Gly-Cys-OH was observed (see Table 25 in section 3.3.4). Following 

this, the presence of an ammonium chloride impurity was not deemed 

problematic.  

The reaction of Gly-CN with cysteine in phosphate buffer had not been previous 

investigated, so this was attempted to observe any changes to the dipeptide yield. 

Unfortunately, despite improving the formation of 136, pH 5.8 phosphate buffer 

(100 mM) greatly hindered the formation of Gly-Cys-OH via the hydrolysis of 136 

(see Table 26 in section 3.3.4). This meant that the synthesis of these species 

would have to take place separately and the resulting mixture later treated with a 

buffer solution containing MESNa and TCEP under NCL conditions. Fortunately, 

as the formation of Gly-Cys-OH was found to be robust between pH 5-7, this was 

also not considered to be an issue going forward. 

With all this information taken into account, the first step and preliminary marker 

of success was to determine if the Gly-13C-S-MESNa thioester formation was 

possible under the proposed conditions. With an understanding of the conditions 

for the formation of Gly-Cys-OH in hand, a solution of Gly-13CN (100 mM) was 

treated with cysteine (100 mM) at pH for 8 h to form the desired dipeptide. A small 

aliquot of this mixture (10 μL) was then added to a solution containing MESNa 

(10% w/w) and TCEP (0.5% w/w) in phosphate buffer (990 μL, 100 mM), and 

after 48 h at 60 °C, a relatively small 13C NMR signal at 215.6 ppm was observed, 

which was thought to be responsible for the Gly-13C-S-MESNa thioester. This 

chemical shift is also in agreement for those found in the literature for 

thioesters.248 This result was highly significant and demonstrated that 
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unprotected cysteine mediated thioester formation was indeed possible (Scheme 

59). 

 

 

Scheme 59. 13C NMR (151 MHz, H2O, 160-220 ppm) spectrum to show the reaction of MESNa 
with the transient cysteinyl thioester Gly-13C-S-Cys-OH to give Gly-S-MESNa. Inset: 1H–13C 
HMBC (1H: 600 MHz [2.1-2.6 ppm], 13C: 151 MHz [200-230 ppm], H2O) spectrum showing the 
diagnostic 3JCH coupling of the thioester to either the MESNa CH2 or Gly CH2. See general 
procedure 2 in Scheme 100 in section 3.3.4 for method.  

The examination of the role and requirement of MESNa as a thiol and TCEP was 

important to understand, so variations on the reaction detailed in Scheme 59 were 

attempted. Lowering the loading of MESNa (Table 4, entries 1 and 2) produced 

no downfield thioester peak, so it was thought the high equivalence was required 

for transthioesterification. Removing the reducing agent, TCEP (entry 3), gave a 

thioester signal in the 13C NMR at 215 ppm, meaning that a reducing environment 

not be essential. Entry 4 was an unbuffered reaction at pH 7, without TCEP, and 

this did not produce a thioester peak. Finally, 3-mercaptopropionic acid (MPA, 

entry 5) was tested as it is another commonly used thiol, and this resulted in a 

peak at 208 ppm, which was highly indicative of the formation of a thioester from 

this thiol. 
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Table 4. Modifications to the reaction described in Scheme 59. See Scheme 100 in section 3.3.4 
for general procedure 2.  

 

Entry Thiol (% w/w) TCEP (% w/w) Buffer 13C NMR peak (ppm) 

1 MESNa (5) 0.5 Pi 5.8 (0.1 M) none 
2 MESNa (7.5) 0.5 Pi 5.8 (0.1 M) none 
3 MESNa (10) none Pi 5.8 (0.1 M) 215 
4 MESNa (10) none pH 7 none 
5 MPA (10) none Pi 5.8 208 

Having further understood the reaction conditions that were conducive for the 

formation of thioesters, and to realise the aim of the project, the inclusion of an 

excess of reactive amine was the next logical step to induce the formation of a 

peptide bond. The excess would be able to intercept the thioester which formed, 

resulting in a peptide. The same reaction as detailed in Table 4 entry 3 was 

repeated, with the addition of 1 mg of Gly-13CN (ca. 10 eq.) to the second step of 

the reaction. The 13C NMR chemical shift associate with a thioester was not 

observed, and surprisingly a small cluster of signals was observed between 130 

and 150 ppm – the identities of which were not immediately obvious (Scheme 

60).  
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Scheme 60. 13C NMR (151 MHz, H2O, 120-190 ppm) spectrum to show the reaction of MESNa 
with the transient cysteinyl thioester Gly-13C-S-Cys-OH in the presence of an excess of ca. 10 
eq. of Gly-13CN at pH 5.8 in phosphate buffer. Highlighted by arrows are the new peaks which 
were not identifiable. See Scheme 100 in section 3.3.4 for general procedure 2.  

Similarly, this same reaction at pH 7 resulted in another set of the same 13C NMR 

signals. It was thought that these peaks may be due to a process of Gly-13CN 

cyclising with itself. The large excess of MESNa may permit the formation of an 

imidothioate with Gly-13CN after which an amidine bond is created through the 

reaction of another molecule of Gly-13CN. This amidine may then be able to 

participate in an intramolecular reaction with the pendant nitrile to give a number 

of possible cyclic imidazole-type species (Scheme 61).  
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Scheme 61. Proposed mechanism and products for the cyclisation of the peptide product which 
resulted in the unidentifiable set of peaks for the reaction detailed in Scheme 60, and at pH 7. 

The possibility of this mechanism draws similarities with the work that Pascal 

carried out on 5(4H)-oxazolones174, 178, 179 (Scheme 15 section 1.3.3). However, 

the difference in this case is that while Pascal used a cyclisation to activate 

species to nucleophilic attack, resulting in ligation, it may be that aromatisation of 

the ring in this case could render it totally inactive to further reactions, including 

ligation. An NCL control experiment, of the pre-made solution of 136 and Gly-

Cys-OH with no MESNa was carried out, and it was found that the sample was 

unchanged over the course of 48 h at 60 °C. Next, a sample of Gly-13CN (2 mg) 

was treated with MESNa (10% w/w) at pH 7 in phosphate buffer (0.1 M) for 48 h 

at 60 °C. This experiment again revealed a grouping of signals which had HMBC 

correlations with one another – confirming that some sort of aromatisation, which 

could only occur through cyclisation, had to be taking place (Figure 26). 
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Figure 26. 1H–13C HMBC (1H: 600 MHz [6.25-8.75 ppm], 13C: 151 MHz [120-165 ppm], H2O) 
spectrum showing the diagnostic 2JCH and 3JCH coupling correlations of the proposed aromatic 
species (Scheme 61). 

These reactions demonstrate a potentially substantial problem for this ligation 

strategy. Frustratingly, the reaction of MESNa with Gly-CN had been entirely 

overlooked, and there was not an immediately clear solution to overcome this. 

Despite the 13C NMR analysis being highly indicative of a successful reaction with 

regards to the formation of MESNa thioester, it was difficult to assess the amount 

of thioester formed. What can be tentatively inferred from the relative peak 

heights (a poor measure itself) is that there was a small amount in comparison to 

the Gly-13CN being used, which was already at a very low concentration. 

Additionally, if glycine was used as a coupling partner to circumvent the 

cyclisation that was presumed to be occurring, a combination of the small amount 

of thioester present and the high pKaH of the reacting amine compared to the 

reaction pH would mean that the amount of dimer product would be very small. 

Raising the pH to accommodate amines such as amino acids would then induce 

the thioester hydrolysis chemistry which Whitesides255 had previously determined 

to take place rapidly above neutral pH, rendering the whole overall process of 

thioester formation to simply a nitrile hydrolysis.  

The significant side reaction faced whereby the excess of thiol is able to form an 

active imidothioate species with the ligating excess of Gly-CN allows a competing 

and detrimental 5-exo-dig cyclisation to take place, bypassing cysteine entirely, 

and rendering the reaction effectively useless. Even if the final control experiment 
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(that of Gly-CN with MESNa) had been done at the start of the investigation, and 

with the knowledge from the simultaneously published paper240 that α-

aminonitriles were susceptible to cyclisation after imidothioate formation with a 

thiol, this NCL strategy was certainly still worthy of investigation. There was no 

understanding or previous precedent as to where the equilibrium of the nitrile and 

imidothioate intermediate lay, and it could have been argued that the stability of 

the nitrile bond may have favoured the reactant side of the reaction. However, 

given the massive excess of MESNa the formation of the imidothioate was likely 

to be more favourable. Because of this, there may have been very little Gly-13CN 

left over from the already low concentration to form the amidine (or the amide via 

the desired NCL route). It can be tentatively assumed from the small relative peak 

heights in the aromatic region that the ligation to give the amidine was generally 

sluggish with respect to this side reaction because of this concentration problem. 

But when formed the intramolecular cyclisation of the amidine to the aromatic 

species is likely to have been fast (Scheme 62). Given the complex interplay of 

these competing factors, carrying out this ligation strategy was the best way to 

ascertain if this protocol would give the desired result.   

 

Scheme 62. Most probable reaction sequence leading to cyclisation of Gly-13CN in the presence 
of an excess of MESNa.   

2.3.5 Conclusion 

The reactivity that cysteine has with Gly-CN to give 136, and the hydrolysis of 

136 which gives Gly-Cys-OH has been investigated. The hydrolysis was shown 

to be acid mediated. Attempts at the direct reaction at a potentially electrophilic 

site identified in 136 were found not to be possible. A native chemical ligation type 

strategy was successful in forming the key intermediate thioester, but overcoming 

the balancing act of amine pKaH, solubility, deleterious side reactions, and low 

overall thioester conversions means that this strategy is not likely to be favourable 

for the formation of peptide bonds on the early Earth, or indeed in a synthetic 

setting.  
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2.4 Thiol catalysed prebiotic peptide ligations in water 

2.4.1 Introduction 

The reactions detailed above reveal the unique reactivity that cysteine may have 

with nitriles. This has not gone unnoticed in the literature, and previous work by 

Eschenmoser258 has identified and exploited this reactivity to synthesise 

polypeptidyl amidine structures. The paper ultimately sets out to produce short 

peptides with alternating amide and amidine linkages. This gives species which 

are positively charged on one face that might be able to electrostatically interact 

with the negatively charged sugar phosphate backbone of a polynucleotide. The 

syntheses of these secondary amidines, outlined in Scheme 63, first takes place 

by alkylation of a thioamide with Meerwein's Salt (Et3O+PF6
-) to give an 

imidothioate. This activated species is then able to undergo ligation with an amine 

coupling partner with a C-terminal amidine, releasing ethanethiol.  

 

Scheme 63. The synthesis of polypeptidyl amidine sequences. The final species can be 
deprotected under acidic conditions to form a free amine which can then be used to perform 
further ligation reactions by the same reaction sequence. In this way, polymers of up to 6-mer 
were formed.258  

To form the primary amidine structures giving the positively charged C-terminus 

of the polymers (Ala-GlyN-NH2 in Scheme 63), a novel sequence with cysteine 

as a catalyst was developed. This was established to circumvent a three-step 

process involving thiolysis, alkylation, and aminolysis of a nitrile. Cysteine was 

found to activate the nitrile to give an imidothioate which could then be directly 

intercepted by the ammonia present in the solvent (methanolic ammonia) to give 

the desired primary amidine. Once deprotected, this species could be ligated with 
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the imidothioate resulting from the Meerwein's Salt reaction above to terminate 

the peptide sequence (Scheme 64).   

 

Scheme 64. Top: Direct amidine formation with a catalytic quantity of cysteine. The structure in 
brackets, which is not observed, is the suggested intermediate which allows activation of the 
amidonitrile. Bottom: The potential three-step route to the same compound, the first two steps 
were carried out but the last was performed on a different substrate.258  

The amidine structures formed can also undergo hydrolysis to give amides under 

prolonged heating in buffer solution at pH 6 – meaning they potentially offer a 

new route to peptide bonds from nitrile precursors (Scheme 65). 

 

Scheme 65. Amidine hydrolysis to a peptide in phosphate buffer. The product was isolated as the 
tosylate salt. 

Mack expanded on this work by using N-acetylcysteine Ac-Cys-OH and 

ammonia passed through methanol to synthesise primary amidines.259 This 

paper makes an interesting note about Eschenmoser’s work – that with the 

substrate Boc-Ala-Gly-CN (Scheme 64) sole formation of the primary amidine in 

the presence of stoichiometric cysteine and methanolic ammonia does not occur 

as thought. Instead Mack observed a 40:60 mixture of the primary amidine and 

the thiazoline derivative (through cyclisation, see section 2.3). Consequently, the 
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acetyl protection of the amine in Ac-Cys-OH prevents the formation of any of this 

thiazoline, and allows the intermediate imidothioate to form before being 

intercepted by ammonia. A single experiment in this research makes use of an 

alternative method, utilising a catalytic quantity of Ac-Cys-OH and ammonium 

acetate as the source of ammonia to effect the transformation between 143 and 

144 (Scheme 66). 

 

Scheme 66. The single experiment which demonstrates a catalytic role of thiols in the activation 
of nitriles to nucleophilic attack by ammonia.  

Amidines are perhaps understudied motifs in organic chemistry, but they may 

represent an interesting and perhaps underutilised precursor to amides, which 

have long been a prized synthetic target by organic chemists.169 Given the work 

detailed above the prospect of a carrying out a ligation strategy with a cysteine-

based catalyst was intriguing.  

It was thought that if the reaction could take place in water instead of methanol, 

and by replacing the ammonia present in these reactions with an amino acid or 

its derivatives, a secondary amidine would form. After formation, hydrolysis of this 

amidine to a peptide bond could occur. These conditions were also imagined to 

be conceivably prebiotic, as the presence of nitriles, amines and sulfur in the 

same locale has been suggested before.30  

If this sequence could be realised, it would represent a significant and clear 

departure from other prebiotic ligation sequences (see section 1.3.3). These 

approaches generally assume that carboxylic acids, which are activated by 

agents to give mixed anhydrides and then amides, are the hydrolysis products of 

a nitrile. This hydrolysis requires the installation of two oxygen atoms and removal 

one nitrogen atom, at the behest of a loss of the latent free energy concealed in 

a nitrile. The activating agent also typically results from a challenging synthesis 

with the loss of free energy elsewhere. This method would not require the addition 

and removal of oxygen, but instead require the removal of the single nitrogen 

present in the nitrile in the final hydrolysis step of the reaction. In this case, the 
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overall number of steps would be reduced from four to three, offering another 

potential improvement (Scheme 67).  

 

Scheme 67. Possible, idealised, and theoretical reaction coordinate for a conventional 
carboxylate activate strategy using a high-energy heteroallene (conventional strategy). The 
amidine strategy (this strategy) passes through an imidothioate intermediate and in doing so, one 
less step is required. With this pathway, the dormant free energy concealed in a nitrile is exploited. 

There is some precedence for this strategy in the medicinal chemistry literature. 

The covalent inhibition of cysteine proteases with α-amidonitriles is an area which 

has received interest for some time in the medicinal chemistry community.260 A 

range of drug molecules have been developed that involve the reaction of the 

thiol in cysteine with a nitrile to give an imidothioate, which results in the inhibition 

of the enzyme in question (Scheme 68).261-264 

 

Scheme 68. General scheme for the inhibition of a histidine-cysteine catalytic dyad with a nitrile 
containing drug.  
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2.4.2 Preliminary investigations  

From the cyclisation chemistry that was observed with Gly-CN under NCL-type 

conditions (see section 2.3.4) it was realised that an amine protecting group on 

the N-terminal nitrile together with an amino acid or amino amide as the C-

terminal coupling partner would be an advantageous change to mitigate against 

aminonitrile self-ligation and subsequent cyclisation in the proposed reaction 

sequence. The acetyl group was selected, as it represents a similar electronic 

state of an actual peptide bond, and would therefore be an accurate mimic for an 

extended peptide chain. This idea could also be true for the C-terminus, because 

while amino acids are an interesting and important test bed, amino amides were 

similarly earmarked as a potentially accurate proxy for a longer peptide sequence 

(Scheme 69).  

 

Scheme 69. Top: the predicted self-ligation and cyclisation chemistry which could take place if an 
unprotect nitrile was used. Middle: The acetyl group as an accurate mimic for a peptide sequence. 
Bottom: A amino amide can similarly represent a longer peptide sequence.       

Initial conditions with Ac-Gly-CN (200 mM), a catalytic quantity of Ac-Cys-OH 

(0.3 eq.), glycine (1.0 eq.) were therefore selected and the reactants incubated 

under a screen of different conditions to ascertain if coupling was possible and, if 

so, to what extent it occurs (Table 5). Gratifyingly, ligation to give an amidine (Ac-

GlyN-Gly-OH) was observed in almost all cases, and some hydrolysis to the 

peptide product N-acetyl glycylglycine, Ac-Gly-Gly-OH was also seen, the 

presence of which was confirmed by the addition of an authentic sample to 

observe an increase in peak height. Another product, N-acetyl glycinamide, Ac-
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Gly-NH2, which was presumed to be formed from amidine cleavage upon 

hydrolysis (instead of hydrolysis to a peptide bond), was also confirmed by 

addition of an authentic sample to observe an increase in peak height. The screen 

of conditions revealed that pH 5 gave low yields at all temperatures, which was 

presumed to be due to the lack of free amine and thiolate at this pH, as Gly-OH 

and Ac-Cys-OH have dissociation exponents of 9.56265 and 9.74,266 respectively. 

Neutral conditions (pH 7) were superior at 60 °C, whereas pH 9 was found to be 

optimal at room temperature. This is based on the assessment of total yield of 

ligated products and the amount of undesired hydrolysis product, Ac-Gly-NH2.  

Table 5. Initial screen of conditions using Ac-Cys-OH as the catalyst for the formation of dimer 
products from the ligation of Ac-Gly-CN (200 mM) with glycine (1.0 eq.) under various conditions 
after 24 h. For method, see general procedure 2 in section 2.4.5.  

 
 Yield (%) 

Temp (°C) pH 5 pH 7 pH 9 

rt. - 28  

63 

5  

7  

40 - 50  
19  
51  
21  

60 6  
2  13  
60  33  
7  45  

The presence of the amidine product in the reaction at pH 7, 60 °C in Table 5, 

Ac-GlyN-Gly-OH, was confirmed by 1H–13C HMBC NMR spectroscopy267 and by 

electrospray ionisation high resolution mass spectroscopy (C6H12N3O3 [M+H]+ 

m/z = 174.0873, found 174.0873). 1H–13C HMBC NMR was found to be highly 

diagnostic of coupling products, due to the cross correlations observed between 

the 2JCH and 3JCH couplings of the α-protons (CH2) present in the glycine coupling 

partner with both the adjacent amidine and carboxylic acid (Figure 27 and Figure 

28). Peptidyl amidine bonds also exhibit a very distinct shift in their 13C NMR 

spectra, and are typically found in a range of 160-170 ppm,268 whereas carbonyl 

carbons associated with amides and carboxylic acids are typically found between 
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170-180 and 180-190 ppm, respectively. These highly characteristic shift values 

allowed for rapid and facile assessment of reaction success.    

 

 

Figure 27. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0-5.0 ppm) spectrum to show the 
ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with glycine (Gly-OH, 200 mM) and 
(Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard after 24 h at pH 7 and 
60 °C. See general procedure 3 in section 3.4.4 for method. See section 3.4.1 for full 
characterisation.  

 

Figure 28. 1H–13C HMBC (1H: 700 MHz [3.50–4.50 ppm], 13C: 176 MHz [150-185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of Gly-αH-COOH in Ac-GlyN-Gly-
OH at 3.93 ppm with two C=O resonances at 176 and 164 ppm, which is characteristic of amidine 
bond formation of Gly-OH. See general procedure 3 in section 3.4.4 for method.   
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From these findings, a hypothesis was developed about the proposed 

mechanism, taking into account the work by Eschenmoser258 and Mack.259 First, 

the thiolate of Ac-Cys-OH activates the digonal carbon in Ac-Gly-CN, forming 

the imidothioate Ac-GlyN-S-(N-Ac)-Cys-OH. This activated species can then be 

intercepted by an amine, in this case glycine, to give the amidine Ac-GlyN-Gly-

OH, while releasing Ac-Cys-OH, resulting in a catalytic process. Hydrolysis of 

this species is then divergent via the tetrahedral intermediate 145, resulting in 

either the release of ammonia and formation of a peptide (Ac-Gly-Gly-OH, path 

A), or the cleavage of the amidine into Ac-Gly-NH2 and the release of glycine, 

the original amino acid in path B (Scheme 70).  

 

Scheme 70. Proposed mechanism for the Ac-Cys-OH catalysed formation of amidines and 
peptides in water.  

How the hydrolysis of the amidine could be directed to the peptide product was 

an important consideration. The reaction at pH 9, rt. from Table 5 was repeated 

and split into three aliquots, one remained at pH 9, and the pH of the other 

samples was readjusted to either 7 or 11, and the three samples were held at 

room temperature for an additional 24 h. For all three cases, no preference for 

hydrolysis to the peptide was observed. 
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These initial findings represent, at the time of writing, the first prebiotic peptide 

ligations using a peptide as a catalyst. In circumventing the need for nitrile 

hydrolysis, a key aim of the project was realised. 

2.4.3 Design of experiments study 

At this point it was prudent to understand how the conditions effected the outcome 

of the reaction, so a design of experiments study269 (DoE) was carried out. DoE 

is a statistical technique to probe the edge cases of a reaction’s space in order to 

determine which variables produce the most significant changes in the outcome. 

The MODDE 10 software was used and four variables examined (Table 6).  

Table 6. DoE reactions which were carried out under varying conditions of glycine equivalence, 
Ac-Cys-OH loading, temperature, and pH. The conditions attempted in entries 1-11 were dictated 
by the DoE design, entries 12-20 were added as extra data points from other experiments. 1Sum 
of NMR yields for X = O and X = NH against the internal standard of MSM (5 mM). See section 
3.4.2 for method. 

 
Entry Gly-OH (eq.) Ac-Cys-OH (mol%) Temp (ºC) pH NMR Yield1 (%) 

1 1.0 5.0 30 10.0 18 
2 3.0 5.0 30 5.0 0 
3 1.0 50.0 30 5.0 0 
4 3.0 50.0 30 10.0 46 
5 1.0 5.0 60 5.0 1 
6 3.0 5.0 60 10.0 25 
7 1.0 50.0 60 10.0 27 
8 3.0 50.0 60 5.0 10 
9 2.0 27.5 45 7.5 62 
10 2.0 27.5 45 7.5 73 
11 2.0 27.5 45 7.5 59 
12 1.0 10.0 60 7.0 22 
13 1.0 20.0 60 7.0 60 
14 1.0 30.0 40 5.0 0 
15 1.0 30.0 60 5.0 6 
16 1.0 30.0 40 9.0 70 
17 1.0 30.0 60 9.0 46 
18 1.0 30.0 20 5.0 0 
19 1.0 30.0 20 7.0 28 
20 1.0 30.0 20 9.0 68 
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Figure 29. Plot showing the R-squared (coefficient of determination), Q-squared, validity, and 
reproducibility of the model from the supplied dataset. The y-axis represents the degree of fit. At 
a value of one, the model is perfect, while a value of zero would represent no fit. This plot 
demonstrates that the model is good or excellent across these standard statistical measures.   

 

Figure 30. Plot showing the change in yield based on the variables of the model, with error bars. 
The pH was found to have the greatest effect on yield. A second term (pH*pH) was added to 
account for the non-linear relationship that pH has with the yield. The other dependencies, which 
are amine loading and catalyst loading, were found to have smaller variations, and since their 
error bars pass through yield = 0%, they are not statistically significant across the design space 
for the catalytic model of the reaction. This plot shows that under this design model – for sub-
stoichiometric Ac-Cys-OH loadings – modification of the pH of the reaction will produce the 
greatest change in reaction yield.  
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Figure 31. Plot showing the relationship of yield with pH, which demonstrates that the optimum 
pH for the reaction is most likely to be between pH 7 and 9. The upper and lower dotted lines 
represent the 95% confidence intervals, and the solid line represents the midpoint. 

The DoE study revealed that pH was the factor that had the largest effect on the 

yield of the reaction. According to the design, temperature did not have as large 

an effect on the reaction yield when compared to pH. Fortuitously, the conditions 

chosen initially, at either pH 7 and 60 °C or pH 9 and room temperature, both with 

0.3 equivalents of catalyst and 1.0 equivalent of amine, were both good 

conditions to take forward.  

pH 9 is mildly alkaline, and it was pleasing that the reaction was able to take place 

at room temperature at this pH. While at neutral pH and room temperature the 

reaction did not progress well, an increase in temperature was found to give a 

good yield, and so in the interest of making the reaction progress at pH 7, this 

was also chosen as a condition to take forward. 
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2.4.4 Excursus: towards a propagatable ligation sequence 

Although the ligation with glycine was successful, the prospect of a propagatable 

ligation sequence was an exciting and important consideration. To succeed, the 

initial reaction would have to involve the coupling of Ac-Gly-CN with Gly-CN, to 

give a C-terminal nitrile, and would additionally need to avoid the cyclisation 

chemistry observed in the NCL ligation reactions detailed in section 2.3.4 

(Scheme 71). 

 

Scheme 71. Required sequence for a successful propagatable ligation producing Gly polymer. 
Species 146 in red would be one possible result of the amidine cyclising with the nitrile.  

Conditions were attempted following on from the findings of the DoE study and 

first screen of conditions (vide supra), but an important first consideration was the 

difference in reactivity of a thiol(ate) with that of the nitrile in Ac-Gly-CN compared 

with Gly-CN at various pH values. This was because if they were to be included 

together under the ligating conditions, Ac-Gly-CN would have to outcompete Gly-

CN for the initial activation with Ac-Cys-OH.  

It was known from previous reactions that the yield of cysteine cyclising with Gly-

CN to form the thiazoline 136 was poorer at higher pH values (yield of 136 = 36% 

at pH 9, 500 mM reaction concentration, see Table 23 in section 3.3). This finding 

was surprising, because if the cyclisation first requires the nucleophilic attack of 

the thiolate then at higher pH values this could reasonably be assumed to take 

place more quickly, since the concentration of the cysteine thiolate would be 

greater (pKa = 8.08).242 This result can be rationalised by the reduction in 

electrophilicity that is experienced by the aminonitrile at pH values above its pKaH 

(Scheme 72). 
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Scheme 72. When protonated, the observation that the nitrile present in Gly-CN is more reactive 
with regard to cyclisation with cysteine can be accounted for by the partial positive charge which 
may reside on the digonal carbon as a result of the electron density in the molecule being attracted 
to the positive charge on the amine. Conversely, when the amine is not protonated, this partial 
charge may not be present, and in fact a partial negative charge may reside on the same carbon 
as the amine lone pair may have some donating character through a pseudo-resonance form. 

As an amidonitrile, Ac-Gly-CN cannot experience this effect because it does not 

undergo the same electronic changes, so its reactivity was thought to be 

principally proportional to the concentration of thiolate in solution and thus the pH 

of the reaction. The acetyl group may also be somewhat activating with respect 

to the nitrile, as cysteine does not react with nitriles such as acetonitrile,d but the 

strength of this effect was not fully understood. 

First, the reaction of Ac-Gly-CN with cysteine was examined under a range of 

conditions to ascertain if this substrate exhibited somewhat similar behaviour to 

Gly-CN reacting with cysteine as discussed in section 2.3. This irreversible 

reaction was thought to be a good comparative indicator of the electrophilicity of 

the nitrile in each of the corresponding species. Ac-Cys-OH was not used as it 

was believed that an imidothioate species (see Scheme 70) which would form 

upon the reaction of the thiol with the nitrile would be formed reversibly and 

possibly not observable by NMR.e This screen of conditions revealed that under 

acidic conditions the reaction was slower than that of Gly-CN with cysteine, the 

reaction of which was at near total conversion to 136 and Gly-Cys-OH at half the 

reaction concentration after 4 hours (see section 2.3.3, Table 24). Conversely, 

full conversion to 147 was observed at pH 9, and, as expected, no hydrolysis to 

Ac-Gly-Cys-OH took place. At pH 7, overall conversion was excellent, but 

hydrolysis was sluggish (Table 7). 

                                            
d MeCN (500 mM) and cysteine (500 mM) at pH 7, 24, room temperature did not react. 
e An experiment with Ac-Gly-CN and Ac-Cys-OH incubated at pH 7, 60 °C, for 24 h (following 

general procedure 3 in section 2.4.5 without any amine coupling partner present) demonstrated 
this, as no significant reaction was observed, nor a 13C NMR signal thought to be responsible for 
the imidothioate. 
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Table 7. Reaction yields of Ac-Gly-CN (200 mM) with cysteine (1.0 eq.) under various condition 
with MSM (5 mM) as the internal standard. See Scheme 101 in section 3.4.3 for method. 

 
Conditions % yield by 1H NMR 

pH  time (h) temp (°C) 147 Ac-Gly-Cys-OH total 

5 

24 rt 2 22 24 
48 rt 3 49 52 

6 60 2 57 59 

7 

24 rt 83 2 85 
48 rt 82 3 85 

6 60 32 42 74 

9 

24 rt 100 0 100 
48 rt 100 0 100 

6 60 86 0 86 
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Next, a competition reaction between Ac-Gly-CN and Gly-CN with cysteine was 

set up to observe if there was any preference for either 147 or 136 formation. At 

neutral pH, after one hour, the acetylated thiazoline 147 was observed with a 

modest selectivity over the non-acetylated version 136 (67:33, Scheme 73). 

 

 

Scheme 73. 1H NMR (600 MHz, H2O, noesygppr1d, 1.5-5.5 ppm) spectrum to show the reaction 
of N-acetyl aminoacetonitrile (Ac-Gly-CN, 100 mM) and aminoacetonitrile (Gly-CN, 100 mM) in 
competition with cysteine (Cys-OH, 100 mM) with MSM (5 mM) as the internal standard after 1 h 
at pH 7 and room temperature. See Scheme 102 in section 3.4.3 for method.  
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As expected, under alkaline conditions (pH 9), another reaction at a higher 

concentration exhibited even greater selectivity for the acetylated nitrile. 147 was 

observed in 87% yield, and while the original thiazoline 136 was obscured by 

other signals in the NMR, this partially confirmed the hypothesis surrounding the 

electrophilicity of Ac-Gly-CN and Gly-CN (Scheme 74). 

 

Scheme 74. Competition reaction at pH 9 between Ac-Gly-CN and Gly-CN with cysteine at 200 
mM with MSM (5 mM) as the internal standard. See Scheme 102 in section 3.4.3 for method, 
using double the concentration of substrate.  

A closer investigation of the reaction of Ac-Gly-CN with cysteine under more 

dilute acidic conditions (pH 5, 100 mM), revealed the opposite result, which 

further helped to confirm that the hypothesis surrounding the electrophilicity of 

these nitriles. Recalling from earlier investigations (see section 2.3.3) that at 

acidic pH values the thiazoline 147 was likely to hydrolyse over time to Ac-Gly-

Cys-OH, the total yield for the two species was recorded as an indication of 

reaction progress.f For the non-acetylated version Gly-CN, the total yield of 136 

and Gly-Cys-OH under the same conditions was 94% at 24 h (as shown in Figure 

24 and Figure 25 in section 2.3.3, ‘non-Ac total’ in Figure 32), whereas with the 

acetylated case here, the total is 44%. 

 

 

 

                                            
f The same was not done for reactions at pH 9 and 7 because the reaction to thiazoline 147 was 

complete in one hour and the hydrolysis to Ac-Gly-Cys-OH is acid mediated. At pH 7 the product 
distribution gave the required indication of nitrile reactivity. 
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Figure 32. Yield over time for the reaction of Ac-Gly-CN (100 mM) with cysteine (1.0 eq.) forming 
147 and Ac-Gly-Cys-OH. This result was observed for cysteine (pKa = 8.08),242 but given that the 
pKa of the thiol of Ac-Cys-OH is greater at 9.74266 it was thought that this effect was likely to be 
even more pronounced with this thiol. See Table 27 section 3.4.3 for method and data, with 
comparison to the same reaction with the non-acetylated Gly-CN. 

These results established that the ligation of Ac-Gly-CN with Gly-CN with Ac-

Cys-OH as the catalyst would be potentially possible on account of the 

preference that the thiol may exhibit for Ac-Gly-CN at the pH values where the 

reaction could feasibly take place. The conditions which were the result of the 

initial screen and the DoE study (pH 7, 60 °C and pH 9, rt.) were therefore 

attempted in the first instance. Unfortunately, while observing the reaction by 

NMR spectroscopy, both these conditions resulted in a low overall conversion 

and a huge host of products, including a great number of peaks in the aromatic 

region of the 1H NMR (7-9 ppm).  

It was realised that ligation was likely to be occurring to some extent, but that 

subsequently the undesired cyclisation chemistries, forming aromatic species, 

which had been observed previously with the NCL strategy were also taking 

place. Additionally, Gly-CN was undergoing side reactions which had also been 

previously investigated (see section 2.2).  
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It was realised that the pKaH of the amidine might have been playing a role which 

was being overlooked. Peptidyl amidines of the type synthesised by 

Eschenmoser typically have pKaH values of around 10,258 which is closer to those 

of guanidinium type species. However, amidines which are α to nitriles have 

significantly lower pKaH values, which is much like the drop in pKaH values seen 

between α-aminonitriles and α-amino acids. These amidinonitriles have values 

close to 7, with that of the amidine in Boc-Ala-GlyN-Gly-CN measured to be 

6.9258 (Figure 33).  

 

Figure 33. Boc-Ala-GlyN-Gly-CN. 

The pKaH value of an amidinonitrile was therefore established to be mutually 

incompatible with reaction pH values at which reactions of Ac-Gly-CN were 

known to outcompete Gly-CN for reaction with a thiol. That is to say, pH values 

near to or above 7 would result in Ac-Gly-CN being preferentially activated, and 

Gly-CN being sufficiently deprotonated for ligation, but that the resulting amidine 

(Ac-GlyN-Gly-CN) would cyclise as quickly as it was formed. This delicate 

balancing act of reaction pH is not the robust and tolerant conditions which are 

compatible with prebiotic chemistry.  
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To remedy this, an acidic self-ligation of Gly-CN was attempted at various pH 

values and temperatures to test if a small pH window existed for ligation (Table 

8). At more acidic pH values, this nitrile would be sufficiently electrophilic, the 

amine would be suitably deprotonated for reaction (pKaH = 5.61218), the resulting 

amidinonitrile would remain protonated and would therefore not be able to cyclise, 

and once ligated, the assumed increase in pKaH of the N-terminus would stop 

further reaction.  

Table 8. Gly-CN (200 mM) self-ligation under various acidic pH values and temperatures with Ac-
Cys-OH (0.3 eq.) as the catalyst. See Scheme 103 section 3.4.3 for method.  

 
 Yield (%) 

Temp (°C) pH 2 pH 3 pH 4 

rt. - < 1 3 
40 - 2 2 
60 - - - 
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Disappointingly, all cases revealed a fairly intractable mixture of products. Some 

reactions gave very low yield, with the best case being that at pH 4 and room 

temperature (3%). This yield was tentatively assigned using 1H–13C HMBC NMR 

spectroscopy (Figure 34 and Figure 35). 

 

 

Figure 34. 1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d, 1.0-9.0 ppm) spectrum to show the 
self-ligation of aminoacetonitrile (Gly-CN, 200 mM) with (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM 
(50 mM) as the internal standard after 24 h at pH 4 and room temperature (Table 8). Inset: 1H 
NMR (600 MHz, H2O/D2O 9:1, noesygppr1d, 3.8-4.7 ppm) showing a zoomed region.  

 

Figure 35. 1H–13C HMBC (1H: 600 MHz [3.80–4.70 ppm], 13C: 151 MHz [100-180 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Gly-αH in GlyN-Gly-CN at 
4.03 ppm with one C=N resonance at 165 ppm, which is characteristic of amidine bond formation 
of Gly-CN. See Figure 34 for expanded and labelled 1H NMR spectrum.  
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Despite this low yield, the formation of some ligation product was encouraging, 

so conditions were further refined. It was not known whether the reaction was 

slow with respect to imidothioate or amidine formation, but in both cases, it was 

thought that increasing the amount of catalyst may solve both these potential 

issues (since it was a self-ligation there was no different coupling partner 

concentration to increase). Again, in these experiments the ligation product yield 

was found to be low, and similar to that of the cyclised species (Table 9). 

Table 9. Gly-CN self-ligation under various acidic pH values and temperatures with Ac-Cys-OH 
(1, 2, or 4 eq.) as the catalyst. The compound 148 was thought to be the most likely candidate for 
the structure of the aromatic species, and therefore the largest aromatic peak in the 1H NMR 
spectrum was integrated against the internal standard of MSM (5 mM) in this experiment for its 
yield. A number of other peaks in the aromatic region were also present. See section 3.4.3 
Scheme 104 for method.  

 
 Yield (%) 

Ac-Cys-OH (eq.) 

pH 3 pH 4 pH 5 

GlyN-
Gly-CN 

148 
GlyN-

Gly-CN 
148 

GlyN-
Gly-CN 

148 

1 5 1 7 6 0 17 
2 7 2 6 8 0 15 
4 6 2 3 8 0 11 

Given the poor yields for GlyN-Gly-CN associated with these experiments, and 

the propensity for cyclisation, the practicality of this strategy with regards to the 

installation of a C-terminal nitrile with a view to creating a propagatable cycle was 

cast into doubt. Moreover, even if the dimer GlyN-Gly-CN could be formed in high 

yield, a method to effectively hydrolyse this species to the peptide Gly-Gly-CN 

without cyclisation or hydrolytic cleavage was thought to be an extremely 

challenging task with no immediately clear starting point. It appears that the pH 

of the reaction requires very fine tuning, such that it may be impossible to meet 

the requirement for both high yielding ligation and clean hydrolysis to a peptide. 

In light of these facts, this work was not continued further. Future work would be 

useful to confirm if there is any forward path for this strategy, as if it could be 

realised it may represent the zenith of all prebiotic ligations to date. As stated in 

section 2.3.1, work was published concurrently with this research that involved 

the reaction of Gly-CN with cysteine.240 Therein is described a similar issue 

regarding the cyclisation of the amidine GlyN-Gly-CN which was detected by 

mass spectrometry.   
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2.4.5 Amino acid ligation scope 

Encouraged by the good yields observed for the ligation with glycine under both 

the ‘neutral’ (pH 7, 60 °C, 24 h, 60%) and ‘alkaline’ (pH 9, rt., 24 h, 68% total 

yield) conditions determined by the DoE study, the entire scope of the naturally 

occurring amino acids (except cysteine, see section 2.4.9) were successfully 

ligated under both these conditions and fully characterised by NMR spectroscopy 

and the HRMS-ESI for the amidine products collected. (Table 10 and Table 11, 

see section 3.4.4 for selected characterisations). 

Table 10. Yields and HRMS data for the Ac-Cys-OH  (0.3 eq.) catalysed formation of Ac-GlyN-
AA-OH  amidines and Ac-Gly-AA-OH  peptides from the ligation of Ac-Gly-CN  (200 mM) 
with AA-OH  (1.0 eq.) carried out at pH 7, 60 °C, for 24 hours, following general procedure 3 
detailed in section 3.4.4. [1] An additional product of 4% of cyclised amidine species was observed 
see section 3.4.4.1.1 for full for characterisation. [2] Combined yield for the N2, N6, and N2,N6-bis 
ligation products present in the Lys-OH ligation mixture, see section 3.4.4.2.1 for full for 
characterisation. [3] Tyrosine has a high insolubility in aqueous solutions, which resulted in the 
low peptide yield for this ligation. All amino acids examined were of L stereochemistry apart from: 
DL-methione and DL-alanine. 

 

Entry R 
% Yield by 1H NMR  HRMS-ESI 
    Formula Theoretical  Found 

1 Gly 34 42 60 2 C6H12N3O3 [M+H]+ 174.0873 174.0873 
2 Ala 48 60 43 - C7H14N3O3 [M+H]+ 188.1030 188.1028 
3 Arg 55 63 37 - C10H21N6O3 [M+H]+ 273.1670 273.1667 
4 Asn[1] 30 41 9 45 C8H15N4O4 [M+H]+ 231.1088 231.1086 
5 Asp 20 30 58 - C8H14N3O5 [M+H]+ 232.0928 232.0925 
6 Gln 44 29 56 - C9H17N4O4 [M+H]+ 245.1244 245.1243 
7 Glu 32 46 58 - C9H16N3O5 [M+H]+ 246.1084 246.1087 
8 His 10 28 73 - C10H17N5O3 [M+H]+ 254.1248 254.1257 
9 Ile 31 42 55 - C10H20N3O3 [M+H]+ 230.1499 230.1498 
10 Leu 40 50 53 - C10H20N3O3 [M+H]+ 230.1499 230.1498 
11 Lys[2] 21 27 70 - C10H21N4O3 [M+H]+ 245.1608 245.1609 
12 Met 25 37 72 - C9H18N3O3S [M+H]+ 248.1063 248.1064 
13 Phe 61 67 21 - C13H18N3O3 [M+H]+ 264.1343 264.1338 
14 Pro 34 52 58 - C9H16N3O3 [M+H]+ 214.1186 214.1188 
15 Ser 36 obs. - 61 C7H12N2O5 [M+Na]+ 226.0638 226.0637 
16 Thr 41 60 - 51 C8H14N2O5 [M+Na]+ 241.0795 241.0792 
17 Trp 60 45 32 5 C15H19N4O3 [M+H]+ 303.1452 303.1447 
18 Tyr[3] 66 26 20 - C13H18N3O4 [M+H]+ 280.1292 280.1294 
19 Val 32 50 42 6 C9H18N3O3 [M+H]+ 216.1343 216.1345 
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Table 11. Yields and HRMS data for the Ac-Cys-OH  (0.3 eq.) catalysed formation of Ac-GlyN-
AA-OH  amidines and Ac-Gly-AA-OH  peptides from the ligation of Ac-Gly-CN  (200 mM) 
with AA-OH  (1.0 eq.) carried out at pH 9, rt., for 24 hours, following general procedure 3 
detailed in section 3.4.4. [1] Reaction yield after 12 days at room temperature. This extra time 
was required to allow the ongoing hydrolysis of Asn-OH to Asp-OH to take place sufficiently to 
form the two corresponding products (Ac-Gly-Asn-OH and Ac-GlyN-Asp-OH) in reasonable 
yields, and to deconvolute the spectra sufficiently for analysis. See section 3.4.4.1.2 for full 
characterisation. Reaction mixture also contained 33% of Ac-Gly-NH2. [2] Combined yield for the 
N2, N6, and N2,N6-bis ligation products present in the Lys-OH ligation mixture. See section 
3.4.4.2.2 for full explanation and characterisation, including the protected ligations utilising Ac-
N2-Lys-OH and Ac-N6-Lys-OH which were carried out to ascertain the analogous chemical shift 
values for the non-protected Lys-OH ligation. [3] 36% yield of an additional oxazoline species 
resulting from the cyclisation of Ser-OH with Ac-Gly-CN. See section 3.4.4.3.2.1 for full 
characterisation. [4] Reaction detailed in entry 15 after 37 days of reaction time, see section 
3.4.4.3.2.2 for full characterisation. This reaction resulted in the oxazoline species ring opening 
to give the peptide Ac-Gly-Ser-OH. [5] 47% yield of an additional oxazoline species resulting 
from the cyclisation of Thr-OH with Ac-Gly-CN. See section 3.4.4.4.2.1 for full characterisation. 
[6] Reaction detailed in entry 17 after 41 days of reaction time, see section 3.4.4.4.2.2 for full 
characterisation. This reaction resulted in the oxazoline species ring opening to give the peptide 
Ac-Gly-Thr-OH. [7] Tyrosine has a high insolubility in aqueous solutions, which resulted in the 
low peptide yield for this ligation. [8] This tyrosine reaction was carried out at 60 °C to increase 
the quantity of tyrosine in solution. All amino acids examined were of L stereochemistry apart 
from: DL-methione and DL-alanine. 

 

Entry R 
% Yield by 1H NMR 

   

1 Gly 19 29 63 5 
2 Ala 47 60 42 0 
3 Arg 38 46 44 0 
4 Asn[1] 12 14 19 43 
5 Asp 41 57 54 0 
6 Gln 37 38 54 0 
7 Glu 37 44 57 0 
8 His obs. 40 60 7 
9 Ile 30 38 62 0 
10 Leu 39 41 53 0 
11 Lys[2] 23  28 69 trace 
12 Met 34 37 48 0 
13 Phe 28 30 54 5 
14 Pro 24 36 63 0 
15 Ser[3] 26 33 19 13 
16 Ser[4] 1 19 0 85 
17 Thr[5] 24 32 0 15 
18 Thr[6] 0 15 0 86 
19 Trp 24 31 61 0 
20 Tyr[7] 89 0 4 0 
21 Tyr[7], [8] 52 0 14 10 
22 Val 30 38 65 6 
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Many of the amino acid ligations gave their predicted amidine products in their 

NMR spectra and proceeded in good yield. Under the neutral conditions, the 

average for the total coupling (amidine  and peptide ) was 54% (excluding 

tyrosine due to extremely low solubility). Under the alkaline conditions the 

average yield for the totals of both species was 60%, again without including 

tyrosine due to low solubility.  

Suboptimal ligation yields can be tentatively attributed to steric effect. Under both 

the neutral and alkaline conditions phenylalanine, arginine, and alanine coupled 

poorly. This is not in keeping with the slightly better yields that the couplings with 

isoleucine and leucine had under both conditions, considering their greater bulk 

when compared to alanine. Likewise, valine gave a lower coupling yield under 

the neutral conditions, but did well under the alkaline conditions. Methionine 

showed the opposite effect to this, coupling very well under neutral conditions but 

giving a poorer coupling yield under the alkaline conditions. Therefore, there 

seems to be no obvious trend in the difference in yields between the amino acids.  

In point of fact, the standpoint taken with regards to yields for these reactions was 

not to necessarily achieve a perfect ligation in each case. The conditions are 

deliberately challenging – the early Earth may not have been adorned with high 

loadings of amino acids, amidonitriles, and thiols. Instead, it is more interesting 

in some ways, from a prebiotic perspective, to see what a reaction is capable of 

when put under a limiting case such as here. In this way, substrates which ligate 

particularly well under these conditions can be observed in isolation of ligation 

conditions where forcing conditions produce good yields in each case. In this 

sense it is certainly encouraging to see the reaction working for all examples and 

to observe the unique way some amino acids behave, which is elaborated upon 

below.     

Another feature of the ligations was the behaviour of the catalyst Ac-Cys-OH . 

Under both the neutral and alkaline conditions some of what was thought to be 

oxidation to the disulfide was occurring. Sulfides are known to undergo oxidation 

to a greater extent at higher pH values.270, 271 It is thought that the mechanism 

proceeds via a thiolate which is oxidised in the presence of oxygen to give a 

radical which can combine with another to give a disulfide.272 The extent of this 
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oxidation was not quantified and the presence of oxygen not excluded from these 

reactions or other couplings (vide infra). This is because the loading of catalyst 

was sufficiently high in most cases to allow for a successful ligation to occur, and 

because the rigorous exclusion of oxygen (reactions can either be carried out de-

gassed or not at all) would have been exceedingly challenging across the wide 

substrate scope. From a practical stand point, adjusting the pH of 1 mL of a 

solution while excluding oxygen is quite challenging, and doing so with equal care 

over the substrate scope would have surely have introduced a significant element 

of random errors.    

Under the alkaline conditions acetate was observed in almost every coupling. 

This can be attributed to Ac-Cys-OH undergoing an N→S acyl shift to form its 

acetyl thioester (Ac-S-Cys-OH). This thioester can then undergo hydrolysis to 

give cysteine (Scheme 75). Despite the fact that this newly formed cysteine could 

go onto react rapidly with Ac-Gly-CN to give the thiazoline 147, this chemistry 

was not observed.   

 

Scheme 75. Formation of acetate (Ac-OH) under the alkaline conditions.  

2.4.5.1 Asparagine  

Asparagine exhibited unique behaviour under both the neutral and alkaline 

conditions. At pH 7, 60 °C, a higher proportion of the peptide Ac-Gly-Asn-OH  

was observed over the amidine Ac-GlyN-Asn-OH , which was surprising 

considering that aspartic acid, the most constitutionally similar amino acid, 

yielded only the amidine Ac-GlyN-Asp-OH as the product. This peptide formation 

was thought to be due to the adjacent primary amide in the side chain of 

asparagine utilising some intramolecular hydrolysis of the amidine to the peptide. 

Another product was also tentatively assigned from the 1H NMR spectra as the 

species N-(2-((2,5-dioxopyrrolidin-3-yl)amino)-2-iminoethyl)acetamide 149 () 

resulting from an intramolecular cyclisation to a succinimide (Scheme 76).      
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Scheme 76. The ligation of asparagine under the neutral conditions. See section 3.4.4.1.1 for full 
for characterisation. 

Under the alkaline conditions after 24 h, the 1H NMR spectra were fairly 

intractable, with a host of unknown products. Upon re-analysis of the mixture after 

12 days, however, the products were found to have resolved into two ligation 

products. At this higher pH the primary amide present in the side chain of 

asparagine was able to undergo hydrolysis to aspartic acid, which may have been 

assisted by the formation of a succinic anhydride. Once hydrolysed, the aspartic 

acid was able to go on to ligate with Ac-Gly-CN  giving the amidine, and the 

remaining asparagine was also able to ligate, but as seen in the neutral 

conditions, it hydrolysed the amidine to the corresponding dipeptide. This 

resulted overall in two separate ligated products Ac-Gly-Asn-OH  and Ac-

GlyN-Asp-OH . The other possibility here is that Asn-OH  side chain 

hydrolysis occurred after coupling, but since the peptide Ac-Gly-Asp-OH (as a 

result of the hydrolysis of the side chain in Ac-Gly-Asn-OH ) was not observed, 

and that the intramolecular hydrolysis is probably a rapid reaction, this process 

could not be occurring (Scheme 77).  
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Scheme 77. Alkaline ligation of asparagine and the in situ hydrolysis to aspartic acid  resulting 
in Ac-Gly-Asn-OH  and Ac-GlyN-Asp-OH . See section 3.4.4.1.2 for full characterisation. 

2.4.5.2 Lysine  

Lysine presented a significant challenge for this chemistry, as it offered three 

potentially different ligation products due to its two reactive amine sites. To 

identify with more confidence the products which were obtained, both N2-Ac-Lys-

OH  and N6-Ac-Lys-OH  were ligated under the neutral and alkaline 

conditions to ascertain the approximate 1H NMR chemical shifts for the products 

resulting from the ligation of Lys-OH (Table 12).   

Table 12. Yields for the ligations of N2-Ac-Lys-OH and N6-Ac-Lys-OH under both the neutral and 
alkaline conditions with MSM (5 mM) as the internal standard. See general procedure 3 in 
section 3.4.4 for method. See 3.4.4.2 for all characterisations. 

 
Conditions % Yield by 1H NMR  

pH  temperature (°C) N2 N6 

7 60 64 70 
9 rt. 51 60 

This idea proved successful, as the 1H NMR chemical shifts for these products 

were very similar to those found with the lysine ligation. Lysine was found to have 

a modest selectivity under both conditions for the proteinogenic ligation product. 

This can be accounted for by the difference in pKaH between the N2 and N6 amine 

groups (9.08 and 10.52 respectively273) (Scheme 78, 43% in each case).     
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Scheme 78. Ligation of lysine under both the neutral and alkaline conditions. See 3.4.4.2 for all 
characterisations. 

 

 

 

 

 

 

 

 

 

 



147 

 

2.4.5.3 Serine and threonine 

Under the neutral conditions, both serine and threonine were found to produce 

exclusively their peptides (Ac-Gly-Ser-OH  and Ac-Gly-Thr-OH ). This 

finding was highly suggestive that the side chain was participating in the 

hydrolysis by either the formation of an oxazoline 150 or through initial ligation, 

N→O acyl shift, hydrolysis to an ester, and O→N acyl shift to give the peptide 

(Scheme 79).    

 

Scheme 79. Possible pathways for the exclusive formation of the peptide Ac-Gly-Ser-OH  
which was observed during the ligation of serine. This was also thought to be occurring for 
threonine. See section 3.4.4.3.1.1 for full characterisation.  

To investigate this process further, (O-Methyl)-Serine (O-Me)-Ser-OH  was 

used as a coupling partner under the same conditions. As expected, the exclusive 

formation of the amidine was observed in excellent yield, confirming that one of 

the pathways detailed above was taking place (Scheme 80). 

 

Scheme 80. By protecting the alcohol in serine with a methyl group, the exclusive formation of 
the amidine Ac-GlyN-(O-Me)-Ser-OH  was observed in excellent yield. See section 3.4.4.3.1.2 
for full characterisation.    
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Under the alkaline conditions, after 24 h, the serine oxazoline 150 was 

characterised by 1H NMR spectroscopy, which suggests this is the pathway which 

is followed in Scheme 79. An oxazoline 151 was also found for the ligation with 

threonine, and the presence of these species in both cases was implicated by the 

incidence of a very characteristic high field multiplet resonance associated with 

the α-proton in the ring, as is similar for the thiazoline 147. This suggests, much 

like the hydrolysis of the thiazoline 147, that the hydrolysis of species such as 

these is acid mediated. The thiazoline 147 may require lower pH values than the 

oxazoline 150 since both amidine and peptide were observed concurrently in the 

couplings with serine and threonine at pH 9. Pleasingly, after re-analysis of both 

the serine and threonine ligations at alkaline pH after approximately one month 

(37 and 41 days for serine and threonine, respectively), they were found to 

contain exclusively peptide from hydrolysis of their respective oxazolines 

(Scheme 81).    

 

Scheme 81. Distribution of products after 24 h and approximately one month after ligation, 
demonstrating that the alcohol group present in serine and threonine is able to assist in the 
synthesis of a peptide bond via an oxazoline (150 and 151). See section 3.4.4.3.2 and 3.4.4.4.2 
for full characterisations. 
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2.4.6 Amino amide ligation scope 

Since the aminonitrile coupling with Gly-CN was not successfully carried out, it 

was imagined that the main utility for this ligation strategy might lie in the block 

ligations of pre-formed oligomers. These oligomers might originate from any of 

the prebiotic peptide bond forming reactions outlined in section 1.3.3. To this end, 

the coupling of amino amides was attempted, as the primary amide functionality 

would act as a surrogate for an extended peptide chain, much like the amidonitrile 

(see Scheme 69 in section 2.4.2). 

Glycinamide produced an interesting result under both the neutral and alkaline 

conditions in comparison to glycine. The ligation was found to give a higher 

proportion of the peptide Ac-Gly-Gly-NH2  compared to the amidine Ac-GlyN-

Gly-NH2.  

Table 13. Comparison of the ligations of glycine and glycinamide under both the neutral and 
alkaline conditions. Glycinamide exhibits a clear preference for the formation of the peptide  
over the amidine . Following general procedure 4 in section 3.4.5. See section 3.4.5.1 for 
characterisation of Ac-Gly-Gly-NH2 and Ac-GlyN-Gly-NH2. 

 

Conditions 
% Yield by 1H NMR 

X = OH X = NH2 

pH  temperature (°C) Y = NH  Y = O  Y = NH  Y = O  

7 60 60 0 21 52 
9 rt. 63 5 0 24 

When compared to result found for asparagine, which was that the adjacent 

primary amide was likely to be assisting in the hydrolysis of the amidine, the 

hypothesis was developed further to include primary amide groups which were 

either α or β to the amidine. This idea was not extended to γ amides, as the same 

hydrolysis effect was not observed for glutamine, but was observed for glutamic 

acid amide.  

This idea surrounding primary amides and their ability to hydrolyse amidines has 

important implications. If transamidination could occur, whereby a stable amino 

acid amidine (AA)n-AAN-AA-OH could react with an oligomer to give an extended 

amidine (AA)n-AAN-(AA)n-OH and if secondary amides (i.e. those present in 

oligomers) also have the ability to assist in the hydrolysis of amidines, then it 



150 

 

could be conceived that oligomers of exclusively amide bonds would 

preferentially accumulate (Scheme 82). 

 

Scheme 82. Proposed sequence for the preferential accumulation of peptide oligomer.  

To investigate, a sample of the amidine Ac-GlyN-Gly-OH was synthesised under 

the neutral conditions (Figure 27) and treated with glycinamide (1.0 eq.). The pH 

was readjusted to pH 7 and heating continued for 24 more hours, but no 

transamidination was observed. Gly-Gly-OH and Gly-Gly-CN (as the methyl 

sulfonate salt) were also ligated as amine coupling partners under the neutral 

conditions. However, these reactions resulted in a complex mixture which could 

not be resolved with confidence by 1H NMR (or 1H–13C NMBC) spectroscopy.     

In the case of the alkaline conditions for the ligation of glycinamide, the yield was 

particularly low (24%) in comparison to the other Gly-X ligations. In fact, for the 

full scope of amino amides under the alkaline conditions, extremely low yields for 

ligation, or no ligation at all was observed. The combination of the higher reaction 

pH and lower pKaH values of the series of amino amides would indicate that these 

reactions should proceed well. The reason for such poor reactivity was not 

immediately obvious, and future work will be to understand this more clearly.  

Despite this, the neutral conditions enjoyed greater success, and the full scope 

of amino amides (except for cysteinamide which was investigated by Dr Leonardo 

Maugeri274 as a catalyst) were ligated efficaciously, and the ligation products were 

fully characterised by 1H NMR (or 1H–13C NMBC) spectroscopy. HRMS-ESI for 

the amidine products was also collected (Table 14, see section 3.4.5 for selected 

characterisations). The products were predominantly peptides, which further 

confirms the hypothesis surrounding the amide assisted hydrolysis of amidines 
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to amides. The average yield for the amino amide ligations was 63%, a modest 

improvement over both the neutral and alkaline conditions for the amino acid 

ligations. As for the amino acid ligations, there is no clear trend in the yields for 

different side chains bases on sterics.  

Table 14. Yields and HRMS data for the Ac-Cys-OH  (0.3 eq.) catalysed formation of Ac-GlyN-
AA-NH2  amidines and Ac-Gly-AA-NH2  peptides from the ligation of Ac-Gly-CN (200 mM) 
with AA-NH2  (1.0 eq.) carried out at pH 7, 60 °C, for 24 hours, following general procedure 3 
detailed in section 3.4.5. [1] Ligation carried out with Ac-Cys-OH (5.0 eq.) to observe the peptide 
product Ac-Gly-Asn-NH2. Ligation reactions with fewer equivalents of Ac-Cys-OH resulted in the 
hydrolysis of Asn-NH2 dominating and an intractable mixture resulted by NMR. See section 
3.4.5.2 for full characterisation. [2] Ligation carried out with Ac-Cys-OH (5.0 eq.) and Pro-NH2 
(2.0 eq.) to increase previously low yield of ligation product. See section 3.4.5.4 [3] 6% yield of 
an oxazoline species resulting from the cyclisation of Ser-OH with Ac-Gly-CN. See section 
3.4.5.5 for full characterisation. [4] 4% yield of an oxazoline species resulting from the cyclisation 
of Thr-OH with Ac-Gly-CN. See section 3.4.5.6 for full characterisation. All amino amides 
examined were of L stereochemistry apart from: D-alaninamide, D-leucinamide, and D-
valinamide. 

 

Entry R 
% Yield by 1H NMR  HRMS-ESI 
    Formula Theoretical  Found 

1 Gly 28 28 21 52 C6H11N3O3Na [M+Na]+ 196.0693 196.0689 
2 Ala 19 37 3 63 C7H13N3O3Na [M+Na]+ 210.0849 210.0851 
3 Arg 10 13 14 56 C10H21N6O3 [M+H]+ 273.1670 273.11672 
4 Asn[1] 0 15 0 72 C8H14N4O4Na [M+Na]+ 253.0907 253.0910 
5 Asp 12 22 6 58 C8H14NO5 [M+H]+ 232.0928 232.0950 
6 Gln 26 obs. 0 43 C9H16N4O4Na [M+Na]+ 267.1064 267.1063 
7 Glu 16 obs. 0 64 C9H15N3O5Na [M+Na]+ 268.0904 268.0908 
8 His 6 18 0 67 C10H15N5O3 [M+H]+ 254.1248 254.1241 
9 Ile 34 41 12 47 C10H19N3O3 [M+H]+ 230.1499 23.1499 
10 Leu 20 40 5 54 C10H20N3O3 [M+H]+ 230.1505 230.1508 
11 Lys 9 21 25  52 C10H21N4O3 [M+H]+ 245.1608 245.1600 
12 Met 13 26 5 62 C9H18N3O3S [M+H]+ 248.1063 248.1066 
13 Phe 14 31 8 52 C13H18N3O3 [M+H]+ 264.1343 264.1349 
14 Pro[2] 0 130 0 67 C9H15N3O3Na [M+Na]+ 236.10060 236.10056 
15 Ser[3] 22 40 0 68 C7H14N3O4 [M+H]+ 204.0979 204.0978 
16 Thr[4] 27 38 0 69 C8H15N3O4Na [M+Na]+ 240.0955 240.0960 
17 Trp 36 43 4 45 C15H18N4O3Na [M+Na]+ 325.1271 325.1272 
18 Tyr 9 22 3 62 C13H17N3O4Na [M+Na]+ 302.1111 302.1116 
19 Val 27 40 7 50 C9H17N3O3Na [M+Na]+ 238.1162 238.1158 

 

 



152 

 

An interesting process which was observed in all cases during these ligations 

was the formation of the primary amidine Ac-GlyN-NH2 . When the amino amide 

amidine Ac-GlyN-AA-NH2  hydrolyses there are two possible pathways. One is 

the aforementioned hydrolytic cleavage of the amidine resulting in Ac-Gly-NH2 

 and AA-NH2 , and the other is the hydrolysis to the peptide Ac-Gly-AA-NH2 

. When the latter occurs, ammonia is released, which then can act as 

nucleophile under the reaction conditions to give the primary amidine Ac-GlyN-

NH2 , which was characterised by 1H NMR spectroscopy (Scheme 83). This 

appeared in all amino amide ligations as a species with a 1H NMR chemical shift 

at 4.20 ppm, and a characteristic amidine 13C NMR chemical shift at ca. 168 ppm, 

and was in broad agreement for a similar compound in the literature (Boc-GlyN-

NH2).259 The role of this product is not clear and it is not known if it is an active 

ligation species or if it simply hydrolyses to Ac-Gly-NH2  over time. The 

hydrolysis to Ac-Gly-NH2  is the more likely pathway in this case, as it was 

known from the attempted transamidination reactions that this type of ligation 

process may not be possible.  

 

Scheme 83. Pathways in the ligations of amino amides. 
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2.4.6.1 Asparaginamide 

Under the catalytic conditions (Ac-Cys-OH, 0.3 eq.) asparaginamide gave a host 

of unidentifiable products. It was thought that over the course of the reaction 

some competing hydrolysis pathways were occurring to give aspartic acid, 

asparagine, and aspartic acid amide, all of which were ligating and giving a 

plethora of products through their respective primary amide assisted amidine 

hydrolyses. It was also possible was hydrolysis was occurring after ligation with 

a similar outcome. As with the ligation under the neutral conditions for 

asparagine, the mixture was re-analysed after 2 weeks, but this did not produce 

a clear answer with regards to the identity of the products.  

To remedy this, a super-stoichiometric amount of Ac-Cys-OH (5.0 eq.) was used 

to outcompete any concomitant hydrolysis pathways. Pleasingly, this resulted in 

a yield of 72% of the desired peptide product. The fact that the peptide was 

observed without other products after ligation suggests that the hydrolysis 

pathways, hampering the reaction under the catalytic conditions, were occurring 

before ligation rather than after, perhaps through succinic anhydrides or 

succinimides (see section 3.4.5.2 for full characterisation).  
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2.4.6.2 Lysinamide 

Lysinamide demonstrated a moderate selectivity for the proteinogenic product. 

The desired N2 ligation was found to hydrolyse directly to a peptide, as expected, 

and the N6
 ligation remained as an amidine, offering more clear evidence for the 

theory developed about the primary amide assisted hydrolysis of amidines. This 

selectivity was greater than that observed for lysine (Scheme 78) and can be 

rationalised by the slightly lower pKaH value that the reacting amine in lysinamide, 

like other amino amides, may possess. Although at the time of writing pKaH data 

for lysinamide is not recorded in the literature, the two amines are spatially 

separated such that they could be expected to have values close to that of 

glycinamide for the N2 amine (7.6)275 and lysine for the N6 amine (10.52).273 

(Scheme 84). 

 

Scheme 84. The ligation of lysinamide demonstrating a moderate preference for the proteinogenic 
N2 ligation, and the hydrolysis of this product to a peptide. See 3.4.5.3 for full characterisation.   

2.4.6.3 Prolinamide  

Under catalytic conditions, the reaction of prolinamide was found to be extremely 

sluggish, and the 1H–13C HMBC NMR signals resulting from the product were 

very weak, which did not allow for confident analysis of the products. An increase 

in both the amino amide loading (2.0 eq.) and catalyst loading (5.0 eq.) was found 

to produce a good yield (67%) with NMR spectra whose 1H–13C HMBC 

correlations were sufficient for analysis (see section 3.4.5.4 for full 

characterisation).    
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2.4.6.4 Serinamide and threoninamide 

Serinamide and threoninamide both exhibited similar behaviour to that found for 

serine and threonine, as cyclic oxazoline species were observed in both cases 

(6% and 4%, respectively) and successfully characterised. Because so little was 

observed in comparison to serine and threonine under the neutral conditions, it 

is likely that the primary amide assisted hydrolysis occurs faster than cyclisation 

in this case (see section 3.4.5.5 and 3.4.5.6 for full characterisations).   

2.4.7 Competition reactions 

Further to the scope of amino acids and amides which were successfully tested, 

competition reactions were examined under the neutral conditions to investigate 

if the reaction demonstrated any preference for proteinogenic substrates.   

Glycine vs. glycinamide demonstrated a moderate selectively for glycinamide 

over glycine. This is the preferred selectivity, since glycinamide could represent 

an extended peptide chain, and can be accounted for by the pKaH difference 

between glycine and glycinamide (9.56265 and 7.6,275 respectively) (Scheme 85).  

 

Scheme 85. Glycine vs. glycinamide competition reaction, following general procedure 5 in 
section 3.4.6. Glycine only control: 60% Ac-GlyN-Gly-OH. Glycinamide only control: 21% Ac-
GlyN-Gly-NH2, 52% Ac-Gly-Gly-NH2. 
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Glycine vs. n-propylamine 141 showed a very clear preference for glycine, which 

again can be accounted for by the larger pKaH difference in these amines (n-

propylamine pKaH = 10.24)276.  

 

Scheme 86. Glycine vs. n-propylamine competition reaction, following general procedure 5 in 
section 3.4.6. Glycine only control: 60% Ac-GlyN-Gly-OH. Propylamine only control: 36% Ac-
GlyN-141.  

Glycine vs. β-alanine showed a modest selectivity for glycine, which again can 

be attribute to the pKaH difference (β-alanine pKaH = 10.33)277 (Scheme 87).  

 

Scheme 87. Glycine vs. β-alanine competition reaction, following general procedure 5 in section 
3.4.6. Glycine only control: 60% Ac-GlyN-Gly-OH. β-alanine only control: 56% Ac-GlyN-β-Ala-
OH. 

Ac-Gly-CN was found to have total selectivity over the non-proteinogenic nitrile 

Ac-β-Ala-CN. This particular reaction result verifies that an α-amido group 

imparts a distinct activation onto the adjacent nitrile (see section 2.4.4). This 

result may offer an explanation as to why, if prebiotic peptide ligations did initially 

occur through nitrile groups, biology does not feature β-amino acids in extant 

peptide sequence (Scheme 88). 
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Scheme 88. Following general procedure 5 in section 3.4.6, with the addition of both Ac-β-Ala-
CN (0.2 mmol) and glycine (0.2 mmol). Glycine only control: 60% Ac-GlyN-Gly-OH. Ac-β-Ala-CN 
only control: 0% Ac-β-AlaN-Gly-OH. 

Finally, alanine was set against 2-amino-2-methylpropanoic acid 152 (‘methyl’ 

alanine, the formal Strecker amino acid of acetone). Remarkably, the geminal 

methyl groups hindered the reaction completely, and in the control reaction the 

non-proteinogenic substrate did not react at all. α-Geminal groups are not found 

in the set of canonical amino acids, and this may be because either ketones react 

much more slowly than aldehydes in the Strecker reaction,28 or because, as this 

reaction demonstrates, they have particularly unfavourable ligation properties 

(Scheme 89).  

 

Scheme 89. Alanine vs. 2-amino-2-methylpropanoic acid 152 competition reaction, following 
general procedure 5 in section 3.4.6. Alanine only control: 43% Ac-GlyN-Gly-OH. 151 only 
control: 0% Ac-GlyN-152. 

These competition reactions are preferential in each case for either the 

proteinogenic substrate or the favoured substrate. Competition reactions such as 

these are essential for establishing the chemical dependencies of the reaction 

and its plausibility from a prebiotic point of view.     
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2.4.8 Orthogonal RNA reactions  

It is very unlikely that perfect spatial and temporal separation of RNA and protein 

components would have existed on the early Earth. Given this, if the species 

associated with these chemistries were to coevolve successfully, they would have 

had to have existed in the same locale, and it was therefore intriguing to consider 

the potential interactions or tolerance of thiols present in this ligation with some 

of the suggested intermediates found in the relatively recently discovered routes 

to pyrimidine119 and purine122, 123 nucleotides.   

The interaction of amino acids and RNA has been studied before. Verlander 

reacted adenosine 2ʹ,3ʹ-cyclic phosphate 153 with serine at 85 °C under drying 

conditions, resulting in a serine phosphate ester which could go on to polymerise 

upon heating via the cyclic phosphate (154, Scheme 90).278   

 

Scheme 90. Adenosine 2ʹ,3ʹ-cyclic phosphate polymerisation under drying conditions with serine. 
It is understood that serine exists in an equilibrium with the cyclic phosphate, protecting it from 
hydrolysis to either 2ʹ or 3ʹ adenosine phosphate. The cyclic phosphate is able to reform from the 
serine adduct before ligation with the 5ʹ oxygen. 

A different type of competition reaction was examined whereby some of these 

RNA components where exposed to the neutral reaction conditions. Adenosine 

triphosphate (ATP), adenosine 2ʹ,3ʹ-cyclic phosphate 153, and β-8-mercapto-

arabino-adenosine 155 (sulfur analogue of 36, see Figure 9 section 1.2.3) were 

exposed to a range of conditions at neutral pH (Table 15). Pleasingly, in all cases 

no change was observed with regard to the nucleoside substrate, which suggests 

that under these conditions some RNA motifs and this ligation reaction could have 

existed side by side. Further work is required to test these additives against a 

wider range of nucleoside species.   
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Table 15. Nucleosides exposed to various additives under neutral conditions. In all cases, no 
change (NC) to the nucleoside substrate was observed. See general procedure 6 in section 
3.4.7 for method.    

 

Entry Additives (eq.) 
Nucleoside 

2ʹ,3ʹ-cAMP 153 ATP 155 

1 
Ac-Gly-CN (1.0),  

Gly-OH (1.0) 
NC NC NC 

2 
Ac-Gly-CN (1.0), 

Gly-OH (1.0), 
Ac-Cys-OH (0.3) 

NC NC NC 

3 Ac-Cys-OH (0.3) NC NC NC 

4 Cys-OH (1.0) NC NC NC 

5 Ser-OH (1.0) NC NC NC 

6 none NC NC NC 

     

2.4.9 In situ catalyst generation using cysteine 

In sections 2.3.3 and 2.4.4 the acid mediated hydrolysis of the thiazolines 136 

and 147 to Gly-Cys-OH and Ac-Gly-Cys-OH were described, respectively. The 

net effect of these reactions was the N-protection of cysteine through a thiazoline 

intermediate. Given that the ligation sequence described above for the full scope 

of amino acids and amides requires a thiol to proceed, it was intriguing to consider 

if these two chemistries could be linked. It was imagined that by simply adding 

cysteine to a solution containing an excess of an α-amidonitrile and a suitable 

amine ligation would occur. This could happen through initial thiazoline formation, 

acid mediated hydrolysis to a cysteinyl peptide, and subsequent catalytic ligation 

through imidothioate formation with the cysteinyl peptide. To investigate this, Ac-

Gly-CN was first treated with cysteine under the neutral ligation reaction 

conditions to observe the formation of the putative catalyst Ac-Gly-Cys-OH under 

the neutral conditions (Figure 36 and Figure 37 below and see Table 27 in section 

3.4.3 for comparative data).  
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Figure 36. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 0.5-5.0 ppm) spectrum to show the 
reaction of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with cysteine (Cys-OH, 200 mM) 
with MSM (50 mM) as the internal standard after 6 h at pH 7 and 60 °C. See Scheme 105 in 
section 3.4.8 for method and full characterisation of products formed, excluding the oxidised Ac-
Cys-OH. 

 

Figure 37. 1H–13C HMBC (1H: 700 MHz [3.2–5.2 ppm], 13C: 176 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Cys-αH-COOH and Gly-αH 
in 2-(acetamidomethyl)-4,5-dihydrothiazole-4-carboxylic acid 147 at 4.98, 4.23, 3.66, and 3.43 
ppm with two resonances at 179 and 175 ppm, which is characteristic of cyclisation of cysteine 
with Ac-Gly-CN and the diagnostic 2JCH and 3JCH coupling of the Cys-αH-COOH in Ac-Gly-Cys-
OH at 4.43 ppm with two resonances at 177 and 171 ppm which is characteristic of formation of 
the peptide product Ac-Gly-Cys-OH as a result of the reaction of Ac-Gly-CN with cysteine. See 
Scheme 105 in section 3.4.8 for method and full characterisation of products formed, excluding 
the oxidised Ac-Cys-OH. 
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With this result in hand, cysteine was treated with an excess of Ac-Gly-CN to 

form the thiazoline 147 quantitatively in 2 hours. Glycine (2.0 eq.) was then added 

to this solution, which resulted in the amidine Ac-GlyN-Gly-OH forming in modest 

yield (48%, Figure 38). 

 

 

Figure 38. Stacked 1H NMR (400 MHz, H2O/D2O 9:1, noesygppr1d, 1.5–5.2 ppm) spectra; Top: 

showing the reaction of N-acetyl aminoacetonitrile (Ac-Gly-CN, 260 mM, 1.3 eq.) and cysteine 
(Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard after 2 h at pH 7 and 60 
°C, giving 2-(acetamidomethyl)-4,5-dihydrothiazole-4-carboxylic acid quantitatively (147, ); 
Bottom: 24 h after the addition of glycine (Gly-OH, 2.0 eq.) to the same sample after in situ 
formation of acetylglycylcysteine (Ac-Gly-Cys-OH) from thiazoline hydrolysis and the resulting 
ligation product of Ac-GlyN-Gly-OH from reaction with excess Ac-Gly-CN present in the mixture 
with this catalyst.  = Ac-Gly-NH2. See Scheme 106 in section 3.4.8 for method. 
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Finally, all the reaction components were included together to effect the same 

transformation in one step. This resulted in an excellent yield of the amidine 

product Ac-GlyN-Gly-OH (76%, Figure 38). This may be better than the yield for 

the reaction above (48%, Figure 39) because the reaction was able to take place 

as soon as the catalyst was being formed.      

 

 

Figure 39. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.5–5.2 ppm) spectrum to show the 

reaction of N-acetyl aminoacetonitrile (Ac-Gly-CN, 260 mM), cysteine (Cys-OH, 60 mM), and 
glycine (Gly-OH, 400 mM) with MSM (50 mM) as the internal standard after 24 h at pH 7 and 60 
°C, giving the ligation product Ac-GlyN-Gly-OH from the reaction of glycine with excess N-acetyl 
aminoacetonitrile facilitated by the in situ formation of the catalyst (Ac-Gly-Cys-OH, ).  = Ac-
Gly-NH2,  = Ac-GlyN-NH2. See section Scheme 107 in section 3.4.8 for method. 
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2.4.10 Other thiols  

Having explored the functionality of cysteine and its derivatives, the possibility of 

using some of the other thiols present in nature’s repertoire was of interest. As 

described in section 1.3.3, coenzyme A is a universally conserved cofactor and 

is the key species in the formation of the active thioester in non-ribosomal peptide 

synthesis. It was therefore used as a catalyst under the neutral conditions, and it 

was found to be moderately better than Ac-Cys-OH under the same ligation 

conditions (65% vs. 60% yield of Ac-GlyN-Gly-OH). 

 

Scheme 91. Ligation under the neutral conditions using Coenzyme A as the catalyst. See Scheme 
108 in section 3.4.9 for method. 

Glutathione279  156 is an important antioxidant, reducing the number of 

destructive free radicals which cause cellular damage. It is highly conserved, and 

finds a place in a vast array of organisms including animals, plants, and fungi. Its 

structure is a tripeptide of γ-linked glutamic acid, cysteine, and glycine – in that 

order (Figure 40).  

 

Figure 40. Structure of glutathione. 

Glutathione 156 was tested under both the neutral and alkaline ligation conditions 

with glycine and glycinamide. 156 gave a small deterioration in the average yield 

in comparison to Ac-Cys-OH, but interestingly in all cases only one product was 

observed. This was not the case for the ligations with Ac-Cys-OH, where with 

glycinamide under the neutral conditions the amidine and amide product were 

found. Like Ac-Cys-OH the coupling with glycinamide under the alkaline 

conditions was very poor. 
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Table 16. Yields for the ligation of glycine and glycinamide with Ac-Gly-CN with glutathione as 
the catalyst under the neutral and alkaline conditions. See Scheme 109 in section 3.4.9 for 
method.    

 
Conditions % Yield by 1H NMR 

pH  temperature (°C) X = OH X = NH2 

7 60 

  

9 rt. 

  

A range of other thiols have been examined by Dr Leonardo Maugeri274 (a post-

doc in the Powner group) in the course of our work towards publication (Table 

17) A range of substrates were examined in an attempted to rationalise why some 

experiments performed better with regards to yield of the amidine Ac-GlyN-Gly-

OH. There is no clear trend between the pKa of the thiol and the yield of the 

amidine (R2 = 0.1845), which is perhaps surprising for some of the least hindered 

substrates (entry 4). The results suggest that there is an important steric and 

electrostatic interaction condition which, when met, produces the best yields. This 

is demonstrated in entries 15, 17, 18 and 19, which have a negative pendant 

charge which maybe be able to stabilise the transient imidothioate intermediate 

(157, Scheme 92), allowing more time for the amine substrate to attack and form 

the amidine product. Entry 11, thioglycolic acid, despite having a negative charge 

to stabilise this intermediate, does not have sufficient chain length to be able to 

reach to form this possible interaction. Entries 1-12 all produce very poor or poor 

yields, but it is curious as to why entry 13 performs so well when compared to 

entry 4. Perhaps the central amide in entry 13 exists in its resonance form more 

easily than in entry 4, and is therefore able to stabilise the thioimidate 

intermediate. 

 

Scheme 92. Possible transient intermediate 157 which may better facilitate amine attack.    
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Table 17. Comparison of yields for various thiols under the neutral conditions as carried out by Dr 
Leonardo Maugeri,274 with pKa included for comparison. These reactions followed general 
procedure 3 in section 3.4.4 [1] Catalyst was insoluble. 

 
Entry Thiol Thiol pKa  % Yield by 1H NMR 

1 

 
6.19280 0 

2 

 

10.14281 0 

3 

 

8.7282 0[1] 

4 

 

9.8283 2 

5 

 

6.3280 11 

6 
 

7.9284 12 

7  - 15 

8  10.78285 16 

9 
 

9.17280 21 

10 

 

- 22 

11  9.87286 36 

12 

 

7.60280 37 

13 Glutathione 8.94266 57 

14 

 

- 60 

15 

 

9.74266 60 

16 Coenzyme A 9.83287 65 

17 
 

9.9288 68 

18 
 

9.54289 79 

19  10.83287 79 
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2.4.11 Further optimisation and scope of amino acid ligation 

In the course of collaborating on this work for the publishing of a journal article, 

Dr Leonardo Maugeri274 improved the yield of some of the poorer amino acid 

ligations described in sections 2.4.5 and 2.4.6. As expected, doubling the 

concentration of the amine coupling partner was found to produce an 

improvement in yields. Table 18 below contains the improved yields.   

Table 18. Comparison of improved yields for selected amino acid ligations, carried out by Dr 
Leonardo Maugeri.274 These experiments followed general procedure 3, with 2.0 equivalents of 
amino acid. 

 

Entry R 

 % Yield by 1H NMR 

pH 7, 60 °C 
1.0 eq.→2.0 eq.

pH 9, rt. 
1.0 eq.→2.0 eq. 

1 Ala 43→60 42→60 
2 Arg 37→79 44→79 
3 Met - 48→79 
4 Phe 21→52 54→52 
5 Tyr 20→21 4→21 
6 Val 42→79 65→79 

Also modified was the N-terminal coupling partner, with a higher catalyst loading 

of Ac-Cys-OH (2.0 eq.). From these results it appears the more sterically 

congested substrates such as the Ac-Val-CN and alanine ligations suffer poorer 

yields.  

Table 19. Yields for selected amino acid ligations where the N-terminus has been changed to a 
different nitrile, carried out by Dr Leonardo Maugeri.274 These experiments followed general 
procedure 2, with 2.0 equivalents of amino acid and 2.0 equivalents of catalyst.  

 

Entry R1 R2  % Yield by 1H NMR 

pH 7, 60 °C pH 9, rt. 

1 Ala Gly >99 - 
2 Ser Gly 90 - 
3 Val Gly 27 0 
4 Ala Ala 83 - 
5 Ser Ala 71 - 
6 Val Ala 0 0 
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Finally, an excellent comparison of the electrophilicity of different nitriles was 

demonstrated with the bis-nitrile precursor to the amino acids glutamic acid and 

glutamine (Ac-Gl(CN)-CN). Total selectivity was observed for the α-nitrile 

(Scheme 93). 

 

Scheme 93. Reaction of glycine with Ac-Gl(CN)-CN showing total selectivity for the α-nitrile, 
following general procedure 3, carried out by Dr Leonardo Maugeri274 

2.4.12 Conclusion 

In this chapter a simple and catalytically competent peptide has been employed 

to allow peptide bond formation through the ligation of an amino acid or amino 

amide with an amidonitrile. 

A design of experiments study was useful for probing the dependencies of the 

reaction manifold, but efforts to create a propagatable cycle whereby a C-terminal 

nitrile group remain stable while separate amidine hydrolysis is able to take place 

have failed. Identification of a pH value which suits this reaction is likely to be 

impossible given the results presented in section 2.4.4. It may simply be an 

inconvenient truth that the conditions for amidine hydrolysis and cyclisation are 

mutually incompatible. That is not to say that that some additive or co-catalyst 

does not exist that would aide this process, and this should be a future aim for 

this section of the project. C-terminal nitriles could also be installed through the 

block ligation of peptides ending in a nitrile moiety, as this could potentially be a 

method to access higher-order peptides.  

The full range of amino acids and amino amides were successfully ligated, and 

some interesting examples highlighted for their unpredictable behaviour. 

Asparagine exhibited unique behaviour, whereby the primary amide side chain 

was found to enable hydrolysis through an as yet undetermined mechanism. 

Ligation yields for the reactions involving lysine and lysinamide were found to be 
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modestly preferential for the proteinogenic N2 ligation, and the 1H NMR chemical 

shifts for the products were successfully approximated against those of N2 and N6 

acetyllysine. Ligation of serine and threonine were found to give the peptide 

directly instead of the expected amidine. Side chain participation was proved by 

performing the ligation of O-methylserine, which only gave the amidine. Under 

the alkaline conditions, a mixture of oxazoline and peptide was detected, but this 

was found to resolve to purely the peptide after approximately one month. This 

demonstrated that when serine and threonine gave only peptide under the neutral 

conditions this was likely to be occurring through the same oxazoline 

intermediate. Serinamide and threoninamide also gave small amounts of their 

analogous oxazolines. Ligations involving prolinamide and asparaginamide 

benefitted from an increase in the loading of catalyst and amine (in the case of 

prolinamide) and in loading of the catalyst (in the case of asparaginamide).  

Competition reactions were carried out, and in all cases the natural or favoured 

substrate had a modest or moderate preference in the ligations. Perhaps most 

notable was the total selectivity observed for Ac-Gly-CN over Ac-β-Ala-CN 

ligating with glycine. This particular result highlights the requirement of the α-

relationship between the amido group and the nitrile, which is the same structural 

motif recurrent in biology. Also notable was the total selectivity observed for 

alanine over the compound 2-amino-2-methylpropanoic acid, the formal Strecker 

reaction product of acetone. Previous studies have found that aldehydes, which 

form amino acids, react faster than ketones in the Strecker reaction.28 Aldehydes 

have also been found to crystallise faster with 2-aminothiazole out of mixed 

solutions.28 This, and the finding that this reaction favours the aldehyde product 

may indicate why geminal groups are not found in native peptide sequences. 

The reaction also appears to be compatible with some RNA derived compounds, 

which is a pleasing finding in the context of the study of the chemical origins of 

life. As mentioned, it is conceivably very likely that the chemistries which are 

thought to have produced RNA and peptides would have had to existed in the 

same locale. Therefore, reaction screens such as these are important because 

they either allow potentially interesting interactions to be observed, or they show 

that the chemistries are mutually compatible and orthogonal to each other.  
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Combining the chemistry developed in section 2.3 with this reaction allowed a 

sequence to be developed that only involves the addition of a single amino acid 

to ligate an otherwise inert mixture of an amidonitrile and an amino acid. This new 

reaction opens up a number of exciting possibilities including the opportunity to 

ligate any two combinations of amidonitrile and amino acid. 
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2.5 Concluding statements  

2.5.1 Summary of results 

Only a small number of effective prebiotic peptide bond forming reactions exist. 

They are usually hampered by low yields and do not have a broad scope of 

reaction with regard to the proteinogenic amino acids, and therefore a ligation 

strategy which addresses these issues was a clear gap in the literature. Amido- 

and aminonitriles have historically been overlooked in favour of amino acids as 

N-terminal ligation substrates, but this ignores the latent free energy concealed 

in a nitrile bond. The aim of the project was therefore to produce peptide bonds 

prebiotically from α-amino- and α-amidonitriles. 

In section 2.2, borate was employed in an attempt to activate Gly-CN to self-

ligation, but under the variety of conditions trialled, the main species observed 

was the undesired nitrile 123, the bis-adduct of Gly-CN resulting from a Strecker 

process. A number of additives were synthesised to probe the reaction pathways 

at play, and a picture was built up of the behaviour of Gly-CN in aqueous solution.  

In section 2.3, the reaction of cysteine with Gly-CN to give the thiazoline 136 was 

examined in detail. Despite 136 offering a potentially electrophilic site, reaction at 

the sp2 endocyclic carbon could not be carried out. The cyclisation and 

subsequent acid mediated hydrolysis to the peptide Gly-Cys-OH was certainly 

an intriguing result, and from this a native chemical ligation strategy for the 

formation of a peptide bond was attempted. This reaction was initially promising 

since the key thioester intermediate was observed by 13C NMR spectroscopy, but 

subsequent reactions revealed that upon inclusion of an excess of reacting 

aminonitrile, which was essential for a propagatable cycle and ligation due to its 

low pKaH, a small tranche of peaks associated with an unidentified aromatic 

compound was found.  

Section 2.4 first involved the development of a cysteine catalysed reaction 

protocol for the ligation of Ac-Gly-CN with glycine to amidines and peptides. 

Amidines are understudied motifs in the literature, and this strategy opens up a 

new route to amides which bypasses the need to hydrolyse nitriles to 

carboxylates before activation and ligation. A DoE study was used to ascertain 

that pH was the factor in the experimental design that produced the largest 
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change when modified. The optimum pH range was found to exist between pH 7 

and 9, and from this, two conditions were selected going forward: the ‘neutral’ 

conditions (pH 7, 60 °C) and the ‘alkaline’ conditions (pH 9, rt.).  

Still focused on developing a propagatable ligation sequence, the coupling of Ac-

Gly-CN with Gly-CN was explored, but problems with cyclisation of the amidine 

nitrile, much like those encountered in the NCL chemistry in section 2.3, were 

encountered. Realising the utility of this chemistry was more likely to lie in the 

block ligation of peptide sequences, the full scope of amino acids and amino 

amides was investigated to test the tolerance of the reaction to different 

substrates.  

The ligation reactions involving amino acids presented few challenges in the 

formation of their amidine dipeptides. Asparagine exhibited interesting behaviour 

whereby the amide side chain was able to enact hydrolysis of the amidine. Lysine 

was modestly selective for mono-acylation on the proteinogenic N2 amine. This 

was determined by obtaining approximate 1H NMR chemical shifts from ligating 

both the N2 and N6 acetyllysines under the neutral and alkaline conditions. Serine 

and threonine both formed their peptides under the neutral conditions, due to the 

presence of their alcohol side chains. The participation of this side chain was 

implicated by singular formation of an amidine in the ligation of O-methylserine. 

Under the alkaline conditions the presence of oxazoline species was observed, 

but upon re-analysis of these reactions after a month, solutions containing only 

the peptide were observed.  

The amino amides experienced similarly few issues. In the course of the 

investigation with glycinamide, it was realised that the primary amide present in 

this amine was also facilitating amidine hydrolysis. Since glutamine (with its γ 

amide) was not performing in a similar manner, the theory was established that 

only α or β amides could carry out this function. Lysine further proved this, as the 

N2 amine ligation product gave the peptide, and N6 ligation product gave the 

amidine. Serinamide and threoninamide also showed some similar chemistry to 

their amino acid counterparts, with small quantities of their respective oxazolines 

detected.  
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Competition reactions were selective in all cases for the desired substrates, but 

of particular note was the special selectivity that α-amidonitriles exhibited over β-

aminonitriles and alanine had over 2-amino-2-methylpropanoic acid. These 

reactions were highly predisposed to react in a similar manner to that seen in 

extant biology.   

A range of thiols were shown to produce ligated products under the reaction 

conditions, with some yields being superior to Ac-Cys-OH, demonstrating the 

robustness of the reaction to various thiols. Finally, Dr Leonardo Maugeri 

optimised some of the poorer yields associated with the amino acids and amino 

amides.  

2.5.2 Future work  

The citric acid cycle, polyketide biosynthesis, and non-ribosomal peptide 

synthesis all require sulfur, as thiols, for their function. Sulfur has been strongly 

implicated to be vital to a number of plausibly prebiotic strategies for the 

generation of biogenic substrates. However, the catalytic, non-enzymatic 

synthesis of peptides in water to afford oligopeptides has remained an unresolved 

problem. This work has therefore overcome these issues and achieved the 

singular aim of this entire project: “determine new ways to prebiotically form 

peptide bonds.” Such as that is, there still remains a good deal of investigation to 

carry out. 

The work involving borate offers few new avenues of investigation. The research 

here has determined, fairly conclusively, that this type of ligation is so challenging 

as to be impossible. Further understanding the aqueous behaviour of other 

aminonitriles might be useful since they may have been essential components at 

the origin of life of Earth.  

Similarly, for the NCL based strategy, a way through with regards to a meaningful, 

high yielding ligation is hard to see. However, this work may find a potential 

application in protein chemistry. Installation of a C-terminal nitrile would facilitate 

the reaction of an N-terminal cysteine residue at neutral pH, giving a thiazoline. 

Once hydrolysed, the net result would be the ligation of two peptide fragments, 

bypassing the need for a synthetically produced thioester. This now internal 
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cysteine residue could then be further utilised to affect a reverse native chemical 

ligation procedure (Scheme 94).  

 

Scheme 94. Possible steps to bypass the need for the installation of a synthetic thioester in native 
chemical ligation.  

In the reactions using Ac-Cys-OH as a catalyst, attempts to realise the block 

ligation potential of the reaction of Ac-Gly-CN with Gly-Gly-OH and Gly-Gly-CN 

to give longer peptides were made. These reactions were hampered by a host of 

indistinguishable products present by 1H NMR. Work should be carried out to 

determine if ligation was occurring, and if so, to what extent. 

Most difficult, but perhaps most rewarding, would be to find a method to make a 

propagatable ligation using the thiol catalysis in this research feasible. There is 

certainly no clear or obvious route to success in this regard. The most likely 

successful route might involve some sort of additive such as acetamide or 

formamide. Given that α or β primary amides are known to rapidly hydrolyse 

amidines, inclusion of these species may facilitate such a transformation 

intermolecularly. Another important area of work is further variation of the N-

terminal nitrile, in order to establish the tolerance of the reaction to different 

substrates. By reacting Ac-AA-CN peptides with Cys-AA-OH peptides, a whole 

host of different tripeptides could be produced. These tripeptides could bear 

similarity to the catalytic triads which are essential for enzyme function. They may 

function far more competently than Ac-Cys-OH as a catalyst and could herald 
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the beginnings of a prebiotic enzyme evolution (Scheme 95). This work is 

currently underway in the Powner lab.  

 

Scheme 95. Top: The thiazoline chemistry developed in this work could afford a large number of 
tripeptides. Middle: These tripeptides could go on to catalyse further ligations. Bottom: Further 
ligations are possible from these products. Depending on the combination of amino acids used, 
these ligations may proceed faster and generate a greater quantity of products which catalyse 
their own synthesis.    

On a more general note, while the chirality of the starting materials in reactions 

has been noted, the stereochemistry of all the products of the reactions in this 

project have not been addressed. This was not covered because it was not a key 

the focus of the work. The aim of the project was to develop a new method to 

produce peptide bonds in water, and to fully characterise the Ac-Gly-AA-OH 

products formed. However, chirality and the origins of life go hand in hand, and 

future work should examine if the use of enantiomerically pure Ac-Cys-OH in the 

thiol catalysed reaction would have any chiral selectivity for one racemate in a 

racemic mixture of an aminonitrile, and if a racemate of a racemic mixture of an 

amino acid as the ligation partner has any selectivity for reaction with the 

diastereotopic intermediate.   
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3 Experimental  

3.1 General information 

Reagents and solvents were obtained and used without further purification, 

unless specified, from the following commercial sources: Alfa Aesar, Acros 

Organics, Apollo Scientific, BDH, Sigma Aldrich, Fluorochem, MerckMillipore, 

Fisher Scientific, VWR International, Carbosynth, Manchester Organics, 

Lancaster, Molekula, Honeywell, TCI and Santa Cruz Biotechnology. In reactions 

detailed in section 2.3, L-cysteine was used in each case. All amino acids and 

amino amides for the ligation scope detailed in section 2.4 were of L-AA-OH and 

L-AA-NH2 stereochemistry apart for the following subtrates: DL-methionine, DL-

alanine, D-valinamide, D-leucinamide, and D-alaninamide. See Table 20 below 

for the complete list. Deionized water was obtained from an Elga Option 3 

purification system. 1H and 13C NMR spectra were recorded on Bruker NMR 

spectrometers; either AVANCE Neo 700, AVANCE III 600, AVANCE III 400 or 

AVANCE 300, equipped with a Bruker room temperature 5 mm multinuclear 

gradient probe and a 5 mm DCH cryoprobe (700 MHz), 5 mm DCH cryoprobe 

(600 MHz) and a gradient probe (400 and 300 MHz). 19F spectra were recorded 

on a Bruker AVANCE 300. All 13C spectra were proton decoupled. All chemical 

shifts (δ) are reported in parts per million (ppm) relative to residual solvent peaks, 

and 1H and 13C chemical shifts relative to TMS were calibrated using the residual 

solvent peak (residual solvent peaks: (δ) D2O = 4.79; DMSO-d6 = 2.50; CDCl3 = 

7.26; CD3OD = 3.31), except in the experiments in section 2.2, where tert-butanol 

as the internal standard at 1.24 ppm was used. Where noted, solvent suppression 

pulse sequence with pre-saturation and spoil gradients were used to obtain 1H 

NMR spectra (noesygppr1d, Bruker) and 1H–13C HMBC NMR spectra 

(hmbcgplpndprqf, Bruker). Coupling constants are reported in Hertz (Hz). Spin 

multiplicities are indicated by symbols: s (singlet); d (doublet); t (triplet); q 

(quartet); m (multiplet); obs. (obscured/coincidental signals); app. (apparent), or 

a combination of these. Diastereotopic geminal (AB) spin systems coupled to one 

additional nuclei are reported as ABX. NMR data are reported as follows: 

chemical shift (number of protons, multiplicity, coupling constants (J), nuclear 

assignment). Where R is used for nuclear assignment, it specifies the amino acid 

or amino amide side chain. All coupling constants are 3JHH unless otherwise 

stated and quoted to the nearest 0.1 Hz. Spectra were recorded at 298 K. Infrared 
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spectra (IR) were recorded on a Bruker Alpha FT-IR with a Platinum-ATR 

(attenuated total reflection) attachment as a solid or neat oil/liquid. Absorption 

maxima are reported in wavenumber (cm-1) and the spectral range was between 

400 cm-1 and 4000 cm-1 with a resolution of 0.01 cm-1.  Spectra were recorded by 

carrying out 16 scan cycles with a 16-cycle background scan performed before 

each sample. Peak absorbency relative strength is assigned using the following 

abbreviations: s (strong, > 66% of most intense peak), w (weak, < 33% of most 

intense peak), and br (broad). Mass spectra and accurate mass measurements 

were recorded on a Waters LCT Premier QTOF connected to a Waters 

Autosampler Manager 2777C, Thermo Finnigan MAT900, and an Agilent LC 

connected to an Agilent 6510 QTOF mass spectrometer. Sonication (30-40 KHz) 

was carried out by using an Ultrawave U500H ultrasonication cleaner. Solution 

pH values were measured using a Mettler Toledo Seven Compact pH meter with 

a Mettler Toledo InLab semi-micro pH probe, or a Corning 430 pH meter with a 

Fisherbrand FB68801 semi-micro pH probe. The readings for H2O, D2O, and 

H2O/D2O (9:1) solutions are reported uncorrected. Melting points were recorded 

using either a Gallenkamp Sanyo or Electrothermal manual melting point 

apparatus for all solids and are quoted to the nearest ºC and are uncorrected. 

Flash column chromatography was performed on a Biotage Isolera One using 

either GraceResolv or Biotage SNAP KP-Sil brand columns.  

Table 20. Stereochemistry of amino acids (AA-OH) and amino amides (AA-NH2) used in the 
ligation reactions for section 2.4.  

Entry R AA-OH AA-NH2 

1 Ala DL D 
2 Arg L L 
3 Asn L L 
4 Asp L L 
5 Gln L L 
6 Glu L L 
7 His L L 
8 Ile L L 
9 Leu L D 
10 Lys L L 
11 Met DL L 
12 Phe L L 
13 Pro L L 
14 Ser L L 
15 Thr L L 
16 Trp L L 
17 Tyr L L 
18 Val L D 
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3.2 Experimental for 2.2 Towards boron mediated ligation 

3.2.1 Towards the ligation of Gly-CN under aqueous conditions  

General procedure 1: A solution of the specified amino nitrile (AA-CN) (500 mM, 

and t-BuOH (200 mM) as the internal standard) and any specified additives (1.0 

eq.) were made up in H2O. An aliquot of this solution was added to boric acid (1.0 

eq.) (a control reaction without boric acid was also set up) and the pH of the 

solutions was adjusted as stated with NaOH or HCl (1 M). The reactions were 

then incubated for at 60 °C, unless stated otherwise. The resulting reaction 

mixtures were analysed 1D and 2D NMR spectroscopy (1H–13C HMBC), with 

aliquots taken at the desired time intervals. The products were quantified by 1H 

NMR spectroscopy against the t-BuOH internal standard.  
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3.2.2 Mass Spec analysis 

Sample preparation for UP-LCMS: An aliquot of the reaction (0.2 mL) was added 

to AQC in water (2 mL, 35 mM, as excess reagent) and vortexed. After 2 minutes, 

the derivatised sample volume was made up to 50 mL. The Waters Sep-Pak C18 

classic short column (360 mg sorbent per column) was prepared by passing 

through the following with a syringe: methanol (20 mL), water (60 mL), and air 

(60 mL). The total volume of the derivatised sample was then passed through the 

column slowly by applying syringe pressure. The de-salted sample was then 

eluted with acetonitrile (3 mL) and 20 μL of this solution was diluted with water 

(180 μL) to give the final solution for analysis. 

 

Figure 41. Mass spectrum of the AQC derivatisation experiment as discussed in section 2.2.3. 
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3.2.3 Further investigations into the formation of nitrile 123 

Table 21. Data for Figure 18 and Figure 19, following general procedure 1. 

 
 % Yield by 1H NMR B(OH)3 control 

time (h) Gly-NH₂ 123 Gly-NH₂ 123 

0 0 0 0 0 

6 0 21 2 17 

24 2 46 9 20 

48 4 48 8 17 

72 6 43 6 13 

93 9 37 5 10 

 

Table 22. Data to show % yield by 1H NMR of 123 from Figure 20 and Figure 21. ‘+’ means with 
boric acid, ‘-’ means without, following general procedure 1. 

 
pH 5 6 7 8 9 10 

borate 
+ - + - + - + - + - + - 

time (h) 

0 0 0 0 0 0 0 0 0 0 0 0 0 

6 10 9 25 32 21 17 12 9 9 7 2 4 

24 37 35 53 43 46 20 30 14 16 10 3 7 

48 52 54 49 36 48 17 31 13 14 9 2 6 

72 - - 40 28 43 13 27 13 11 8 2 5 

96 - - - - 37 10 21 8 7 6 2 4 
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3.3 Experimental for 2.3 Towards a cysteine-based ligation 
strategy  

3.3.1 Preliminary investigations  

 

Scheme 96. Strecker reaction for the formal aldehyde of cysteine as shown in 2.3.1. Method: 1,4-
dithiane-2,5-diol (18 mg, 0.12 mmol), potassium cyanideg (8.1 mg, 0.125 mmol), an ammonium 
chloride (8.7 mg, 0.162 mmol) were stirred in deionised water, and the pH was adjusted to 9 with 
5 M NaOH or 5 M HCl, as needed. Stirring was continued at room temperature for 24 hours, 
before NMR spectroscopy was carried out to reveal the contents of the mixture.  

 

Table 23. Summary of preliminary cysteine screening experiments with modification of pH and 
equivalence. ¤ = Time in hours that the NMR spectrum taken after mixing. † = 136 % yield by 1H 
NMR relative to the limiting reagent, as measured against the internal standard of t-BuOH (50 
mM). The limiting reagent was not always made to 500 mM due to solubility limits. Method: Gly-
CN and cysteine were added to vials and dissolved in ca. 4 mL of a solution of degassed and 
deionised water with t-BuOH (5 mM) as the internal standard. The pH was adjusted with 10 M 
HCl or NaOH both also with the same internal standard. This solution was then transferred to a 
volumetric flask and the volume was made up, from a solution at the appropriate pH containing 
the internal standard. The NMR tubes were then set up to run at the desired time intervals on the 
NMR carousel in a room controlled to ca. 20 °C. 

 
Entry pH x Gly-CN (mM) Cys-OH (mM) ¤ (h) 136 (%) † 

1 9 500 500 12 36 

2 7 500 500 12 54 

3 7 500 500 1 62 

4 7 250 500 12 80 

5 7 500 250 12 61 

6 7 500 125 1 78 

7 6 500 500 1 24 

8 5 500 500 12 55 

9 5 500 500 1 54 

10 5 250 500 1 87 

11 5 500 250 1 82 

12 5 500 125 1 91 

13 4 500 500 1 22 

                                            
g Potassium cyanide is extremely toxic, consult MSDS before using. 
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3.3.2 Towards direct thiazoline ligation 

 

Scheme 97. Nucleophile scope with the thiazoline 136, see Scheme 54. Method (in degassed 
and deionised water with an internal standard of t-BuOH (50 mM), the pH was adjusted with 5 M 
NaOH or HCl): X = CN at pH 5 or 7: Gly-CN (1000 mM, 0.3 mL, pH 5 or 7) was added to cysteine 
(1000 mM, 0.3 mL, pH 5 or 7) and stirred for 20 minutes. After this time Gly-CN (1000 mM, 0.3 
mL, pH 5 or 7) was added to the mixture and stirring was continued for 24 hours at room 
temperature, after which time an NMR spectrum was acquired. X = CF3: A solution of Gly-CN and 
2,2,2-trifluoroethylamine 122 (500 mM, 0.3 mL, pH 7) was added to a solution of cysteine (500 
mM, 0.3 mL, pH 7) and stirred for 24 hours at room temperature, after which time an NMR 
spectrum was acquired. X = CH2CH3: Gly-CN (1000 mM, 0.3 mL, pH 5) was added to cysteine 
(1000 mM, 0.3 mL, pH 5) and stirred for 4 hours. After this time n-propylamine 141 (25 μL) was 
added to the mixture and stirring was continued for 24 hours at room temperature, after which 
time an NMR spectrum was acquired. 

 

 

Scheme 98. Reaction of N-Me-Cys-OH with Gly-CN, see Scheme 55. Method: Gly-CN (200 mM, 
1.25 mL, pH 7, with MSM (5 mM) as the internal standard) was added to N-Me-Cys-OH (200 mM, 
1.25 mL, pH 7, with MSM (5 mM) as the internal standard) and stirred for 24 hours, after which 
time an NMR spectrum was acquired.   
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3.3.3 Investigation into the hydrolysis of thiazoline 136 

Table 24. Summary of data shown in Figure 24 and Figure 25. Method: A solution of Gly-CN and 
cysteine (100 mM in each substrate with t-BuOH (50 mM) as the internal standard) in degassed 
and deionised water was made up. This solution was split into aliquots and the pH adjusted to 
either 4, 5, 6, or 7 with either 0.1, 1, or 4 M NaOH and HCl as required. NMR spectra were taken 
at the desired time intervals and percentage yields calculated against the internal standard. 

 
pH X pH 4 (%) pH 5 (%) pH 6 (%) pH 7 (%) 

time (h) 136 Gly-Cys-OH 136 Gly-Cys-OH 136 Gly-Cys-OH 136 Gly-Cys-OH 

1 8 2 43 0 59 12 59 11 
4 18 13 81 8 74 23 76 19 
8 22 27 82 13 78 24 79 19 

12 24 38 82 14 77 24 80 19 
16 24 48 81 15 76 24 80 19 
20 24 57 80 15 76 24 79 19 
24 23 64 79 15 74 24 78 19 
48 22 82 75 14 70 21 74 18 

 

 

 

Scheme 99. 136 was not observed with either solvent, see. Method: Gly-CN (23 mg, 2.49 mmol), 
cysteine (30 mg, 2.48 mmol), and triethylamine (35 μL) in DMSO-d6 or MeOD (0.6 mL) were 
prepared and stirred for 72 h. After this time, NMR spectra were taken.  
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3.3.4 Towards a native chemical ligation based strategy for ligation  

Table 25. Investigation into the effect of ammonium chloride on the reaction forming 136 and Gly-
Cys-OH. Method: A solution of Gly-CN, cysteine, and ammonium chloride (100 mM in each 
substrate, with MSM (5 mM) as the internal standard) in degassed and deionised water was made 
up. This solution was split into aliquots and the pH adjusted to either 5 or 7 with 0.1, 1, or 4 M 
NaOH and HCl as required. NMR spectra were taken at the desired time intervals and percentage 
yields calculated against the internal standard. The data for the ‘additive = none’ is from Table 24 
in section 3.3.3.   

 
pH  pH 5 % Yield by 1H NMR pH 7 % Yield by 1H NMR 

additive none  NH4Cl (1.0 eq.) none  NH4Cl (1.0 eq.) 

time (h) 136 Gly-Cys-OH 136 Gly-Cys-OH 136  Gly-Cys-OH 136 Gly-Cys-OH 

1 43 0 40 2 59 11 65 14 
4 81 8 65 5 76 19 76 19 
8 82 13 74 5 79 19 77 21 

12 82 14 72 7 80 19 77 22 
16 81 15 69 8 80 19 76 20 
20 80 15 66 10 79 19 74 20 
24 79 15 62 10 78 19 73 20 
48 75 14 52 13 74 18 68 18 
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Table 26. Investigation into the effect of phosphate buffer on the reaction of Gly-CN with cysteine 
forming 136 and Gly-Cys-OH. Method: A solution of Gly-CN, cysteine, and ammonium chloride 
(100 mM in each substrate, with MSM (10 mM) as the internal standard) in degassed and 
deionised D2O phosphate buffer (100 mM) was made up. This solution pD was adjusted to 5.8 
with 0.1, 1, or 4 M NaOH and HCl as required. NMR spectra were taken at the desired time 
intervals and percentage yields calculated against the internal standard. The data for the ‘pH = 6’ 
is from Table 24 in section 3.3.3.   

 
pH phosphate buffer pH 5.8 pH 6 

time (h) 136 (%) Gly-Cys-OH (%) 136 (%) Gly-Cys-OH (%) 

1 77 2 59 12 
4 86 4 74 23 
8 86 4 78 24 
12 85 4 77 24 
16 84 4 76 24 
20 82 4 76 24 
24 81 5 74 24 
48 72 9 70 21 

 

 

Scheme 100. General procedure 2. Method: A solution of Gly-13CN and cysteine (1.0 mL, 100 
mM in each substrate) in degassed and deionised was made up, and the pH adjusted to 7 with 
0.1, 1, or 4 M NaOH and HCl as required, and the solution was stirred at room temperature for 8 
h. An aliquot (10 μL) of this solution was added to a solution, at the required pH, of thiol (10% 
w/w), and TCEP.HCl (0.5% w/w), any required additives, and if stated, the solution was also 
buffered with phosphate (990 μL). The remainder of the 13C labelled solution was stored at -80 
°C between experiments. The pH of the solution was readjusted with 0.1, 1, or 4 M NaOH and 
HCl, as required. This final solution was then incubated at 60 °C for 48 h, after which time NMR 
spectra were acquired. The NMR settings are as follows: scans = 1028, au_zgsino changed to 
au_zg (to modify the signal to noise ratio limit), and 13CPD.ucl_wide program.  
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3.4 Experimental for 2.4 Thiol catalysed prebiotic peptide 
ligations in water 

3.4.1 Preliminary investigations 

The experiments in this section follow general procedure 3 in section 3.4.4.   

 

 

Figure 42. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0-5.0 ppm) spectrum to show the 
ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with glycine (Gly-OH, 200 mM) and 
(Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard after 24 h at pH 7 and 
60 °C. See general procedure 3 in section 3.4.4 for method.  

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) (2-acetamido-1-

iminoethyl)glycine, Ac-GlyN-Gly-OH (): δH 4.27 (2H, s, AcNHCH2), 3.93 (2H, s, 

CH2COOH), 2.10 (3H, s, H3C(CO)); N-Acetylglycylglycine, Ac-Gly-Gly-OH (): 

δH 3.97 (2H, s, AcNHCH2), 3.74 (2H, AB obs., CH2COOH); Glycine, Gly-OH (): 

δH 3.56 (2H, s, CH2); N-Acetylglycinamide, Ac-Gly-NH2 (): δH 3.90 (2H, s, 

CH2).h 

                                            
h  The H3C(CO) of Ac-Gly-NH2 () and Ac-Gly-Gly-OH () could not be unambiguously 

assigned from the region between 2.0-2.2 ppm in Figure 42. 
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3.4.2 Design of experiments study 

Method: Required quantities of volumetric stock solutions of Ac-Gly-CN (1000 

mM), glycine (1000 mM), and Ac-Cys-OH (500 mM) were lyophilised before the 

addition of MSM (5 mM, as the internal standard) in H2O/D2O (1 mL, 9:1). The pH 

was adjusted as required with HCl or NaOH, and the reactions were incubated at 

the specified temperature for 24 h, before being analysed by 1H–13C HMBC NMR 

spectroscopy.  

3.4.3 Excursus: towards a propagatable ligation sequence 

 

Scheme 101. Reaction detailed in Table 7 section 2.4.4. Method: A volumetric solution of Ac-
Gly-CN (200 mM) and cysteine (200 mM) in water (H2O/D2O 9:1) with MSM (5 mM) as the internal 
standard was split into aliquots and the pH adjusted to either 5, 7, or 9 with 0.1, 1, or 4 M NaOH 
and HCl as required. The solutions were then either held either room temperature for 48 h or at 
60 °C for 6 h and NMR spectra were taken as required. 

 

Scheme 102. Competition reaction of Ac-Gly-CN and Gly-CN with cysteine, see Scheme 73, 
section 2.4.3. Method: A solution of Ac-Gly-CN and Gly-CN, and cysteine (1 mL, 100 mM in 
each substrate, with MSM (5 mM) as the internal standard) in degassed and deionised water 
(H2O/D2O 9:1) was made up. The solution pH was adjusted to 7 with either 0.1, 1, or 4 M NaOH 
and HCl as required, and the solution left at room temperature for 1 h before NMR spectra were 
taken and yields calculated against the internal standard. The competition reaction at pH 9 
(Scheme 74) followed the same procedure at double the concentration.  
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Table 27. Investigation into the formation of 147 and Ac-Gly-Cys-OH under acidic conditions, 
with comparison to the ‘pH 5’ data found in Table 24 in section 3.3.3 for the reaction of Gly-CN 
with cysteine. Method: A solution of Ac-Gly-CN and cysteine (0.6 mL, 100 mM in each substrate) 
with MSM (5 mM) as the internal standard in degassed and deionised water was made up. The 
pH was adjusted to 5 with 0.1, 1, or 4 M NaOH and HCl as required. NMR spectra were taken at 
the desired time intervals and yields calculated against the internal standard. 

 
 % Yield by 1H NMR % Yield by 1H NMR from Table 24 

time (h) 147 Ac-Gly-Cys-OH total 147 (%) Gly-Cys-OH (%) total 

0 0 0 0 - - - 
1 2 1 3 43 0 43 
4 3 2 5 81 8 89 
8 8 9 17 82 13 95 
12 10 15 25 82 14 96 
16 11 21 32 81 15 96 
20 11 27 38 80 15 95 
24 11 33 44 79 15 94 
48 9 57 66 75 14 89 

   

 

Scheme 103. Reaction detailed in Table 8 in section 2.4.4. Method: A solution of Gly-CN (200 
mM) and Ac-Cys-OH (60 mM) with MSM (5 mM) as the internal standard was split into 3 aliquots 
and the pH adjusted to either 2, 3, or 4 with 0.1, 1, or 4 M NaOH and HCl as required. These 
aliquots were split again into three and incubated at either room temperature, 40 °C, or 60 °C for 
24 h, and NMR spectra acquired as required.   

 

 

Scheme 104. Reaction detailed in Table 9 in section 2.4.4. Method: A solution of Gly-CN (200 
mM) with MSM (5 mM) as the internal standard was added to Ac-Cys-OH (1.0, 2.0, or 4.0 eq.) 
and split into 3 aliquots. The pH was adjusted to either 3, 5, or 5 with 0.1, 1, or 4 M NaOH and 
HCl as required. These aliquots were incubated at room temperature for 24 h, and NMR spectra 
acquired as required.   
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3.4.4 Amino acid ligation scope 

 

General procedure 3: The specified amino acid (AA-OH) (0.2 mmol) was added 

to a solution of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM), N-

acetylcysteine (Ac-Cys-OH, 60 mM), and (methylsulfonyl)methane (MSM, 5 or 

50 mM as specified) in H2O/D2O (9:1, 1 mL) and the pH of was adjusted to pH 7 

or 9, as stated. The reactions were then incubated for 24 hours at 60 °C or at 

room temperature for 24 hours, unless stated otherwise. The resulting reaction 

mixtures were analysed by high resolution mass spectrometry and 1D and 2D 

NMR spectroscopy (1H–13C HMBC, 1H–1H COSY, and 1H–13C HSQC). The 

products were quantified by 1H NMR spectroscopy against the internal MSM 

standard. All amino acid ligations were carried out and analysed according to this 

procedure unless stated otherwise. 

The full data for all of the amino acid ligation reactions are included on the 

supplementary CD-ROM. 
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3.4.4.1 Asparagine  

3.4.4.1.1 Neutral conditions 

 

 

Figure 43. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0-5.0 ppm) spectrum to show the 
ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with asparagine (Asn-OH, 200 mM) 
and N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard 
after 24 h at pH 7 and 60 °C. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) (2-acetamido-1-

iminoethyl)asparagine, Ac-GlyN-Asn-OH (): δH 4.50-4.45 (1H, m, CH(R)), 4.26 

(1H, AB, J = 17.3 Hz, AcNHCHH), 4.23 (1H, AB, J = 17.5 Hz, AcNHCHH), 2.09 

(3H, s, H3C(CO)); N-Acetylglycylasparagine, Ac-Gly-Asn-OH (): δH 4.51 (1H, 

dt, J = 8.1, 4.1 Hz, CH(R)), 3.95 (1H, AB br., J = 17.3 Hz, AcNHCHH), 3.91 (1H, 

AB br., J = 18.2 Hz, AcNHCHH), 2.77 (1H, ABX, J = 15.1, 4.8 Hz, 

CH(CHHCONH2)), 2.67 (1H, ABX, J = 15.1, 8.4 Hz, CH(CHHCONH2)), 2.06 (3H, 

s, H3C(CO)); N-(2-((2,5-dioxopyrrolidin-3-yl)amino)-2-iminoethyl)acetamide (149 

): δH 4.50-4.45 (1H, m, CH(CH2CONHCO)), 4.27 (1H, AB, J = 17.3 Hz, 
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AcNHCHH), 4.24 (1H, AB, J = 17.3 Hz, AcNHCHH), 2.10 (3H, s, H3C(CO));i 

Asparagine, Asn-OH (): δH 4.00 (1H, dd, J = 7.6, 4.3 Hz, CH(R)), 2.94 (1H, 

ABX, J = 17.1, 4.3 Hz, CH(CHHCONH2)), 2.85 (1H, ABX, J = 16.8, 7.9 Hz, 

CH(CHHCONH2)); N-(2-amino-2-iminoethyl)acetamide, Ac-GlyN-NH2 (): δH 

4.20 (2H, s, CH2).j 

 

Figure 44. 1H–13C HMBC (1H: 700 MHz [3.8-4.8 ppm], 13C: 176 MHz [150-185 ppm], H2O/D2O 
9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of Asn-αH-COOH in Ac-GlyN-Asn-
OH between 4.50-4.45 ppm with two resonances at 175 and 165 ppm, which is characteristic of 
amidine bond formation of Asn-OH and the 2JCH and 3JCH coupling of Asn-αH-COOH in Ac-Gly-
Asn-OH at 4.51 ppm with two resonances at 176 and 171 ppm, which is characteristic of peptide 
bond formation of Asn-OH. See Figure 43 for expanded and labelled 1H NMR spectrum. 

 

 

 

 

 

                                            
i Obscured ABX system resulting from diastereotopic CH2 signals in Ac-GlyN-Asn-OH () and N-
(2-((2,5-dioxopyrrolidin-3-yl)amino)-2-iminoethyl)acetamide (149 ) could not be unambiguously 
assigned. 
j  The H3C(CO) of Ac-GlyN-NH2 () could not be unambiguously assigned from the region 
between 2.0-2.2 ppm in Figure 43. 
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3.4.4.1.2 Alkaline conditions 

 

 

Figure 45. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 
ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with asparagine (Asn-OH, 200 mM) 
and N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard 
after 12 days at pH 9 and room temperature. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) N-Acetylglycylaspartic acid, Ac-

Gly-Asn-OH (): δH 4.51 (1H, dd, J = 8.5, 4.7 Hz, CH(R)), 3.94 (1H, AB, J = 17.1 

Hz, AcNHCHH), 3.91 (1H, AB, J = 17.1 Hz, AcNHCHH), 2.77 (1H, ABX, J = 15.6, 

4.7 Hz, CH(CHHCONH2)COOH), 2.67 (1H, ABX, J = 15.1, 8.4 Hz, 

CH(CHHCONH2)COOH), 2.06 (3H, s, H3C(CO)); (2-acetamido-1-

iminoethyl)asparagine, Ac-GlyN-Asp-OH (): δH 4.37 (1H, dd, J = 8.3, 3.8 Hz, 

CH(R)), 4.27 (1H, AB, J = 17.1 Hz, AcNHCHH), 4.24 (1H, AB, J = 17.3 Hz, 

AcNHCHH), 2.82 (1H, ABX, J = 16.6, 3.8 Hz, CH(CHHCOOH)COOH), 2.65 (1H, 

ABX, J = 16.8, 8.3 Hz, CH(CHHCOOH)COOH), 2.09 (3H, s, H3C(CO)); 

Asparagine, Asn-OH (): δH 3.71 (1H, dd, J = 8.5, 4.5 Hz, CH(R)); Aspartic acid, 
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Asp-OH (): δH 3.82 (1H, dd, J = 9.0, 3.6 Hz, CH(R));k N-Acetylglycinamide, Ac-

Gly-NH2 (): δH 3.89 (2H, s, CH2), 2.06 (3H, s, H3C(CO)).   

 

Figure 46. 1H–13C HMBC (1H: 700 MHz [3.5-4.5 ppm], 13C: 176 MHz [150-185 ppm], H2O/D2O 
9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Asn-αH-COOH in Ac-Gly-
Asn-OH at 4.51 ppm with three resonances at 177, 174 and 171 ppm, which is characteristic of 
peptide bond formation of Asn-OH and the 2JCH and 3JCH coupling of Asp-αH-COOH in Ac-GlyN-
Asp-OH at 4.51 ppm with three resonances at 179, 176 and 165 ppm, which is characteristic of 
peptide bond formation of Asp-OH. See Figure 45 for expanded and labelled 1H NMR spectrum. 

 

 

 

 

 

 

 

                                            
k Obscured ABX system resulting from diastereotopic CH2 signals in Asn-OH () and Asp-OH 
() could not be unambiguously assigned. 
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3.4.4.2 Lysine investigation 

3.4.4.2.1 Neutral conditions 

3.4.4.2.1.1  N6-Acetyllysine 

 

 

Figure 47. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with N6-acetyllysine (N6-Ac-Lys-OH, 
200 mM) and N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) and 
pentaerythritol (14.29 mM, from 100 μL of a 100 mM solution of pentaerythritol in 600 μL of 
reaction mixture) as the internal standard after 24 h at pH 7 and 60 °C. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) N2-(2-acetamido-1-iminoethyl)-

N6-acetyllysine, N2-(Ac-GlyN)-N6-Ac-Lys-OH (): δH 4.27 (1H, AB, J = 17.1 Hz, 

N2-AcNHCHH), 4.24 (1H, AB, J = 17.1 Hz, N2-AcNHCHH), 4.10 (1H, dd, J = 7.9, 

4.5 Hz, CH(R)), 3.20-3.14 (2H, m, N6-AcNHCH2), 2.11 (3H, s, N2-H3C(CO)), 1.98 

(3H, s, N6-H3C(CO)); N6-Acetyllysine, N6-Ac-Lys-OH (): δH 3.76-3.73 (1H, m, 

CH(R)), 3.20-3.14 (2H, m, N6-AcNHCH2CH2), 1.98 (3H, s, N6-H3C(CO)); l  N-

Acetylglycinamide, Ac-Gly-NH2 (): δH 3.90 (2H, s, CH2).m 

                                            
l Complex overlapping multiplets resulting from diastereotopic CH2 signals in N2-(Ac-GlyN)-N6-
Ac-Lys-OH () and N6-Ac-Lys-OH () could not be unambiguously assigned. 
m  The H3C(CO) of Ac-Gly-NH2 () could not be unambiguously assigned from the region 
between 2.0-2.2 ppm in Figure 47. 
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Figure 48. 1H–13C HMBC (1H: 700 MHz [3.7–4.5 ppm], 13C: 176 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the lysyl-αH-COOH in N2-(Ac-
GlyN)-N6-Ac-Lys-OH at 4.10 ppm with two resonances at 176 and 164 ppm, which is 
characteristic of amidine bond formation of N6-Ac-Lys-OH. See Figure 47 for expanded and 
labelled 1H NMR spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 



196 

 

3.4.4.2.1.2  N2-Acetyllysine 

 

 

Figure 49. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with N2-acetyllysine (N2-Ac-Lys-OH, 
200 mM) and N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal 
standard after 24 h at pH 7 and 60 °C. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) N6-(2-acetamido-1-iminoethyl)-

N2-acetyllysine, N6-(Ac-GlyN)-N2-Ac-Lys-OH (): δH 4.18 (2H, s, N6-AcNHCH2), 

4.17-4.13 (1H, m, AcNHCH(R)), 3.32 (2H, t, J = 7.0 Hz, N6-CH2CH2), 2.09 (3H, 

s, N6-H3C(CO)), 2.04 (3H, s, N2-H3C(CO)); N2-acetyllysine, N2-Ac-Lys-OH (): 

δH 4.17-4.13 (1H, m, AcNHCH(R)), 3.01 (2H, td, J = 7.6, 1.7 Hz, N6-NH2CH2CH2), 

2.04 (3H, s, N2-H3C(CO));n N-Acetylglycinamide, Ac-Gly-NH2 (): δH 3.90 (2H, 

s, CH2);o 

                                            
n Complex overlapping multiplets resulting from diastereotopic CH2 signals in N6-(Ac-GlyN)-N2-
Ac-Lys-OH () and N2-Ac-Lys-OH () could not be unambiguously assigned. 
o The H3C(CO) of Ac-Gly-NH2 () could not be unambiguously assigned from the region between 
2.0-2.2 ppm in Figure 49. 
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Figure 50. 1H–13C HMBC (1H: 700 MHz [3.0–4.5 ppm], 13C: 176 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the lysyl-N6-CH2 in N6-(Ac-GlyN)-
N2-Ac-Lys-OH at 3.32 ppm with one resonance at 165 ppm, which is characteristic of amidine 
bond formation of N2-Ac-Lys-OH. See Figure 49 for expanded and labelled 1H NMR spectrum. 
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3.4.4.2.1.3  Lysine  

 

 

 

Figure 51. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with lysine (Lys-OH, 200 mM) and 
N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard after 
24 h at pH 7 and 60 °C. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) N2-(2-acetamido-1-

iminoethyl)lysine, N2-(Ac-GlyN)-Lys-OH (): δH 4.26 (1H, AB, J = 17.3 Hz, N2-

AcNHCHH), 4.24-4.22 (1H, AB obs., N2-AcNHCHH), 4.13-4.10 (1H, m, CH(R)), 

3.02 (2H, t, J = 7.6 Hz, N6-H2NCH2CH2), 2.10 (3H, s, N2-H3C(CO)); N2,N6-bis(2-

acetamido-1-iminoethyl)lysine, N2,N6-bis(Ac-GlyN)-Lys-OH (): δH 4.26 (1H, 
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AB, J = 17.1 Hz, N2-AcNHCHH), 4.22 (1H, AB, J = 17.1 Hz, N2-AcNHCHH), 4.17 

(2H, s br., N6-AcNHCH2), 4.12 (1H, dd, J = 7.4, 4.7 Hz, CH(R)), 3.33 (2H, t, J = 

7.0 Hz, N6-CH2CH2), 2.10 (3H, s, N2-H3C(CO)), 2.04 (3H, s, N6-H3C(CO)); N6-(2-

acetamido-1-iminoethyl)lysine, N6-(Ac-GlyN)-Lys-OH (): δH 4.17 (2H, s br., N6-

AcNHCH2), 3.75 (1H, t, J = 6.1 Hz, CH(R)), 3.32-3.30 (2H, m, N6-CH2CH2), 2.04 

(3H, s, N6-H3C(CO)); Lysine, Lys-OH (): δH 3.76-3.73 (1H, m, CH(R)), 3.00 (2H, 

t, J = 7.4 Hz, N6-H2NCH2CH2);p N-Acetylglycinamide, Ac-Gly-NH2 (): δH 3.89 

(2H, app. AB, CH2).q 

 

Figure 52. 1H–13C HMBC (1H: 700 MHz [3.2–4.5 ppm], 13C: 176 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the lysyl-αH-COOH and lysyl-
N6-CH2 in N2-(Ac-GlyN)-Lys-OH (), N2,N6-bis(Ac-GlyN)-Lys-OH (), N6-(Ac-GlyN)-Lys-OH () 
which are characteristic of amidine bond formations of Lys-OH. See Figure 51 for expanded and 
labelled 1H NMR spectrum. 

 

 

 

 

 

                                            
p Complex overlapping multiplets resulting from diastereotopic CH2 signals in N2-(Ac-GlyN)-Lys-
OH (), N2,N6-bis(Ac-GlyN)-Lys-OH (), N6-(Ac-GlyN)-Lys-OH (), and N6-Ac-Lys-OH () 
could not be unambiguously assigned. 
q The H3C(CO) of Ac-Gly-NH2 () could not be unambiguously assigned from the region between 
2.0-2.2 ppm in Figure 51. 
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3.4.4.2.2 Alkaline conditions 

3.4.4.2.2.1  N6-Acetyllysine 

 

 

Figure 53. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with N6-Acetyllysine (N6-Ac-Lys-OH, 
200 mM) and N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) and 
pentaerythritol (14.29 mM, from 100 μL of a 100 mM solution of pentaerythritol in 600 μL of 
reaction mixture) as the internal standard after 24 h at pH 9 and room temperature. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) N2-(2-acetamido-1-iminoethyl)-

N6-acetyllysine, N2-(Ac-GlyN)-N6-Ac-Lys-OH (): δH 4.25 (1H, AB, J = 17.1 Hz, 

N2-AcNHCHH), 4.22 (1H, AB, J = 17.1 Hz, N2-AcNHCHH), 4.09 (1H, dd, J = 7.9, 

4.5 Hz, CH(R)), 3.18-3.13 (2H, m, N6-AcNHCH2), 2.10 (3H, s, N2-H3C(CO)), 1.97 

(3H, s, N6-H3C(CO)); N6-Acetyllysine, N6-Ac-Lys-OH (): δH 3.64 (1H, t, J = 6.1 

Hz, CH(R)), 3.18-3.13 (2H, m, N6-AcNHCH2CH2), 1.97 (3H, s, N6-H3C(CO));r N-

Acetylglycinamide, Ac-Gly-NH2 (): δH 3.89 (2H, s, CH2).s 

                                            
r Complex overlapping multiplets resulting from diastereotopic CH2 signals in N2-(Ac-GlyN)-N6-
Ac-Lys-OH () and N6-Ac-Lys-OH () could not be unambiguously assigned. 
s The H3C(CO) of Ac-Gly-NH2 () could not be unambiguously assigned from the region between 
2.0-2.2 ppm in Figure 53. 
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Figure 54. 1H–13C HMBC (1H: 700 MHz [3.8–4.5 ppm], 13C: 176 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the lysyl-αH-COOH in N2-(Ac-
GlyN)-N6-Ac-Lys-OH at 4.09 ppm with two resonances at 176 and 164 ppm, which is 
characteristic of amidine bond formation of N6-Ac-Lys-OH. See Figure 53 for expanded and 
labelled 1H NMR spectrum. 
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3.4.4.2.2.2  N2-Acetyllysine 

 

 

Figure 55. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with N2-acetyllysine (N2-Ac-Lys-OH, 
200 mM) and N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal 
standard after 24 h at pH 9 and room temperature. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) N6-(2-acetamido-1-iminoethyl)-

N2-acetyllysine, N6-(Ac-GlyN)-N2-Ac-Lys-OH (): δH 4.16 (2H, s, N6-AcNHCH2), 

4.14-4.11 (1H, m, CH(R)), 3.30 (2H, t, J = 7.1 Hz, N6-CH2CH2), 2.07 (3H, s, N6-

H3C(CO)), 2.02 (3H, s, N2-H3C(CO)); N2-acetyllysine, N2-Ac-Lys-OH (): δH 

4.14-4.11 (1H, m, CH(R)), 2.98 (2H, td, J = 7.6, 1.7 Hz, N6-NH2CH2CH2), 2.02 

(3H, s, N2-H3C(CO)); t  N-Acetylglycinamide, Ac-Gly-NH2 (): δH 3.88 (2H, s, 

CH2).u 

                                            
t Complex overlapping multiplets resulting from diastereotopic CH2 signals in N6-(Ac-GlyN)-N2-
Ac-Lys-OH () and N2-Ac-Lys-OH () could not be unambiguously assigned. 
u The H3C(CO) of Ac-Gly-NH2 () could not be unambiguously assigned from the region between 
2.0-2.2 ppm in Figure 55. 
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Figure 56. 1H–13C HMBC (1H: 700 MHz [3.2–4.4 ppm], 13C: 176 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the lysyl-N6-CH2 in N6-(Ac-GlyN)-
N2-Ac-Lys-OH at 3.30 ppm with one resonance at 165 ppm, which is characteristic of amidine 
bond formation of N2-Ac-Lys-OH. See Figure 55 for expanded and labelled 1H NMR spectrum. 
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3.4.4.2.2.3  Lysine  

 

 

Figure 57. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with lysine (Lys-OH, 200 mM) and 
N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard after 
24 h at pH 9 and room temperature. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) N2-(2-acetamido-1-

iminoethyl)lysine, N2-(Ac-GlyN)-Lys-OH (): δH 4.23 (1H, AB, J = 17.1 Hz, N2-

AcNHCHH), 4.20 (1H, AB, J = 17.1 Hz, N2-AcNHCHH), 4.10 (1H, dd, J = 7.5, 4.8 

Hz, CH(R)), 2.98 (2H, t, J = 7.5 Hz, N6-NH2CH2CH2), 2.08 (3H, s, N2-H3C(CO)); 

N2,N6-bis(2-acetamido-1-iminoethyl)lysine, N2,N6-bis(Ac-GlyN)-Lys-OH (): δH 
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4.24 (1H, AB, J = 17.1 Hz, N2-AcNHCHH), 4.20 (1H, AB, J = 16.8 Hz, N2-

AcNHCHH), 4.16 (2H, s, N6-AcNHCH2), 4.11-4.09 (1H, m, CH(R)), 3.32-3.29 (2H, 

m, N6-CH2CH2), 2.08 (3H, s, N2-H3C(CO)), 2.03 (3H, s, N6-H3C(CO)); N6-(2-

acetamido-1-iminoethyl)lysine, N6-(Ac-GlyN)-Lys-OH (): δH 4.16 (2H, s, N6-

AcNHCH2), 3.49 (1H, t, J = 6.1 Hz, CH(R)), 3.32-3.29 (2H, m, N6-CH2CH2), 2.03 

(3H, s, N6-H3C(CO)); Lysine, Lys-OH (): δH 3.49 (1H, t, J = 6.1 Hz, CH(R)), 2.96 

(2H, t, J = 7.9 Hz, N6-NH2CH2CH2);v N-Acetylglycinamide, Ac-Gly-NH2 (): δH 

3.88 (2H, s, CH2).w 

 

Figure 58. 1H–13C HMBC (1H: 700 MHz [3.2–4.5 ppm], 13C: 176 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the lysyl-αH-COOH and lysyl-
N6-CH2 in N2-(Ac-GlyN)-Lys-OH (), N2,N6-bis(Ac-GlyN)-Lys-OH (), N6-(Ac-GlyN)-Lys-OH () 
which are characteristic of amidine bond formations of Lys-OH. See Figure 57 for expanded and 
labelled 1H NMR spectrum. 

 

 

 

 

                                            
v Complex overlapping multiplets resulting from diastereotopic CH2 signals in N2-(Ac-GlyN)-Lys-
OH (), N2,N6-bis(Ac-GlyN)-Lys-OH (), N6-(Ac-GlyN)-Lys-OH (), and N6-Ac-Lys-OH () 
could not be unambiguously assigned. 
w The H3C(CO) of Ac-Gly-NH2 () could not be unambiguously assigned from the region between 
2.0-2.2 ppm in Figure 57. 
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3.4.4.3 Serine investigation 

3.4.4.3.1 Neutral conditions 

3.4.4.3.1.1 Serine 

 

 

Figure 59. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with serine (Ser-OH, 200 mM) and 
N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard after 
24 h at pH 7 and 60 °C. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) N-Acetylglycylserine, Ac-Gly-

Ser-OH (): δH 4.31 (1H, ddd, J = 7.6, 5.6, 3.8 Hz, CH(R)), 3.98 (2H, AB obs., 

AcNHCH2), 3.88-3.83 (2H, m, CHCH2OH), 2.07 (3H, s, H3C(CO)); Serine, Ser-

OH (): δH 3.99-3.97 (1H, m, CHCHHOH), 3.94 (1H, dd, J = 12.0, 5.7 Hz, 

CHCHHOH), 3.88-3.83 (1H, m, CH(R)); N-Acetylglycinamide, Ac-Gly-NH2 (): 

δH 3.89 (2H, AB obs. br. CH2)x 

                                            
x The H3C(CO) of Ac-Gly-NH2 () could not be unambiguously assigned from the region between 
2.0-2.2 ppm in Figure 59. 
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Figure 60. 1H–13C HMBC (1H: 700 MHz [3.5–4.5 ppm], 13C: 176 MHz [150-185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Ser-αH-COOH in Ac-Gly-Ser-
OH at 4.31 ppm with two resonances at 177 and 172 ppm, which is characteristic of amidine bond 
formation of Ser-OH. See Figure 59 for expanded and labelled 1H NMR spectrum. 
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3.4.4.3.1.2  O-Methylserine 

 

 

Figure 61. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0-5.0 ppm) spectrum to show the 
ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with O-methylserine ((O-Me)-Ser-
OH, 200 mM) and N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (5 mM) as the 
internal standard after 24 h at pH 7 and 60 °C. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) (2-acetamido-1-iminoethyl)-O-

methylserine, Ac-GlyN-(O-Me)-Ser-OH (): δH 4.31 (1H, dd, J = 5.5, 3.6 Hz, 

CH(R)), 4.29 (1H, AB, J = 17.3 Hz, AcNHCHH), 4.26 (1H, AB, J = 17.2 Hz, 

AcNHCHH), 3.84-3.83 (2H, m, CH2OMe), 3.36 (3H, s, OCH3),2.10 (3H, s, 

H3C(CO)); O-methylserine, (O-Me)-Ser-OH (): δH 3.85-3.70 (3H, m, 

CHCH2OMe), 3.39 (3H, s, OCH3); N-Acetylglycinamide, Ac-Gly-NH2 (): δH 3.89 

(2H, s, CH2).y 

                                            
y The H3C(CO) of Ac-Gly-NH2 () could not be unambiguously assigned from the region between 
2.0-2.2 ppm in Figure 61. 
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Figure 62. 1H–13C HMBC (1H: 700 MHz [3.5–4.5 ppm], 13C: 176 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the (O-Me)-Ser-αH-COOH in Ac-
GlyN-(O-Me)-Ser-OH at 4.31 ppm with two resonances at 173 and 165 ppm, which is 
characteristic of amidine bond formation of (O-Me)-Ser-OH. See Figure 61 for expanded and 
labelled 1H NMR spectrum. 
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3.4.4.3.2 Alkaline conditions 

3.4.4.3.2.1  24 hours 

 

 

Figure 63.1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0-5.0 ppm) spectrum to show the 
ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with serine (Ser-OH, 200 mM) and 
N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard after 
24 h at pH 9 and room temperature. Inset: 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 4.6-
4.75 ppm) showing the CH peak resulting from the cyclic species whose signal is supressed by 
its proximity to the supressed HOD peak. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) (2-acetamido-1-

iminoethyl)serine, Ac-GlyN-Ser-OH (): δH 4.28 (2H, s br., AcNHCH2), 4.25 (1H, 

dd, J = 5.8, 3.4 Hz, CH(R)), 4.00-3.97 (1H, ABX obs., CHCHHOH), 3.93 (1H, 

ABX, J = 11.7, 5.8 Hz, CHCHHOH), 2.10 (3H, s, H3C(CO)); (2-

(acetamidomethyl)-4,5-dihydrooxazole-4-carboxylic acid (150, ): δH 4.69 (1H, 

dd, J = 10.5, 8.5 Hz, CH2CHCOOH), 4.60-4.55 (1H, m, CHHCHCOOH), 4.38-

4.33 (1H, m, CHHCHCOOH), 4.10 (1H, AB, J = 17.3 Hz, AcNHCHH), 4.03 (1H, 

AB, J = 17.3 Hz, AcNHCHH), 2.04 (3H, s, H3C(CO)); N-Acetylglycylserine, Ac-

Gly-Ser-OH (): δH 4.31 (1H, dd, J = 5.6, 4.0 Hz, CH(R)), 3.97 (2H, s, AcNHCH2), 

3.89-3.81 (2H, m, CHCH2OH), 2.07 (3H, s, H3C(CO)); Serine, Ser-OH (): δH 

3.89-3.81 (2H, m, CHCH2OH), 3.61 (1H, t br., J = 4.4 Hz, CH(R)); N-
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Acetylglycinamide, Ac-Gly-NH2 (): δH 3.89 (2H, s, CH2); N-(2-amino-2-

iminoethyl)acetamide, Ac-GlyN-NH2 (): δH 4.20 (2H, s, CH2).z  

 

Figure 64. 1H–13C HMBC (1H: 700 MHz [3.7-4.7 ppm], 13C: 176 MHz [150-180 ppm], H2O/D2O 
9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Ser-αH-COOH in Ac-GlyN-
Ser-OH at 4.28 ppm with two resonances at 173 and 165 ppm, which is characteristic of amidine 
bond formation of Ser-OH and the diagnostic 2JCH and 3JCH coupling of the two CH2 groups present 
in (2-(acetamidomethyl)-4,5-dihydrooxazole-4-carboxylic acid 150 at 4.60-4.55, 4.38-4.33, and 
4.10 ppm with two resonances at 179 and 168 ppm, which is characteristic of cyclisation of Ser-
OH and the diagnostic 2JCH and 3JCH coupling of the Ser-αH-COOH in Ac-Gly-Ser-OH at 4.31 
ppm with two resonances at 176 and 172 ppm, which is characteristic of peptide bond formation 
of Ser-OH. See Figure 63 for expanded and labelled 1H NMR spectrum. 

 

 

 

 

 

 

 

 

                                            
z The H3C(CO) of Ac-Gly-NH2 () and Ac-GlyN-NH2 () could not be unambiguously assigned 
from the region between 2.0-2.2 ppm in Figure 63. 
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3.4.4.3.2.2  37 days 

 

 

Figure 65. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0-5.0 ppm) spectrum to show the 
ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with serine (Ser-OH, 200 mM) and 
N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard after 
37 days at pH 9 and room temperature. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) N-Acetylglycylserine, Ac-Gly-

Ser-OH (): δH 4.31 (1H, dd, J = 5.7, 3.9 Hz, CH(R)), 3.98 (2H, s, AcNHCH2), 

3.87 (1H, AB, J = 11.7, 3.9 Hz, CHCHHOH), 3.84 (1H, AB, J = 11.7, 5.8 Hz, 

CHCHHOH), 2.07 (3H, s, H3C(CO)); Serine, Ser-OH (): δH 3.61 (1H, app. t br., 

CH);aa N-Acetylglycinamide, Ac-Gly-NH2 (): δH 3.89 (2H, s, CH2), 2.06 (3H, s, 

H3C(CO)).  

                                            
aa Serine CH2 region is obscured by amide product CH2 peaks.  
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Figure 66. 1H–13C HMBC (1H: 700 MHz [3.5–4.5 ppm], 13C: 176 MHz [150-185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Ser-αH-COOH in Ac-Gly-Ser-
OH at 4.31 ppm with two resonances at 177 and 172 ppm, which is characteristic of amide bond 
formation of Ser-OH. See for Figure 65 expanded and labelled 1H NMR spectrum. 
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3.4.4.4 Threonine investigation 

3.4.4.4.1 Neutral conditions  

 

 

Figure 67. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with threonine (Thr-OH, 200 mM) and 
N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard after 
24 h at pH 7 and 60 °C. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) N-Acetylglycylthreonine, Ac-

Gly-Thr-OH (): δH 4.28-4.23 (1H, m, HOCHCH3), 4.19 (1H, app. dd, J = 8.8, 

3.6 Hz, CH(R)), 4.00 (1H, AB, J = 17.3 Hz, AcNHCHH), 3.97 (1H, AB, J = 17.3 

Hz, AcNHCHH), 2.07 (3H, s, H3C(CO)), 1.32 (3H, d, J = 6.5 Hz, HOCHCH3); 

Threonine, Thr-OH (): δH 4.28-4.23 (1H, m, HOCHCH3), 3.58 (1H, d, J = 4.7 

Hz, CH(R)), 1.16 (3H, d, J = 6.5 Hz, HOCHCH3); N-Acetylglycinamide, Ac-Gly-

NH2 (): δH 3.89 (2H, AB obs., CH2).bb 

                                            
bb  The H3C(CO) of Ac-Gly-NH2 () could not be unambiguously assigned from the region 
between 2.0-2.2 ppm Figure 67. 
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Figure 68. 1H–13C HMBC (1H: 700 MHz [3.5–4.5 ppm], 13C: 176 MHz [150-185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Thr-αH-COOH in Ac-Gly-Thr-
OH at 4.19 ppm with two resonances at 177 and 172 ppm, which is characteristic of peptide bond 
formation of Thr-OH. See Figure 67 for expanded and labelled 1H NMR spectrum. 
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3.4.4.4.2 Alkaline conditions 

3.4.4.4.2.1  24 hours 

 

 

Figure 69. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.1 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with threonine (Thr-OH, 200 mM) and 
N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard after 
24 h at pH 9 and room temperature. Inset: 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 4.6-
4.9 ppm) showing the CH peak resulting from the cyclic species whose signal is supressed by 
proximity to the supressed HOD peak. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) N-Acetylglycylthreonine, Ac-

Gly-Thr-OH (): δH 4.29-4.25 (1H, m, HOCHCH3), 4.19 (1H, d, J = 3.6 Hz, 

CH(R)), 3.98 (2H, s, AcNHCH2), 2.07 (3H, s, H3C(CO)), 1.16 (3H, d, J = 6.5 Hz, 

HOCHCH3); 2-(acetamidomethyl)-5-methyl-4,5-dihydrooxazole-4-carboxylic acid 

(151, ): δH 4.75-4.72 (1H, m, OCHCH3), 4.09 (1H, d, J = 6.96, CHCOOH), 4.08 

(1H, AB, J = 17.3 Hz, AcNHCHH), 4.02 (1H, AB, J = 17.3 Hz, AcNHCHH), 2.05 

(3H, s, H3C(CO)), 1.41 (3H, d, J = 6.3 Hz, OCHCH3); Threonine, Thr-OH (): δH 

4.29-4.25 (1H, m, HOCHCH3), 3.33 (1H, d, J = 4.7 Hz, CH(R)), 1.25 (3H, d, J = 

6.5 Hz, HOCHCH3); N-Acetylglycinamide, Ac-Gly-NH2 (): δH 3.89 (2H, s, 

CH2).cc 

                                            
cc  The H3C(CO) of Ac-Gly-NH2 () could not be unambiguously assigned from the region 
between 2.0-2.2 ppm in Figure 69. 
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Figure 70. 1H–13C HMBC (1H: 700 MHz [3.8–4.9 ppm], 13C: 176 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Thr-αH-COOH in Ac-Gly-Thr-
OH at 4.19 ppm with two resonances at 176 and 172 ppm, which is characteristic of amide bond 
formation of Thr-OH and the diagnostic 2JCH, 3JCH, 4JCH, and 5JCH couplings of the resonances 
present in 2-(acetamidomethyl)-5-methyl-4,5-dihydrooxazole-4-carboxylic acid 151 at 4.75-4.72, 
4.09, 4.08 and 4.02 ppm with two resonances at 179 and 167 ppm, which is characteristic of 
cyclisation of Thr-OH. See Figure 69 for expanded and labelled 1H NMR spectrum. 
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3.4.4.4.2.2  41 days 

 

 

Figure 71. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with threonine (Thr-OH, 200 mM) and 
N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard after 
41 days at pH 9 and room temperature. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) N-Acetylglycylthreonine, Ac-

Gly-Thr-OH (): δH 4.27 (1H, qd, J = 6.4, 3.6 Hz, HOCHCH3), 4.19 (1H, d, J = 

3.6 Hz, CH(R)), 4.00 (1H, AB, J = 17.1 Hz, AcNHCHH), 3.97 (1H, AB, J = 17.3 

Hz, AcNHCHH), 2.08 (3H, s, H3C(CO)), 1.16 (3H, d, J = 6.3 Hz, HOCHCH3); 

Threonine, Thr-OH (): δH 4.07 (1H, m, HOCHCH3), 3.29 (1H, d, J = 4.9 Hz, 

CH(R)), 1.25 (3H, d, J = 6.5 Hz, HOCHCH3); N-Acetylglycinamide, Ac-Gly-NH2 

(): δH 3.89 (2H, s, CH2), 2.06 (3H, s, H3C(CO)).  
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Figure 72. 1H–13C HMBC (1H: 700 MHz [3.5-4.5 ppm], 13C: 176 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Thr-αH-COOH in Ac-Gly-Thr-
OH at 4.19 ppm with two resonances at 177 and 172 ppm, which is characteristic of amide bond 
formation of Thr-OH. See Figure 71 for expanded and labelled 1H NMR spectrum. 
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3.4.5 Amino amide ligation scope  

 

General procedure 4: The specified amino amide (AA-NH2) (0.2 mmol) was 

added to a solution of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM), N-

acetylcysteine (Ac-Cys-OH, 60 mM), and (methylsulfonyl)methane (MSM, 5 or 

50 mM as specified) in H2O/D2O (9:1, 1 mL) and the pH of was adjusted to pH 7 

or 9, as stated. The reactions were then incubated for 24 hours at 60 °C or at 

room temperature for 24 hours, unless stated otherwise. The resulting reaction 

mixtures were analysed by high resolution mass spectrometry and 1D and 2D 

NMR spectroscopy (1H–13C HMBC, 1H–1H COSY, and 1H–13C HSQC). The 

products were quantified by 1H NMR spectroscopy against the internal MSM 

standard. All amino amide ligations were carried out and analysed according to 

this procedure unless stated otherwise. 

The full data for all of the amino amide ligation reactions are included on the 

supplementary CD-ROM. 

 

 

 

 



222 

 

3.4.5.1 Glycinamide 

3.4.5.1.1 Neutral conditions 

 

 

Figure 73. 1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with glycinamide (Gly-NH2, 200 mM) 
and N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (5 mM) as the internal standard 
after 24 h at pH 7 and 60 °C. 

1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d) (2-acetamido-1-

iminoethyl)glycinamide, Ac-GlyN-Gly-NH2 (): δH 4.28 (2H, s, AcNHCH2), 4.18 

(2H, s, CH2CONH2), 2.10 (3H, s, H3C(CO)); N-Acetylglycylglycinamide, Ac-Gly-

Gly-NH2 (): δH 3.95 (2H, s, AcNHCH2), 3.93 (2H, s, CH2CONH2), 2.04 (3H, s, 

H3C(CO); Glycinamide, Gly-NH2 (): δH 3.75 (2H, s, CH2); N-Acetylglycinamide, 

Ac-Gly-NH2 (): δH 3.89 (2H, s, CH2).dd 

                                            
dd  The H3C(CO) of Ac-Gly-NH2 () could not be unambiguously assigned from the region 
between 2.0-2.2 ppm in Figure 73. 
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Figure 74. 1H–13C HMBC (1H: 600 MHz [3.5-4.5 ppm], 13C: 151 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Gly-αH-CONH2 in Ac-GlyN-
Gly-NH2 at 4.18 ppm with two resonances at 171 and 167 ppm, which is characteristic of amidine 
bond formation of Gly-NH2 and the diagnostic 2JCH and 3JCH coupling of the Gly-αH-CONH2 in 
Ac-Gly-Gly-NH2 at 3.93 ppm with two resonances at 175 and 173 ppm, which is characteristic of 
amide bond formation of Gly-NH2. See Figure 73 for expanded and labelled 1H NMR spectrum. 
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3.4.5.1.2 Alkaline conditions 

 

 

Figure 75. 1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with glycinamide (Gly-NH2, 200 mM) 
and N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (50 mM) as the internal standard 
after 24 h at pH 9 and room temperature. 

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) N-Acetylglycylglycinamide, Ac-

Gly-Gly-NH2 (): δH 3.98 (2H, s, AcNHCH2), 3.95 (2H, s, CH2CONH2), 2.10 (3H, 

s, H3C(CO)); Glycinamide, Gly-NH2 (): δH 3.39 (2H, s, CH2); N-

Acetylglycinamide, Ac-Gly-NH2 (): δH 3.92 (2H, s, CH2).ee 

 

Figure 76. 1H–13C HMBC (1H: 700 MHz [3.8–4.3 ppm], 13C: 176 MHz [160–190 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Gly-αH-CONH2 in Ac-Gly-
Gly-NH2 at 3.95 ppm with two resonances at 175 and 173 ppm, which is characteristic of amide 
bond formation of Gly-NH2. See Figure 75 for expanded and labelled 1H NMR spectrum. 

                                            
ee  The H3C(CO) of Ac-Gly-NH2 () could not be unambiguously assigned from the region 
between 2.0-2.2 ppm in Figure 75. 
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3.4.5.2 Asparaginamide  

 

 

Figure 77. 1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with asparaginamide (Asn-NH2, 200 
mM) and N-acetylcysteine (Ac-Cys-OH, 300 mM, 5.0 eq.) with MSM (50 mM) as the internal 
standard after 24 h at pH 7 and 60 °C. Inset: 1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d, 3.7-
4.7 ppm) showing a zoomed region with signals originating from the amide product. The Asn-αH-
CONH2 in Ac-Gly-Asn-NH2 at 4.63 ppm appears small relative to the glycyl CH2 because it is 
near the HOD peak.  

1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d) N-Acetylglycylasparaginamide, 

Ac-Gly-Asn-NH2 (): δH 4.63 (1H, dd, J = 7.6, 5.3 Hz, CH(R)), 4.00 (1H, AB, J 

= 16.9 Hz, AcNHCHH), 3.96 (1H, AB, J = 17.1 Hz, AcNHCHH), 2.88 (1H, ABX, J 

= 15.3, 5.4 Hz, CH(CHHCONH2)CONH2), 2.79 (1H, ABX, J = 15.7 Hz, 8.3 Hz, 

CH(CHHCONH2)CONH2), 2.09 (3H, s, H3C(CO)); Asparaginamide, Asn-NH2 

(): δH 3.87 (1H, dd, J = 7.8, 5.6 Hz, CH(R)), 2.75 (1H, ABX, J = 15.3, 5.6 Hz, 

CH(CHHCONH2)CONH2), 2.64 (1H, ABX, J = 15.3, 7.7 Hz, 

CH(CHHCONH2)CONH2); N-Acetylglycinamide, Ac-Gly-NH2 (): δH 3.93 (2H, s, 

CH2); N-(2-amino-2-iminoethyl)acetamide, Ac-GlyN-NH2 (): δH 4.25 (2H, s, 

CH2).ff 

                                            
ff The H3C(CO) of Ac-Gly-NH2 () and Ac-GlyN-NH2 () could not be unambiguously assigned 
from the region between 2.0-2.2 ppm in Figure 77. 
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Figure 78. 1H–13C HMBC (1H: 600 MHz [3.7–4.7 ppm], 13C: 176 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Asn-αH-CONH2 in Ac-Gly-
Asn-NH2 at 4.63 ppm with two resonances at 177 and 172 ppm, which is characteristic of amide 
bond formation of Asn-NH2. See Figure 77 for expanded and labelled 1H NMR spectrum. 
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3.4.5.3 Lysinamide  

 

 

Figure 79. 1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.1 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with lysinamide (Lys-NH2, 200 mM) 
and N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (5 mM) as the internal standard 
after 24 h at pH 7 and 60 °C. 

1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d) N6-(2-acetamido-1-

iminoethyl)lysinamide, N6-(Ac-GlyN)-Lys-NH2 (): δH 4.18 (2H, s, N6-AcNHCH2), 

3.79-3.75 (1H, m, CH(R)), 3.35-3.31 (2H, m, N6-CH2CH2), 2.04 (3H, s, N6-

H3C(CO)); N2-Acetylglycyllysinamide, N2-(Ac-Gly)-Lys-NH2 (): δH 4.30 (1H, dd, 

J = 9.3, 4.9 Hz, CH(R)), 3.94 (2H, N2-AcNHCH2), 3.03-2.99 (2H, m, N6-

NH2CH2CH2), 2.06 (3H, s, N2-H3C(CO)); Lysinamide, Lys-NH2 (): δH 3.79-3.75 

(1H, m, CH(R)), 3.03-2.99 (2H, m, N6-NH2CH2CH2);gg N-Acetylglycinamide, Ac-

                                            
gg Complex overlapping multiplets resulting from diastereotopic CH2 signals in N6-(Ac-GlyN)-Lys-
NH2 (), N2-(Ac-Gly)-Lys-NH2, and N6- Lys-NH2 () could not be unambiguously assigned. 
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Gly-NH2 (): δH 3.89 (2H, s, CH2); N-(2-amino-2-iminoethyl)acetamide, Ac-GlyN-

NH2 (): δH 4.21 (2H, s, CH2).hh 

 

Figure 80. 1H–13C HMBC (1H: 600 MHz [3.2–4.5 ppm], 13C: 151 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Lys-N6-CH2 in N6-(Ac-GlyN)-
Lys-NH2 at 4.18 ppm with two resonances at 177 and 165 ppm, which is characteristic of amidine 
bond formation of Lys-NH2 and the diagnostic 2JCH and 3JCH coupling of the Lys-αH-CONH2 in 
N2-(Ac-Gly)-Lys-NH2 at 4.30 ppm with two resonances at 178 and 173 ppm, which is 
characteristic of amide bond formation of Lys-NH2. See Figure 79 for expanded and labelled 1H 
NMR spectrum. 

 

 

 

 

 

 

 

 

 

                                            
hh The H3C(CO) of Ac-Gly-NH2 (), and Ac-GlyN-NH2 () could not be unambiguously assigned 
from the region between 2.0-2.2 ppm in Figure 79. 
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3.4.5.4 Prolinamide 

 

 

Figure 81. 1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with prolinamide (Pro-NH2, 400 mM) 
and N-acetylcysteine (Ac-Cys-OH, 300 mM, 5.0 eq.) with MSM (50 mM) as the internal standard 
after 24 h at pH 7 and 60 °C. 

1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d) N-Acetylglycylprolinamide, Ac-

Gly-Pro-NH2 (): δH 4.43-4.40 (1H, m, NCH(R)CONH2), 4.10 (2H, app. AB, 

AcNHCH2), 3.70-3.66 (1H, m, NCHHCH2CH2), 3.64-3.60 (1H, m, NCHHCH2CH2), 

2.08 (3H, s, H3C(CO)); Prolinamide, Pro-NH2 (): δH 4.43-4.40 (1H, m, 

HNH(R)CONH2), 3.47-3.39 (2H, m, HNCH2CH2CH2);ii N-Acetylglycinamide, Ac-

Gly-NH2 (): δH 3.91 (2H, s, CH2); N-(2-amino-2-iminoethyl)acetamide, Ac-GlyN-

NH2 (): δH 4.23 (2H, s, CH2).jj   

                                            
ii The region between 1.8-2.6 ppm in Figure 81 showing the CH2CH2 moiety present in both 
prolinamide and the amide product could not be unambiguously assigned. 
jj The H3C(CO) of Ac-Gly-NH2 () and Ac-GlyN-NH2 () could not be unambiguously assigned 
from the region between 2.0-2.2 ppm in Figure 81. 
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Figure 82. 1H–13C HMBC (1H: 600 MHz [3.5-4.5 ppm], 13C: 151 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Gly-αH in Ac-Gly-Pro-NH2 at 
4.10 ppm with two resonances at 175 and 170 ppm, which is characteristic of amide bond 
formation of Pro-NH2. See Figure 81 for expanded and labelled 1H NMR spectrum. 
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3.4.5.5 Serinamide  

 

 

Figure 83. 1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.0 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with serinamide (Ser-NH2, 200 mM) 
and N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (5 mM) as the internal standard 
after 24 h at pH 7 and 60 °C. 

1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d) N-Acetylglycylserinamide, Ac-

Gly-Ser-NH2 (): δH 4.45 (1H, t, J = 5.0 Hz, CH(R)), 4.00 (1H, AB, J = 17.2 Hz, 

AcNHCHH), 3.97 (1H, AB, J = 17.2 Hz, AcNHCHH), 3.91 (1H, ABX, J = 11.6, 5.5 

Hz, CHCHHOH), 3.87 (1H, ABX, J = 11.6, 4.4 Hz, CHCHHOH), 2.07 (3H, s, 

H3C(CO)); 2-(acetamidomethyl)-4,5-dihydrooxazole-4-carboxamide (): δH 4.64 

(1H, dd, J = 10.8, 8.9 Hz, CHCONH2), 4.11 (1H, AB, J = 16.2 Hz, AcNHCHH), 

4.07 (1H, AB, J = 16.6 Hz, AcNHCHH);kk Serinamide, Ser-NH2 (): δH 3.82-3.76 

(2H, m, CHCH2OH), 3.65 (1H, t, J = 5.0 Hz, CH(R)); N-Acetylglycinamide, Ac-

Gly-NH2 (): δH 3.90 (2H, s, CH2); ll  N-(2-amino-2-iminoethyl)acetamide, Ac-

GlyN-NH2 (): δH 4.21 (2H, s, CH2), 2.10 (3H, s, H3C(CO)).   

                                            
kk Partial and tentative assignment due to weak signal resulting from low yield. 
ll The H3C(CO) of Ac-Gly-NH2 () could not be unambiguously assigned from the region between 
2.0-2.2 ppm in Figure 83. 
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Figure 84. 1H–13C HMBC (1H: 600 MHz [3.5–4.7 ppm], 13C: 151 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Ser-αH-CONH2 in Ac-Gly-
Ser-NH2 at 4.45 ppm with two resonances at 175 and 173 ppm, which is characteristic of amide 
bond formation of Ser-NH2 and the diagnostic 2JCH and 3JCH coupling of the Gly-αH2 in 2-
(acetamidomethyl)-4,5-dihydrooxazole-4-carboxamide at 4.11 and 4.07 ppm with two resonances 
at 176 and 169 ppm, which is characteristic of cyclisation of Ser-NH2 with Ac-Gly-CN. Also 
present is a downfield doublet of doublets at 4.64 ppm showing 2JCH which is also characteristic 
of cyclisation of Ser-NH2 with Ac-Gly-CN.kk See Figure 83 for expanded and labelled 1H NMR 
spectrum. 
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3.4.5.6 Threoninamide 

 

 

Figure 85. 1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d, 1.0–5.1 ppm) spectrum to show the 

ligation of N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM) with threoninamide (Thr-NH2, 200 
mM) and N-acetylcysteine (Ac-Cys-OH, 60 mM, 0.3 eq.) with MSM (5 mM) as the internal 
standard after 24 h at pH 7 and 60 °C. Inset: 1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d, 4.7-
4.9 ppm) showing the CH peak resulting from the cyclic species whose signal is supressed by 
proximity to the supressed HOD peak. 

1H NMR (600 MHz, H2O/D2O 9:1, noesygppr1d) N-Acetylglycylthreoninamide, 

Ac-Gly-Thr-NH2 (): δH 4.35 (1H, d, J = 3.4 Hz, CH(R)), 4.33-4.31 (1H, m, 

H3CCHOH), 4.01 (2H, s br., AcNHCH2), 2.08 (3H, s, H3C(CO)), 1.21 (3H, d, J = 

6.5 Hz, H3CCHOH); 2-(acetamidomethyl)-5-methyl-4,5-dihydrooxazole-4-

carboxamide (): δH 4.86-4.82 (1H, m, OCHCH3), 4.26 (1H, d, J = 6.7 Hz, 

CHCONH2), 4.09-4.04 (2H, m, AcNHCH2), 1.45 (3H, d, J = 6.3 Hz, OCHCH3); 

Threoninamide, Thr-NH2 (): δH 4.09-4.04 (1H, m, H3CCHOH), 3.42 (1H, d, J = 

4.5 Hz, CH(R)), 1.24 (3H, d, J = 6.5 Hz, H3CCHOH); N-Acetylglycinamide, Ac-

Gly-NH2 (): δH 3.90 (2H, s, CH2);mm N-(2-amino-2-iminoethyl)acetamide, Ac-

GlyN-NH2 (): δH 4.22 (2H, s, CH2), 2.10 (3H, s, H3C(CO)).   

                                            
mm The H3C(CO) of Ac-Gly-NH2 () and 2-(acetamidomethyl)-5-methyl-4,5-dihydrooxazole-4-
carboxamide () could not be unambiguously assigned from the region between 2.0-2.2 ppm in 
Figure 85. 
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Figure 86. 1H–13C HMBC (1H: 600 MHz [3.5–4.5 ppm], 13C: 151 MHz [150–185 ppm], H2O/D2O 

9:1) spectrum showing the diagnostic 2JCH and 3JCH coupling of the Thr-αH-CONH2 in Ac-Gly-
Thr-NH2 at 4.35 ppm with two resonances at 176 and 173 ppm, which is characteristic of amide 
bond formation of Thr-NH2. See Figure 85 for expanded and labelled 1H NMR spectrum. 
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3.4.6 Competition reactions 

General procedure 5: N-acetyl aminoacetonitrile (Ac-Gly-CN, 200 mM), N-

acetylcysteine (Ac-Cys-OH, 60 mM), and (methylsulfonyl)methane (MSM, 5 or 

50 mM as specified) were dissolved in H2O/D2O (9:1). This solution (1 mL) was 

added to the competitor(s) (0.2 mmol each, 1 eq.), the pH was adjusted to 7 with 

0.1 M, 1 M, and 4 M NaOH or HCl, and then incubated for at 60 °C or at room 

temperature for 24 hours, unless stated otherwise. The resulting reaction 

mixtures were analysed by high resolution mass spectrometry and 1D and 2D 

NMR spectroscopy (1H–13C HMBC, 1H–1H COSY, and 1H–13C HSQC). The 

products were quantified by 1H NMR spectroscopy against the internal MSM 

standard. 
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3.4.7 Orthogonal RNA reactions  

General procedure 6: A solution of the nucleoside substrate (50 mM) in water 

(9:1 H2O/D2O) with MSM (50 mM) as the internal standard was added to either: 

1. Ac-Gly-CN (1.0 eq.), glycine (1.0 eq.) or; 

2. Ac-Gly-CN (1.0 eq.), glycine (1.0 eq.), Ac-Cys-OH (0.3 eq.) or; 

3. Ac-Cys-OH (0.3 eq.) or; 

4. Cys-OH (1.0 eq.) or; 

5. Ser-OH (1.0 eq.) or; 

6. Nothing, 

and the pH was adjusted to 7 with 0.1 M, 1 M, and 4 M NaOH or HCl, and 

incubated for 24 hours at 60 °C. The resulting solution was then analysed by 1H–

13C HMBC and 31P NMR spectroscopy.   
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3.4.8 In situ catalyst generation using cysteine 

 

Scheme 105. Method: A solution of Ac-Gly-CN (200 mM) in water (9:1 H2O/D2O) with MSM (50 
mM) as the internal standard was added to cysteine (1.0 eq.), and the pH adjusted to 7 with 0.1 
M, 1 M, and 4 M NaOH or HCl, and incubated for 6 hours at 60 °C. The resulting solution was 
then analysed by 1H–13C HMBC NMR spectroscopy.  

1H NMR (700 MHz, H2O/D2O 9:1, noesygppr1d) 2-(Acetamidomethyl)-4,5-

dihydrothiazole-4-carboxylic acid, (147, ): δH 4.98 (1H, t, J = 9.0 Hz, CHCOOH), 

4.25 (1H, AB, J = 16.8 Hz, AcNHCHH), 4.22 (1H, AB, J = 17.1 Hz, AcNHCHH), 

3.66 (1H, t, J = 10.5 Hz, CH(COOH)CHH), 3.43 (1H, dd, J = 11.2, 8.1 Hz, 

CH(COOH)CHH), 2.06 (3H, s, H3C(CO)); N-Acetylglycylcysteine, Ac-Gly-Cys-

OH (): δH 4.43 (1H, app. q, J = 5.8 Hz, CH(R)), 3.97 (2H, s br., AcNHCH2), 2.97 

(1H, ABX, J = 14.1, 4.5 Hz, CHCHHSH), 2.94 (1H, ABX, J = 14.1, 6.1 Hz, 

CHCHHSH), 2.09 (3H, s, H3C(CO)).     
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Scheme 106. Method: A solution of Ac-Gly-CN (260 mM) in water (9:1 H2O/D2O) with MSM (50 
mM) as the internal standard was added to cysteine (0.3 eq.), and the pH adjusted to 7 with 0.1 
M, 1 M, and 4 M NaOH or HCl, and incubated for 2 hours at 60 °C. Glycine (2.0 eq.) was then 
added after this time to the solution and the pH readjusted to 7, before being incubated for 24 h 
at 60 °C. The resulting solution was then analysed by 1H–13C HMBC NMR spectroscopy.  

 

 

Scheme 107. Method: A solution of Ac-Gly-CN (260 mM) in water (9:1 H2O/D2O) with MSM (50 
mM) as the internal standard was added to cysteine (0.3 eq.) and glycine (2.0 eq.), and the pH 
adjusted to 7 with 0.1 M, 1 M, and 4 M NaOH or HCl, before being incubated for 24 hours at 60 
°C. The resulting solution was then analysed by 1H–13C HMBC NMR spectroscopy.  
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3.4.9 Other thiols 

 

Scheme 108. Ligation under the neutral conditions using Coenzyme A as the catalyst. Method: 
A solution of Ac-Gly-CN (200 mM) in water (9:1 H2O/D2O) with MSM (50 mM) as the internal 
standard was added to coenzyme A trilithium salt (0.3 eq.) and glycine (1.0 eq.), and the pH 
adjusted to 7 with 0.1 M, 1 M, and 4 M NaOH or HCl, before being incubated for 24 hours at 60 
°C. The resulting solution was then analysed by 1H–13C HMBC NMR spectroscopy.  

 

Scheme 109. Ligation under the neutral conditions using glutathione 156 as the catalyst. Method: 
A solution of Ac-Gly-CN (200 mM) in water (9:1 H2O/D2O) with DSS (4,4-dimethyl-4-silapentane-
1-sulfonic acid, 50 mM) as the internal standard was added to glutathione (0.3 eq.) and glycine 
or glycinamide (1.0 eq.), and the pH adjusted to 7 or 9 with 0.1 M, 1 M, and 4 M NaOH or HCl, 
before being incubated for 24 hours at 60 °C or room temperature. The resulting solutions was 
then analysed by 1H–13C HMBC NMR spectroscopy.  
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3.5 Synthesised compounds 

See supplementary CD-ROM for 1H and 13C NMR spectra and mass 

spectrometry data 

3.5.1 tert-Butyl (2-((cyanomethyl)amino)-2-oxoethyl)carbamate, 
Boc-Gly-Gly-CN 

tert-Butoxycarbonylglycine (2.00 g, 11.4 mmol) was 

dissolved in dry tetrahydrofuran (30 mL) and cooled to −25 

°C (35% methanol in water with dry ice) under argon. N-methyl morpholine (1.15 

g, 11.4 mmol) was added followed by isobutyl chloroformate (1.56 g, 11.4 mmol) 

with vigorous stirring. Immediately after the formation of a white precipitate, a 

solution of aminoacetonitrile hydrochloride (1.17 g, 12.6 mmol) dissolved in water 

(1 mL) and sodium hydroxide (1 M, 12.6 mL) were added sequentially, and 

vigorous stirring was continued for 3 hours. After removal of the tetrahydrofuran 

in vacuo the solution was acidified to pH 1 with HCl (1 M). The solution was then 

extracted with ethyl acetate (3 × 40 mL). The combined organic layers were 

washed in turn with water (20 mL), saturated NaHCO3 (2 × 20 mL), and brine (20 

mL), dried over MgSO4, and the solvent removed in vacuo to give a pale yellow 

oil which solidified on standing to a white solid. The solid was recrystallized from 

methylcyclohexane and ethyl acetate to give the amide as a white solid (1.36 g, 

6.38 mmol, 56%); m.p. 113 °C (ethyl acetate and methylcyclohexane), lit.290 109-

111 °C (pet. ether and ethyl acetate); νmax (solid/cm-1) 3318 (NH), 2990 (w), 1687, 

1670 (s, CO); 1H NMR (400 MHz, CDCl3) δH 7.11 (1H, s br, NH), 5.28 (1H, s br, 

NH), 4.19 (2H, d, J = 5.9 Hz, CH2), 3.85 (2H, d, J = 5.9 Hz, CH2), 1.46 (9H, s, 

C(CH3)3); 13C NMR (101 MHz, CDCl3) δC 170.1, 156.5, 115.9, 81.1, 44.5, 28.4, 

27.4; LRMS (CI) 231.1 ([M+NH3]+·, 100).  

3.5.2 Benzyl (2-((cyanomethyl)amino)-2-oxoethyl)carbamate, Cbz-
Gly-Gly-CN 

((Benzyloxy)carbonyl)glycine (2.09 g, 10.0 mmol) was 

dissolved in dry tetrahydrofuran (30 mL) and cooled to 

−25 °C (35 % methanol in water with dry ice) under argon. N-methyl morpholine 

(1.01 g, 10.0 mmol) was added followed by isobutyl chloroformate (1.37 g, 10.0 

mmol) with vigorous stirring. Immediately after the formation of a white 

precipitate, a solution of aminoacetonitrile hydrochloride (1.03 g, 11.1 mmol) in 
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water (0.9 mL), and sodium hydroxide (1 M, 10.0 mL) were added sequentially, 

and vigorous stirring was continued for 3 hours. After removal of the 

tetrahydrofuran in vacuo the solution was acidified to pH 1 with HCl (1 M). The 

solution was then extracted with ethyl acetate (3 × 40 mL). The combined organic 

layers were washed in turn with water (20 mL), saturated NaHCO3 (2 × 20 mL), 

and brine (20 mL), dried over MgSO4, and the solvent removed in vacuo to give 

a white solid. The solid was recrystallized from methylcyclohexane and ethyl 

acetate to give the amide as a white crystalline solid (1.07 g, 4.32 mmol, 43%); 

m.p. 143-145 °C (ethyl acetate and methylcyclohexane), lit.291 144-146 °C (ethyl 

acetate and cyclohexane); νmax (solid/cm-1) 3329, 3276 (NH), 3032, 2942 (w), 

1716 (s, CO), 1656; 1H NMR (600 MHz, DMSO-d6) δH 8.62 (1H, t, J = 5.5 Hz, 

NH), 7.58 (1H, t, J = 6.1 Hz, NH), 7.29-7.39 (5H, m, ArH), 5.04 (2H, s, CH2), 4.14 

(2H, d, J = 5.9, CH2), 3.66 (2H, d, J = 6.2 Hz, CH2); 13C NMR (150 MHz, DMSO-

d6) δC 170.0, 156.5, 137.0, 128.4, 127.9, 127.8, 117.7, 65.6, 43.3, 27.0; LRMS 

(ESI+) 248.1 ([M+H]+·, 35), 270.1 ([M+H+Na]+·, 100).  

3.5.3 2-((Cyanomethyl)amino)-2-oxoethan-1-aminium 
methanesulfonate, Gly-Gly-CN.MeSO3H220 

tert-Butyl (2-((cyanomethyl)amino)-2-oxoethyl)carbamate 

(400 mg, 1.88 mmol) was dissolved in tetrahydrofuran (17 

mL) and dichloromethane (4.1 mL) with stirring. Methanesulfonic acid (1.4 mL) 

was added and the mixture was stirred at room temperature. The reaction was 

monitored by TLC, and after 8 days the reaction was determined to be complete. 

The mixture was then cooled on ice and triturated with diethyl ether until 

precipitation was complete. The precipitate was collected by filtration to give the 

amine salt as a white solid (358 mg, 1.58 mmol, 91%). m.p. > 225 °C (decomp.); 

νmax (solid/cm-1) 3314 (w, NH), 3000 (br, w), 2919 (br, w), 1679 (CO), 1551; 1H 

NMR (600 MHz, DMSO-d6) δH 9.11 (1H, t, J = 5.5 Hz, CONH), 8.08 (3H, s, NH3), 

4.24 (2H, d, J = 5.5 Hz, CH2CN), 3.64 (2H, s, CH2), 2.37 (3H, s, SCH3); 13C NMR 

(150 MHz, DMSO-d6) δC 167.0, 117.3, 40.1, 39.7, 27.1; LRMS (CI) 131.0 

([M+NH4]+·, 72), 227.1 ([2M+H]+·, 100); HRMS (CI) found 131.0928 [M+NH4]+· 

mass for C4H7ON3+NH4, requires 131.0927.   
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3.5.4 (tert-Butoxycarbonyl)glycylglycine,292 Boc-Gly-Gly-OH 

Glycylglycine (2.00 g, 15.1 mmol) was stirred in 1,4-

dioxane (60 mL) and water (10 mL) at 0 ºC. Triethylamine 

(3.2 mL) and di-tert-butyl dicarbonate (3.83 mL, 16.7 mmol), were added 

sequentially and the mixture was stirred for 72 hours at room temperature. The 

mixture was then diluted with water (250 mL) and made to pH 3 with the addition 

of solid potassium bisulphate. The solution was extracted with ethyl acetate (3 × 

50 mL). The organic phase was dried over Na2SO4. The solvent was removed in 

vacuo and crude product recrystallized from ethyl acetate and 

methylcyclohexane to give the protected dipeptide as a white solid (1.40 g, 6.00 

mmol, 40%); m.p. 132-134 °C (methylcyclohexane and ethyl acetate), lit.293 127-

130 °C (no solvent specified); νmax (solid/cm-1) 3357 (br), 2986 (w, br), 2537 (w, 

br), 1732 (CO), 1686 (s), 1619 (s), 1619 (s), 1521 (s); 1H NMR (600 MHz, DMSO-

d6) δH 12.6 (1H, s br, COOH), 8.04 (1H, t, J = 5.8 Hz, NH), 6.97 (1H, t, J = 6.0 Hz, 

NH), 3.76 (2H, d, J = 5.9 Hz, CH2), 3.56 (2H, d, J = 5.9 Hz, CH2), 1.38 (9H, s, 

C(CH3)3); 13C NMR (150 MHz, DMSO-d6) δC 171.2, 169.7, 155.8, 78.1, 43.1, 40.6, 

28.2; LRMS (ESI+) 233.1 ([M+H]+·, 20), 465.2 ([2M+H]+·, 100), 697.2 ([3M+H]+·, 

30). 

3.5.5 tert-Butyl (2-((2-amino-2-oxoethyl)amino)-2-
oxoethyl)carbamate,294 Boc-Gly-Gly-NH2 

(tert-Butoxycarbonyl)glycylglycine (700 mg, 3.00 mmol) 

was stirred in dry tetrahydrofuran (40 mL) and cooled to 

−25 °C (35 % methanol in water with dry ice) under argon. N-methylmorpholine 

(303 mg, 3.00 mmol) and isobutyl chloroformate (410 mg, 3.00 mmol) were added 

sequentially with vigorous stirring, and after the formation of a white precipitate 

ammonium hydroxide (0.33 mL, 1.5 eq.) was added and the solution was stirred 

for 1 hour. After this time the solution was stirred for 15 hours at room 

temperature. The solvent was then removed in vacuo and the residue was 

sonicated with ethyl acetate (50 mL) before being filtered through a pre-washed 

Celite® 545 pad. The solvent was then removed in vacuo and the residue was 

purified by column chromatography (isocratic; 20% methanol in ethyl acetate over 

10 column volumes) to give the amide as a white solid (572 mg, 2.47 mmol, 82%); 

m.p. 126-129 °C (methanol and ethyl acetate); Rf = 0.4 (20% methanol in ethyl 

acetate); νmax (solid/cm-1) 3364 (br, NH), 3176 (br w, NH), 2985 (w), 2932 (w), 
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1693 (s, CO), 1632 (s, CO), 1520; 1H NMR (600 MHz, CDCl3) δH 6.85 (1H, s br, 

NH), 6.32 (1H, s br, NH), 5.53 (1H, s br, NH), 5.24 (1H, s br, NH), 3.99 (2H, d, J 

= 5.6 Hz, CH2), 3.83 (2H, d, J = 5.7 Hz, CH2), 1.46 (9H, s, C(CH3)3); 13C NMR 

(150 MHz, DMSO-d6) δC 28.2, 41.8, 43.4, 78.2, 155.9, 169.6, 186.3; LRMS (ES+) 

232.1 ([M+H]+·, 5), 463.2 ([2M+H]+·, 100).  

3.5.6 2-((2-Amino-2-oxoethyl)amino)-2-oxoethan-1-aminium 2,2,2-
trifluoroacetate, Gly-Gly-NH2.TFA 

tert-Butyl (2-((2-amino-2-oxoethyl)amino)-2-oxoethyl) 

carbamate (146 mg, 0.63 mmol) was stirred at room 

temperature in dichloromethane (2 mL) and trifluoroacetic acid (2 mL) was added 

dropwise. The reaction was monitored by TLC and after the 40 minutes the 

solvent was removed in vacuo to give the amine salt as a dark yellow oil (155 mg, 

0.63 mmol, 100%); Rf = 0.5 (10% methanol in dichloromethane); νmax (film/cm-1) 

3198 (w, br, NH), 3084 (w, br, NH), 1661 (s, CO); 1H NMR (600 MHz, D3COD) δH 

3.92 (2H, s, CH2), 3.74 (2H, s, CH2); 13C NMR (150 MHz, D3COD) δC 173.8, 

167.9, 160.9 (q, JC-F = 38.5 Hz, COO-), 117.1 (q, JC-F = 286.3 Hz, CF3), 42.8, 41.5; 

LRMS (CI) 132.1 ([M−TFA+H]+·, 5), 149.1 ([M−TFA+NH3]+·, 15), 263.1 

([M+NH4]+·, 100); HRMS (CI) 132.0768 [M−TFA+H]+· mass for C4H10O2N3, 

requires 132.07675.   

3.5.7 Methyl (tert-butoxycarbonyl)glycylglycinate,295 Boc-Gly-Gly-
OMe 

Glycine methyl ester hydrochloride (1.26 g, 10.0 mmol) 

was added to dichloromethane (20 mL) in an ice bath 

followed by triethylamine (4.0 mL), and the solution was stirred for 15 minutes. 

(Tert-butoxycarbonyl)glycine (1.75 g, 10.0 mmol) in chloroform (20 mL) was 

added to the solution followed by N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (1.92 g, 10.0 mmol) and the solution was stirred 

at room temperature for 24 hours. The solution was then washed with saturated 

NaHCO3 (20 mL) and brine (20 mL). The organic layer was dried over MgSO4 

and concentrated in vacuo to give the amide as a yellow oil which was used 

without further purification (1.11 g, 6.32 mmol, 45%); νmax (film/cm-1) 3310 (br, w, 

NH), 2977, 2934, 1746, 1666 (s, CO), 1516; 1H NMR (600 MHz, D3COD) δH 3.96 

(2H, s, CH2), 3.75 (2H, s br, CH2), 3.72 (3H, s, OCH3), 1.45 (9H, s, C(CH3)3),; 13C 
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NMR (150 MHz, CD3OD) δC 173.1, 171.7, 158.4, 80.8, 52.6, 44.5, 41.8, 28.7; 

LRMS (ESI+) 269.1 ([M+Na]+·, 3.1 × 105); HRMS (ESI+) found 269.1107 [M+Na]+· 

mass for C10H18O5N2 requires 269.1108. 

3.5.8 Piperazine-2,5-dione,296 cyclo-(Gly)2 

 Methyl (tert-butoxycarbonyl)glycylglycinate (552 mg, 2.24 mmol) was 

stirred in formic acid (98%, 40 mL) for 3 hours. The solvent was removed 

in vacuo and the crude residue was then re-dissolved in toluene (10 mL) 

and 2-methylbutan-2-ol (20 mL) and refluxed for 3 hours. The solution volume 

was reduced by one half in vacuo and cooled in an ice bath. The precipitate 

formed was collected by filtration, washed with cold toluene (5 mL), and diethyl 

ether (5 mL) to give the diamide as a grey solid (142 mg, 1.61 mmol, 56%); m.p. 

>300 °C (decomp., toluene and 2-methylbutan-2-ol), lit.297 320 °C (decomp.); νmax 

(solid/cm-1) 3160 (w), 3041 (w), 2982 (w), 2914 (w), 2874 (w), 1676 (s, CO); 1H 

NMR (400 MHz, DMSO-d6) δH 8.01 (2H, s br, 2 × NH), 3.70 (4H, s, 2 × CH2); 13C 

NMR (101 MHz, DMSO-d6) δC 166.1, 44.4; HRMS (ESI+) found 115.0501 [M+H]+· 

mass for C4H6O2N2, requires 115.0502.    

3.5.9 tert-Butyl (2-oxo-2-((2,2,2-
trifluoroethyl)amino)ethyl)carbamate, Boc-Gly-122 

 tert-Butoxycarbonylglycine (350 mg, 2.00 mmol), 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxide hexafluorophosphate (761 mg, 2.00 mmol), 

diisopropylethylamine (646 mg, 2.00 mmol), and dimethylformamide (20 mL) 

were stirred together at room temperature for 30 minutes. 2,2,2-Trifluoroethan-1-

amine hydrochloride (271 mg, 2.00 mmol), was then added in one portion and 

stirring was continued for 24 hours. Water (100 mL) was then added and the 

solution was extracted with ethyl acetate (3 × 30 mL). The organic layer was 

partitioned, washed with saturated lithium chloride solution (3 × 30 mL), and dried 

over MgSO4. The solvent was then removed in vacuo to give a residue which was 

purified by column chromatography (100% dichloromethane then 15% methanol 

over 10 column volumes) to give the amide as a white to off-white solid (146 mg, 

0.58 mmol, 29%); m.p. 111-113 °C (methanol and dichloromethane); Rf = 0.7 

(15% methanol in dichloromethane); νmax (solid/cm-1) 3311 (NH), 2986 (w), 2940 

(w), 1673 (s, CO), 1522 (s); 1H NMR (600 MHz, CDCl3) δH 6.92 (1H, s br, NH), 
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5.27 (1H, s br, NH), 3.89-3.94 (2H, m, CH2CF3), 3.86 (2H, d, J = 5.0 Hz, CH2), 

1.45 (9H, s, C(CH3)3); 13C NMR (150 MHz, CDCl3) δC 170.2, 156.5, 124.1 (q, JC-

F = 278.3 Hz), 80.9, 44.6, 40.6 (q, JC-F = 35.3 Hz), 28.3; LRMS (CI) 257.1 ([M+H]+·, 

10), 274.1 ([M+NH4]+·, 100).   

3.5.10 2-Oxo-2-((2,2,2-trifluoroethyl)amino)ethan-1-aminium 2,2,2-
trifluoroacetate, Gly-122.TFA 

tert-Butyl (2-oxo-2-((2,2,2-trifluoroethyl)amino)ethyl) 

carbamate (40.3 mg, 0.157 mmol) was dissolved in 

dichloromethane (1 mL), and trifluoroacetic acid (2 mL) was added dropwise. The 

reaction was monitored by TLC, and after 2 hours the solvent was removed in 

vacuo to give the amine salt as a brown oil ( 42.6 mg, 0.158 mmol, 101%); νmax 

(film/cm-1) 3310 (w, NH), 3130 (w br), 2616 (w), 1689 (CO), 1658 (CO), 1581; 1H 

NMR (600 MHz, D3COD) δH 3.74 (2H, s, CH2), 3.98 (2H, q, J = 9.4 Hz, CH2CF3); 

13C NMR (150 MHz, D3COD) δC 40.8 (q, JC-F = 34.8 Hz), 41.4, 125.7 (q, JC-F = 

277.8 Hz), 161.3, 161.6, 168.0; LRMS (ES+) 157.1 ([M-TFA+H]+·, 100); HRMS 

(ES+) found 157.0589 [M+H]+· mass for C4H7F3ON2, requires 157.0589.    

3.5.11 2-((Cyanomethyl)amino)acetamide, 127 

Glycinamide hydrochloride (2.39 g, 21.6 mmol), potassium 

carbonate (9.96 g, 64.8 mmol), and sodium iodide (53 mg, 0.22 

mmol) were stirred in acetonitrile (50 mL). Chloroacetonitrile (1.80 g, 23.8 mmol) 

was added dropwise and the mixture was held at 80 °C for 18 h. After this time, 

the solution was filtered through a prewashed Celite® 545 pad and the solvent 

was removed in vacuo to give a dark green residue. The residue was purified by 

column chromatography (100% dichloromethane then 15% methanol over 10 

column volumes) to give the amine as a dark green solid (571 mg, 5.05 mmol, 

23%); m.p. 129-131 °C (methanol and dichloromethane); νmax (solid/cm-1) 3380 

(N-H), 3351 (N-H), 3181 (br), 2235 (w, CN), 1649 (s, CO); 1H NMR (600 MHz, 

DMSO-d6) δH 2.86 (1H, s, NH), 3.12 (2H, s, CH2), 3.62 (2H, s, CH2), 7.09 (1H, s 

br, CONHH), 7.31 (1H, s br, CONHH); 13C NMR (150 MHz, DMSO-d6) δC 36.6, 

50.4, 118.9, 172.1; LRMS (EI) 69.0 ([M−CONH2]+·, 100), 113.1 ([M]+·, 10); HRMS 

(EI) found 113.0584 [M]+· mass for C4H7ON3, requires 113.0584. 
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3.5.12 Ethyl (cyanomethyl)glycinate hydrochloride,298 129.HCl 

Glycine ethyl ester hydrochloride (3.00 g, 21.6 mmol), 

potassium carbonate (8.94 g, 64.7 mmol), and sodium iodide 

(33 mg, 0.22 mmol) were stirred in acetonitrile (50 mL). Chloroacetonitrile (1.75 

g, 23.7 mmol) was added dropwise and the mixture was held at 80 °C for 18 h. 

After this time, the solution was filtered through a prewashed Celite® 545 pad and 

the solvent was removed in vacuo to give a brown residue. The residue was 

dissolved in a minimal amount of diethyl ether and HCl in diethyl ether (2 M) was 

added in excess until precipitation was complete. The solid was collected by 

filtration and was purified by column chromatography (100 % dichloromethane 

then 15 % methanol over 10 column volumes) which unexpectedly gave the free 

amine. The free amine was dissolved in a minimal amount of diethyl ether and 

HCl in diethyl ether (2 M) was added in excess until precipitation was complete. 

The solid was isolated by filtration to give the amine salt as a light brown solid 

(710 mg, 5.00 mmol, 18%); m.p. 125-128 °C (diethyl ether); νmax (solid/cm-1) 2969 

(w, NH), 2704 (w, br), 2593 (br), 2397 (w, br), 1736 (s, CO); 1H NMR (600 MHz, 

DMSO-d6) δH 1.23 (3H, t, J = 7.1 Hz, CH2CH3), 3.97 (2H, s, CH2), 4.20 (2H, q, J 

= 7.1 Hz, CH2CH3), 4.25 (2H, s, CH2), 9.96 (2H, s br, NH2
+); 13C NMR (150 MHz, 

DMSO-d6) δC 14.0, 33.8, 46.7, 61.8, 114.3, 166.5; LRMS (CI) 160.1 ([M+NH4]+·, 

100).   

3.5.13 2,5-Dioxopyrrolidin-1-yl quinolin-6-ylcarbamate,222 130 

Bis(2,5-dioxopyrrolidin-1-yl) carbonate (1.23 g, 4.80 mmol) 

was refluxed with stirring in dry acetonitrile (30 mL) for 15 

minutes. 6-Aminoquinoline (5.77 g, 4.00 mmol) was 

dissolved in dry acetonitrile (20 mL) and added to the refluxing mixure over 30 

minutes. The reflux was continued for an additional 30 minutes. After cooling, the 

volume was reduced by half in vacuo. The flask was stoppered and cooled for 7 

days. The solid formed was collected by filtration and recrystallised from dry 

acetonitrile. The recrystallised solid was then refluxed in dry acetonitrile (25 mL) 

and hot filtered to give a pale pink solution. The solvent was removed in vacuo to 

give a green solid (0.59 g) as the impure quinolone (~50% pure) which was used 

without further purification; 1H NMR (600 MHz, DMSO-d6) δH 11.2 (1H, s, NH), 

8.83 (1H, dd, J = 1.7, 4.1 Hz, ArH), 8.32 (1H, dd, J = 0.9, 8.7 Hz, ArH), 8.09 (1H, 
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d, J = 2.2 Hz, ArH), 8.03 (1H, d J = 9.1 Hz, ArH), 7.78 (1H, dd, J = 9.1, 2.5 Hz, 

ArH), 7.52 (1H, dd, J = 8.3, 4.2 Hz, ArH), 2.86 (4H, s, 2 × CH2).  

3.5.14 2-Aminopropanenitrile hydrochloride, Ala-CN.HCl 

Following Clayden et al.,224 ammonium chloride (1.56 g, 29.2 mmol) was 

added to ammonium hydroxide (34 mL). DL-Lactonitrile (5.95 g, 83.7 

mmol) was added slowly with vigorous stirring. After 3 hours the solution was 

extracted with dichloromethane (3 × 20 mL), and the combined organic layers 

were washed with brine (20 mL), dried over MgSO4, and concentrated in vacuo 

to give the crude free amine as a pale green residue. Diethyl ether (50 mL) was 

added to dissolve the residue, HCl (2 M, 38.5 mL) was added, and the mixture 

was stirred vigorously overnight. The mixture was then partitioned and the 

aqueous layer was concentrated in vacuo to give a pale green oil which 

precipitated on standing. The solid was recrystallized from 2-propanol to give the 

amine salt as fine white crystals (3.07 g, 28.8 mmol, 34%); m.p. 128-130 °C (2-

propanol), lit.299 130-132 °C (acetonitrile); νmax (solid/cm-1) 3400 (w, br.), 2961, 

2868, 2794, 2697 (s), 2494, 1950 (CN); 1H NMR (400 MHz, DMSO-d6) δH 9.30 

(3H, s br, NH3), 4.55 (1H, q, J = 7.0, CHCH3), 1.55 (3H, d, J = 7.0 Hz, CHCH3); 

13C NMR (101 MHz, DMSO-d6) δC 117.8, 36.2, 16.8; LRMS (EI) 70.1 ([M−Cl]+·, 

100), 69.0 ([M−Cl−H]+·, 67).    

3.5.15 N-(Cyanomethyl)acetamide, Ac-Gly-CN 

Aminoacetonitrile hydrochloride (2.31 g, 25.0 mmols) was stirred in 

dimethylformamide (60 mL) and diisopropylethylamine (3.23 g, 25.0 

mmols) was added. After 10 minutes, acetic anhydride (2.55 g, 25.0 mmols) was 

added dropwise and the reaction was monitored by TLC (ethyl acetate). 

Completion was observed after 30 minutes, and the solvent was removed in 

vacuo. The crude residue was purifed by column chromatography (100% pet. 

ether (40-60 °C) then 100% ethyl acetate over 2 column volumes) to give the 

amide as a white crystalline solid (2.27 g, 23.1 mmol, 92%); m.p. 80-82 °C (ethyl 

acetate), lit.300 77-79 °C (toluene); Rf = 0.7 (ethyl acetate); νmax (solid/cm-1) 3239 

(br), 3060 (br), 1636, 1552 (s); 1H NMR (600 MHz, CDCl3) δH 6.43 (1H, s br, NH), 

4.17 (2H, d, J = 5.8 Hz, CH2), 2.07 (3H, s, CH3); 13C NMR (150 MHz, CDCl3) δC 

170.5, 116.3, 27.7, 22.8; LRMS (CI) 116.1 ([M+NH4]+·, 100), 133.1 ([M+2NH3]+·, 

10), 214.1 ([2M+NH4]+·, 12).  
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3.5.16 Methyl 2-(acetamidomethyl)-4,5-dihydrothiazole-4-
carboxylate 137 and methyl acetylglycylcysteinate Ac-Gly-
Cys-OMe 

N-(cyanomethyl)acetamide (1000 mg, 10.19 mmol) and 

methyl cysteinate hydrochloride (1749 mg, 10.19 mmol) 

were dissolved in water (20 mL), and the pH was adjusted to 

5 with NaOH and HCl (5 M). The solution was stirred at room 

temperature for 7 days, and the contents of the flask 

lyophilised. The residue was purified twice by column 

chromatography (100% dichloromethane then 10% methanol over 15 column 

volumes) to give 2 products: 

1. Methyl 2-(acetamidomethyl)-4,5-dihydrothiazole-4-carboxylate (540 mg, 

22%); m.p. 161-163 °C (methanol/ dichloromethane); Rf = 0.8 (10% 

methanol in dichloromethane); νmax (film/cm-1) 3270 (w br), 3075 (w), 2952 

(w), 1735 (m), 1653 (s), 1542 (s); δH (600 MHz, D2O) 4.80 (1H, m obs., 

CHCOOMe), 3.93 (2H, s, AcNHCH2), 3.75 (3H, s, COOCH3), 3.27 (1H, 

ABX, J = 14.4, 4.6 Hz, CHCHH), 3.03 (1H, ABX, J = 14.4, 8.7 Hz, CHCHH), 

2.02 (3H, s, H3C(CO); δC (151 MHz, D2O) 175.4, 173.0, 172.3, 53.9, 52.5, 

43.0, 38.8, 22.3; HRMS (ESI) found 467.1265 [2M+2OH+H]+· mass for 

C16H27O8N4S2, requires 467.1264. 

2. Methyl acetylglycylcysteinate (925 mg, 39%); m.p. 129-130 °C (methanol/ 

dichloromethane); Rf = 0.6 (10% methanol in dichloromethane); νmax 

(film/cm-1) 3258 (br), 3091 (w), 2545 (w), 1752 (s), 1628 (s), 1536 (m); δH 

(600 MHz, DMSO-d6) 8.34 (1H, d, J = 7.8 Hz, NHCH(R)), 8.13 (1H, t, J = 

5.7 Hz, NHCH2), 4.47 (1H, td, J = 7.6, 5.1 Hz, CHCH2SH), 3.76 (1H, ABX, 

J = 16.8, 5.8 Hz, CHCHHSH), 3.72 (1H, ABX, J = 16.8, 5.7 Hz, 

CHCHHSH), 3.65 (3H, s, COOCH3), 2.85-2.85 (1H, m, AcNHCHH), 2.79-

2.76 (1H, m, AcNHCHH), 2.55 (1H, s br., SH), 1.85 (3H, s, H3C(CO)); δC 

(151 MHz, DMSO-d6) 170.7, 169.6, 169.3, 54.4, 52.2, 41.7, 25.4, 22.5; 

HRMS (EI) found 234.066934 [M]+· mass for C8H14O4N2S, requires 

234.06688. 
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3.5.17 N-methyl-L-cysteine hydrochloride N-Me-Cys-OH 

Following on from Blondeau,301 ammonia gas was condensed into a 

3-necked round bottom flask (ca. 50 mL) and held at reflux. (R)-

thiazolidine-4-carboxylic acid (5.00 g, 37.0 mmol) and sodium metal 

(2.0 g, 80 mmol) were added sequentially and in small portions, until a blue colour 

persisted. The solution was stirred for 10 minutes, and ammonium chloride (2.0 

g, 40 mmol) was added slowly, in small portions, to quench the reaction. The flask 

was allowed to evaporate to dryness, and the residue was dissolved in the 

minimum quantity of water, before being acidified to pH 2 with concentrated HCl. 

The solvent was then removed in vacuo, and the residue extracted with methanol 

(3 × 20 mL). The methanolic solution was triturated with cold diethyl ether, and 

the solid product filtered to give the amino acid hydrochloride salt as an off white 

solid (5.29 g, 44.5 mmol, 93%); m.p. >173 °C (decomp, Et2O/ methanol); νmax 

(film/cm-1) 3411 (w, br.), 2990 (m, br.), 2959 (m), 2794 (m, br.), 2557 (w), 2412 

(w, br.), 1728 (w), 1602 (s), 1579 (s); δH (600 MHz, D2O) 3.89 (1H, t, J = 4.4 Hz, 

CHCH2), 3.15 (1H, ABX, J = 15.2, 4.3 Hz, CHCHH), 3.03 (1H, ABX, J = 15.2, 4.5 

Hz, CHCHH), 2.73 (3H, s, CH3); δC (151 MHz, D2O) 172.0, 64.2, 32.2, 23.7; 

HRMS (ES+) found 136.0446 [M+H]+· mass for C4H10O2NS, requires 136.0432; 

[α]
598

20
 = +3.98° 

3.5.18 Aminoaceonitrile-1-13C hydrochloride Gly-13CN  

Potassium cyanide-13C (264 mg, 4.00 mmol), formalin (37%, 0.29 mL, 3.84 

mmol), and ammonium chloride (277 mg, 5.18 mmol) were added sequentially to 

ammonium hydroxide (25%, 1.89 mL, 12.3 mmol) with stirring at room 

temperature. After 3 hours, dichloromethane (5 mL) was added and vigorous 

stirring was continued for 45 minutes. The organic layer was separated, and the 

aqueous layer extracted with dichloromethane (2 × 5 mL). The organic layers 

were combined and dried over Na2SO4. The solution was then cooled on ice and 

HCl in diethyl ether (2 M, 4 mL) was added dropwise. The resulting precipitate 

was filtered and washed with cold diethyl ether to give the amine salt as white 

crystals with an impurity of 27.5% ammonium chloride w/w (384 mg, 29% molar 

purity); δH (600 MHz, D2O) 4.17 (2H, d, J = 9.2 Hz, CH2); δC (151 MHz, D2O) 

114.7, 27.9 (d, J = 64.9 Hz, CH2). 
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3.5.19 2-Acetamido-N-(2-mercaptoethyl)acetamide 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (1.29 g, 7.50 mmol) and N-acetylglycine (586 

mg, 5.00 mmol) were stirred in chloroform (20 mL) for 30 minutes. Cysteamine 

(463 mg, 6.00 mmol) was added in one portion and stirring was continued under 

nitrogen for 24 h. The solvent was then removed in vacuo, and the residue 

purified by column chromatography (0-15% methanol in dichloromethane) to give 

the amide as a white solid (360 mg, 2.04 mmol, 41%); m.p. 149-150 °C (methanol 

and dichloromethane); Rf = 0.6 (10% methanol in dichloromethane); νmax (film/cm-

1) 3253 (w br.), 3072 (w br.), 2957 (w br.), 1672 (s), 1560 (s); δH (600 MHz, CDCl3) 

6.91 (1H, s br., NH), 6.61 (1H, s br., NH), 3.94 (2H, d, J = 5.2 Hz, CH2), 3.46 (2H, 

app. q, J = 6.3 Hz, CH2CH2SH), 2.67 (2H, dt, J = 8.5, 6.5 Hz, CH2CH2SH), 2.05 

(3H, s, H3C(CO)), 1.44 (1H, t, J = 8.5 Hz, CH2SH); δC (151 MHz, CDCl3) 171.0, 

169.22, 43.6, 42.6, 24.5, 23.1; HRMS (CI) found 177.061 [M]+· mass for 

C6H12O2N2, requires 177.0692. 
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