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1. ABSTRACT 
 

Systems that work out-of-equilibrium are common in nature, living 

organisms are the most striking example of that.  

Chemists are trying to mimic living organisms because of the multitude of 

properties that might be implemented in synthetic systems. With this project 

we want to realize an out-of-equilibrium system in which chemical fuel 

consumption is used to shift the equilibrium between L- and D-amino acids 

The system presented is composed of a starting equilibrium between the 

enantiomers of an amino acid or a derivative. From that starting point we 

create an ester, mediated by a chemical fuel able to convert a carboxylic acid 

into an ester. The use of an enantiomerically pure chiral fuel would lead to the 

formation of diastereomeric esters and, consequently, the equilibrium would 

shift in favour of the more stable one under conditions where racemization of 

the stereocenter of the amino acid takes place.  

Ester hydrolysis induced by the presence of a chiral catalyst, drives our 

system to the original amino acids but enriched in one of the enantiomers. This 

enantiomeric enrichment can only be maintained as long as ester formation 

and hydrolysis occur. In this thesis, the attention was focused on finding the 

best molecules and conditions to implement the system described above.  
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2. INTRODUCTION 
 

The second principle of thermodynamics affirms that in an isolated physical 

system, entropy tends to increase. However, living organisms grow, move, 

perform functions, and increase complexity by creating order out of disorder 

[1]. The remarkable feature of life is that it is entropically disfavoured: a highly 

organized state is maintained at the expense of energy.  

When we talk about chemical reactions, we refer to transformations that 

involve one or more reagents turning into one or more products. They can be 

either reversible or irreversible, depending on whether the products can 

return to the reagent state or not. Reversible reactions can be distinguished 

between those that are able to reach the equilibrium (or a nearby state) and 

those that are far from equilibrium as a consequence of external constraints.  

Out-of-equilibrium systems, which are common in nature, are dissipative, 

implying that they require energy dissipation. This definition agrees with the 

description of the way they work; they consume energy to increase their order, 

by releasing disorder in the surrounding environment coherent with the 

Second Law of Thermodynamics [2].  

The interest in the last type of systems arose by the multitude of new 

perspectives that emerge from implementing procedures leading to out-of-

equilibrium conditions in a synthetic context. Reaching this aim is possible by 

using chemical fuels as source of energy. The high chemical potential of 

chemical fuels permits exploitation of that potential to perform 

transformations and functions before they are turned into waste with lower 

chemical potential.  

 

2.1. CHEMICALLY FUELLED SYSTEMS 

 

A chemically fuelled system is composed of one or more reactions that are 

activated in the presence of a chemical fuel. The chemical fuel promotes a certain chemical transformation of the systems’ components and is turned into 
waste. Following a more restricted definition, the term chemical fuel is 

exclusively used when the system can exploit the chemical energy potential of 

the fuel to carry out work.  

A chemical fuel that is commonly used in living organisms is ATP (adenosine 

triphosphate) whose bounds are highly energetic. The energy released from 

the cleavage of the terminal phosphate group allows cells to perform many 

different tasks that would not be possible by simply following the chemical 

equilibrium of the corresponding reactions. Upon reaction, ATP is turned into 

ADP (adenosine diphosphate) and inorganic phosphate, the corresponding 

waste molecules.  
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Chemical fuels are fundamental for synthetic systems too. With them we are 

able to trigger reactions that, otherwise, would not happen in a reasonable 

time or would not happen at all. They can, for instance, drive a system away 

from equilibrium. 

The importance of the presence of chemical fuels in driving a system away 

from the equilibrium mainly resides in the fact that they have a high chemical 

potential that can be transferred to other molecules. In addition to this 

fundamental property, to increase their affinity towards the target compound, 

they can incorporate peculiar recognition motifs and/or structural 

constraints (such as stereocenters) that may affect the transfer of chemical 

energy from fuel to the system components.  

In order to obtain a highly performing system, the coupling between fuel and 

system should not be limited to structural affinity between fuels and molecular 

machinery. It should be extended to the kinetic level. This means that the rate 

at which the energy is released should be consistent with the rate at which the 

fuel is transformed into waste. Since the fuel is usually chosen to be stable, the 

catalytic properties of the molecular machine in catalysing the transformation 

from fuel to waste are essential.  

A chemically fuelled system is usually composed of different reactions. From a 

thermodynamic point of view, it should be able to cycle in both clockwise and 

counterclockwise directions, that are I-II*-III*-IV-I and I-IV-III*-II*-I 

respectively (Figure 1). However, under non-equilibrium conditions detailed 

balance is broken and preferred directionality takes place. A solution to this 

natural tendence is the implementation of directional bias to the cycling 

factor, driving the process towards anisotropy [3]. We can consider, for 

example, a system composed by two different equilibria (Figure 1). The 

interconversion between state I and state VI corresponds to the first one, 

meanwhile the second involves the interconversion of state II* into state III*. 

The passage from the first equilibrium to the second one is mediated by the 

preferential reaction of state I with the fuel, meanwhile the waste-forming 

reaction occurs faster for state III* rather than for state II*. The consequence 

of the kinetic asymmetry describing each reaction that interconnects the 

equilibria, is the creation of a directional bias to the cycling machine. 

 

 

Figure 1. Scheme of a directionally biased system that is determined by different rates of fuel-mediated 

reaction and waste-forming reaction.  
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Combining all these features, we should be able to design finely tuned 

synthetic systems. Yet, putting in practise all requirements is more challenging 

than it might seem. In the following part I will describe some examples of 

synthetic non-equilibrium systems that have been implemented in the hard 

path of chemists towards mimicking the perfect life-like machine.  

Relevant examples are shown in the self-assembly of small molecules into 

large structures [5,6,7,8] and molecular machines that exploit chemical 

energy are another class of important chemically fuelled systems [9,10,11]. 

 

2.2. SELF-ASSEMBLED SYSTEMS 

 

Driven self-assembled system is defined as a dissipative self-assembly process 

leading to energy storage in a high-energy aggregate, as a consequence of 

kinetic asymmetry in energy consumption [4].  

 

 

Figure 2. General scheme to represent a driven self-assembly system [5]. Chemical fuel mediated activation 

of the monomer (1) leads to dimers formation following the underlined equilibrium of this species (2). The 

transformation of fuel into waste (3) drives the monomers of the dimers to the inactive state, consequently 

obtaining again the free monomers in solution (4).  

 

A typical driven self-assembled system (Figure 2) starts from the presence of 

the monomers in solution in the inactive form (M). Upon the interaction with 

the fuel, they get activated (M*) and can assemble with other building blocks 

to compose a more complex and functional structure (M*2). This state is able 

to stay in that configuration as soon as the fuel does not transform into waste, 

due to monomers or enzymatic catalysis, leading to an instable assembly (M2) 

that collapses releasing all the components in the environment again (Figure 

2).   

Driven self-assembly not only implies the coupling between the fuel-to-

waste conversion and the transformations that involve the building block, but 

also that the chemical energy release is used by the system to drive itself away 

from the equilibrium. That is, the composition between M and M2 is different 
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from the composition at thermodynamic equilibrium. This requires the 

presence of kinetic asymmetry inside the wanted process [5].  

The energy is not used either way by the forward and backward reaction, as it 

might happen taking into consideration thermodynamically driven systems, 

and the reactants are preferentially moved towards one rather than the other 

direction of cyclic systems. This directionality has a kinetic origin, and it 

depends on the fact that the rate constants of each process are finely tuned in 

a way that they allow just one possible grade of freedom [4].   

The aim of systems designed like this is the possibility to populate a high 

energy state (M2) that may subsequently exploit the stored potential energy 

to carry out tasks. In order to do so, the high energy state requires a certain 

kinetic stability that will assure its existence for time enough to fulfil peculiar 

functions. In the end, the combination between the right components – both 

building blocks and chemical fuels – and the right experimental conditions is 

the key element to accomplish all what was described before. 

The first example of driven self-assembly processes that I will present comes 

from nature, and, in particular, it is represented by microtubules assembly 

and disassembly driven by GTP (Figure 3). These structures are present inside 

the cells and are involved in many processes, such as giving cellular shape, 

intracellular transport and chromosome segregation. The dynamic instability 

that characterizes them is highly useful for their functioning. It allows them to 

form only when they are needed, and to disassemble when there is no need of 

them, just on the basis of the amount of GTP present in the environment. 

 

 

Figure 3. Microtubules cyclic formation and decomposition occurring inside cells [5]. The tubulin dimer (top-

left) gets activated by GTP exchange (bottom-left) and it assembles at the plus end of the growing 

microtubule (bottom-right). The GTP get hydrolysed to GDP in the assembly, consequently leading to the 

disruption of the structure (top-right) and to the dimers free in solution again.  

 

Alpha and beta tubulin together form a heterodimer representing the building 

block of microtubules. The inactive form is bound to GDP (guanosine 

diphosphate, the waste) and it is free in the environment. Upon the exchange 

of GDP for GTP (guanosine triphosphate, the fuel), the monomers get activated 
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and are able to assemble at the level of the (+)-end of the polymer, forming in 

the end the microtubule lattice.  

In the assembly, tubulins can catalyse the conversion of GTP into GDP and 

inorganic phosphate. As said before, the thermodynamically most favoured 

state of monomers binding GDP is the free one. However, once they are packed 

inside the macrostructure, they are not free to disassemble, hence giving rise 

to the out-of-equilibrium state of the system. The conversion of the fuel into 

waste induces a change in the microtubule structure that increase the lattice 

strain, accumulating the energy released by GTP inside the structure. 

The immediate collapse of the structure is avoided by the presence of a GTP-

cap at the plus end of the microtubule too, that is probably given by a delay 

between the binding of GTP-tubulins to the assembly and GTP hydrolysis. The 

higher is the presence of GTP in the environment the bigger is the GTP-cap and 

the microtubule keeps on growing. As soon as, this cap is no more big enough 

to protect the (+)-end from the environment, the collapse starts, and 

monomers are now free again in the cytoplasm under the GDP associated form.  

In that kind of system, asymmetry is given by the characteristics of the active 

site of beta tubulins (E-site). It allows the exchange of the nucleotide when the 

monomer is in the free state, and GTP is chemically stable. When the building 

block is incorporated in the microtubules, instead, the E-site changes, 

nucleotides are no more able to exchange and are hydrolysed. These 

differences in the active site between the free and bounded state of the 

monomer, make this whole system able to turn in one direction only, a 

fundamental feature for finely tuned systems [5].  

Inspired by this natural example, synthetic self-assembled systems have been 

realized in the past years to mimic life-like behaviours. The ones implemented 

by Boekhoven, Van Esch et al [6,7] are good examples.  

 

 

Figure 4. (A) Structure of DBC. (B) Synthetic system mimicking the biological functioning of microtubules [6]. 

The inactive form of DBC (Dibenzoyl-(L)-cysteine, top-left) gets activated by the action with MeI, thus 

obtaining the monoester (top-right). Due to the abundance of MeI in solution, also the second carboxylic 

site can be esterified (bottom-right). It is now able to self-assemble (bottom-left) as soon as the additional 

methyl group does not get hydrolysed, thus obtaining again the starting form of DBC through energy 

dissipation (top-left) 
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Under non-equilibrium conditions it is possible to obtain structures 

resembling microtubules starting from monomers that a chemical fuel can 

activate. Dibenzoyl-(L)-cysteine (DBC) is a known pH-responsive 

hydrogelator whose properties are given by the presence of two carboxylic 

group inside the molecule (Figure 4A).  

Above their pKa (around 4.5) these groups present a negative charge that 

creates intermolecular repulsion. The assembly between different building 

blocks is consequently forbidden as soon as the pH is not reduced below the 

corresponding pKa. Upon the acidification, the negative charges are no more 

present inside the molecules allowing them to interact with each other 

through the formation of hydrogen bonds and hydrophobic interactions, 

forming elongated fibres in the end. 

The authors anticipated that by chemically modifying the carboxylic group 

into an ester, they would have been able to trigger the self-assembly process. 

They realised this by esterifying the negatively charged group, using MeI, and, 

consequently, they observed that when the diester form of DBC is present in 

solution at high enough concentrations, fibrous aggregates formed. Because of 

the fuel consumption – from -COOMe to MeOH upon hydrolysis of the newly 

formed esters – the system is restored to the original monomeric state (Figure 

4B).  

The experimental conditions were optimized in order to assure a certain 

directionality to the system – thus implementing kinetic asymmetry. It 

represented a good starting point to later implement a new self-assembling 

system with better performances, as the one they have realised in 2015 [7].  

In a more recent work, the research group started by using not only DBC as 

their switchable element, but they studied alternative building blocks (Figure 

5A). These complex molecules showed one or more sites prone for 

esterification. The chemical activating reaction was still the esterification that 

is now promoted by a new fuel, the dimethyl sulfate (DMS) that was chosen 

because of its higher reactivity in respect to MeI. The chemical deactivation 

reaction was still represented by the ester hydrolysis induced by the presence 

of water, and more specifically by the abundance of -OH group inside the 

solution due to the basic environment (hydrolytic conditions).  
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Figure 5. The second self-assembly system realized by Joe Boekhoven et al. (A) We have the structures of the 

switchable elements they used in performing their studies. (B) We have the general mechanism of the 

system implemented, as explained in figure 4 [7]. 

 

This new system (Figure 5B) was able to produce a transient high energy 

state that lasted as long as fuel was present. They were even able to verify 

system regeneration, that means its ability to carry out another chemically 

fuelled cycle after fuel-depletion.  

R. V. Ulijn et al [8] presented another example of a driven self-assembly 

process. It differs from the others since it is activated by enzymes. In this case 

we have the formation of supramolecular peptide nanofibers. They are 

fibres composed by the assembly of dipeptides through π-stacking of the 

aromatic cycle of the molecules and hydrogen bonds. The latter occurs 

between peptide backbones. The starting compound is composed by a tyrosine 

methyl ester with a naphthoxyacetyl group at N-terminus (Nap-Y-OMe, Figure 

6.1). This molecule represents the acyl donor. The proteases α-chymotrypsin, 

instead – apart from hydrolysing peptides – is also able to produce peptides 

starting from suitable ester precursors. 

In this project, the protease catalyses peptide synthesis between an amide 

functionalized amino acid – functionalized at C-terminus – and Nap-Y-OMe, 

that is further favoured by the peptides’ ability of assembling (Figure 6.2). 

Since the enzyme is a protease, the peptide hydrolysis will eventually win over 

the polymerization over time, consequently reaching the specific 

thermodynamic equilibrium. At first peptide-bond formation is faster than 

ester hydrolysis, leading to the assembly because of the peptide concentration 

exceeding the critical gelation concentration. After that, the equilibrium 

established between peptide hydrolysis and dimerization (between molecules 

2 and 3 plus 4, mediated by both chymotrypsin and thermolysin) will be 

reached. If the final concentration of the dimer is higher than the CGC (critical 

gelation concentration), then the state away from the equilibrium was never 

reached. Instead, if at the thermodynamic equilibrium the CGC is not 
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overcome, then the gel formed in these conditions is actually a state far from 

the equilibrium and the system is characterized by dynamic instability as the 

microtubules in living organisms.  

 

 

Figure 6. General scheme of enzymatic driven self-assembly system [8]. Nap-Y-OMe (1) can either be 

polymerized (2) or hydrolysed in the ester moiety (3) by chymotrypsin (green). The equilibrium established 

between these two conformations is maintained by the opposed intervention of chymotrypsin and 

thermolysin (blue). 

 

The perspectives given by these three projects are striking since they clearly show that synthetic systems are effectively able to mimic living organisms’ 
behaviour and to escape the natural tendence of simply following 

thermodynamic equilibrium. This opens new possibilities that are still to be 

explored and that can be seen even in the second category of systems driven 

out of equilibrium: molecular machines.  

 

2.3. MOLECULAR MACHINES  

 

In living organisms, molecular machines are represented by molecular motor 

proteins for instance. These are complex proteins able to perform 

autonomous movement by converting chemical energy – from a chemical fuel – into mechanical work. Among them the most notorious are myosins, dyneins 

and kinesins which use cytoskeletal elements as track and their movement is 

driven by ATP [9]. These three elements are present in nature in different 

forms and are essential for cells in accomplishing many fundamental tasks. 

They are involved in membrane transport, transport of cellular elements 

across the cytoplasm, adhesion of cellular components to the membrane and 

in many other functions. If we could imagine a living organism without myosin, 

dynein, and kinesin, we should think about a cytoplasm with molecules and 

organelles floating with no purpose inside it. 



12 

 

The potential energy given by the breakage of a phosphate ester in ATP is 

transformed by these molecular motors in kinetic energy. At first, we have 

ATP binding the active site of these molecules that, in turn, catalyse the 

hydrolysis of gamma phosphate group in ATP. This loss induces a 

conformational change of the area surrounding the active site that is then 

propagated in the whole molecular structure allowing it to perform a step 

backward or forward along the scaffold they are bound to – microtubules in 

the case of kinesins.  

One fundamental requirement that is needed to carry out a transport function 

in a proper way is to follow a certain directionality in the movement. This can 

be realized by implementing specific structural features – that can involve 

charges interaction and repulsion for instance –, the interaction with the cargo 

and the interaction with the scaffold in the case of kinesin-5 Cin8 [12].  

Kinesin-1 – a common kinesin inside our brain – shows two identical feet, an 

intertwined stalk and a tail deputed to cargo binding. The foot bound to ADP 

(purple in Figure 7) is found in two possible configurations that are in 

equilibrium at the resting state: interacting with the track or detached from it 

(conformer I and II respectively). The other molecular motor instead (yellow 

one) is unbound and strongly linked to the scaffold, at first. As soon as ATP 

binds the leading foot (yellow one), a conformational change occurs that 

together with the diffusional searching leads the detached molecular motor to 

a forward step. ATP hydrolysis and release of inorganic phosphate will follow 

to complete the cycle. Since the two molecular motors are identical, the 

interaction between the motor domains and the scaffold should be deputed to 

the directionality [13]. 

 

Figure 7. Mechanochemical cycle of kinesin-1 [13]. The kinesin foot bound to ADP (violet) is free to move and 

it can interact with the track (I) or it can detach from it (II). As soon as ATP bind the foot strongly linked to 

the track (yellow), the other moves a step forward in the track (III). Then ATP gets hydrolysed, and ADP is 

released (IV). The synthetic counterpart of these biological motors are molecules that are able to perform 

autonomous directional rotation around a single bound, thanks to the presence of a fuel that provides 

the directional constraints that are needed for the movement.  

 

The first example of that kind of systems comes from the article of D. A. Leigh 

et al. [10] in which they use, as their catalysis-driven motor, the 1-

phenylpyrrole 2,2’-dicarboxylic acid (figure 8b-1a). This molecule is able to 
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continuously transduce the energy coming from a fuel-to-waste 

transformation into repetitive 360° directional rotation of the two aromatic 

rings composing the structure – pyrrole-2-carbonyl, the rotor, and phenyl-2-

carbonil, the stator – around a N-C covalent bond.  

The starting point of this cycle is the presence of the above-mentioned 

molecule inside a suitable solution, composed by acetonitrile and water or 

dioxane and water (7:3 proportion). Both the carboxylic group of the stator 

and the rotor are free in solution and the latter is free to rotate around the C-

N bound that keeps it linked to the stator. This leads to a racemic equilibrium 

that is established between two limited conformations, that depends on the 

starting disposition of the rotor in respect to the stator – (+)-1 position, or (-)-

1 position.  

Due to the presence of a suitable fuel inside the solution, the two carboxylic 

acid groups couple to form an anhydride. The fuel that is used here is the N,N’-
diisopropylcarbodiimmide (DIC). DIC was selected in a way to be able to react 

preferentially with one of the two spatial conformations composing the 

racemic equilibrium, introducing the first bias in the system (Figure 8a). In 

addition, it can react with only one carboxylic acid group present inside the 

molecule making it prone to the binding with the other and then transforming 

itself into urea (the waste). After the formation of the bounding, the hydrolysis 

of this bond will occur, catalysed by one of the two chiral catalysts represented 

in the Figure 7c. However, in order to obtain a 360° directional rotation, we 

must introduce in the cycle a certain directionality restriction and we will 

see how they have managed it.  

 

 

Figure 8. Molecular motor chemically fuelled [10]. (a) General scheme of the chemically fuelled rotation. We 

have the racemic equilibrium between starting compound (below) that is disrupted by the fuel. It leads to the 

equilibrium between the molecules presenting the anhydride bond (above), which is ended by catalyst 

mediated hydrolysis. (b) Scheme of the process they wanted to implement with insight into the structure of 

the molecules involved. (c) Structure of two possible anhydride hydrolysis catalyst that were used in this 

work. 

 

As we have seen before, selectivity in motion can be achieved by the choice of 

a chiral fuel. A chiral compound is a molecule containing a stereocenter and 
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can therefore be present in two enantiomeric forms that are mirror images. 

The DIC derivatives used here (Figure 8b) present inside their structure two 

chiral centres that can be either R or S (right-handed rotation or left-handed 

rotation). In this project, the authors have seen that DIC in the R-R 

conformation was the most suitable for inducing directional rotation.  

After forming the anhydride group, we have another equilibrium that is 

established between two opposite spatial disposition of the rotor. In this case, 

it would be the chiral character of the anhydride hydrolysis catalyst our 

selectivity bias that would lead to a continuum in the directionality of the 

system. To sum up, both chirality of the fuel and the chirality of the hydrolysis 

catalyst are fundamental features that allows kinetic asymmetry in the 

anhydride-bond forming and breaking 

reactions. Moreover, hiding the 

negative charges that are present on 

both carboxylic groups – by realising an 

anhydride bond – is fundamental, since 

it allows the rotation of the system 

around the carbon-carbon bond.  

Compared with the molecular motor 

just presented, the second example of a 

molecular motor by Feringa et al. shows a six steps 360° directional rotation 

around a single C-C bound [11]. They still use the DIC as their chemical fuel in 

driving the formation of transient covalent bound between the rotor and the 

stator, however we have no more an anhydride but an ester group forming. 

What is more, the DIC is not the factor giving the direction bias to the system, 

the rotor now revests this role. It presents attached to the aromatic structure 

two different chiral centres, the first one – corresponding to the carbon in 

position 3 – that is in charge of the unidirectionality of cyclization, the second – corresponding to the carbon in position 2 – that drives the process of 

inversion towards selective direction (Figure 9).  

In the first step of this system, we have the structure at the open state. Upon 

interaction with the fuel, the cyclization (lactone ring) of the molecule is 

promoted through an ester bond formation between the carboxylic group of 

the rotor and the right hydroxyl group of the stator. After that, we have the 

first inversion, hydrolysis induced by water and soon another lactone ring 

formation mediated, again, by DIC, towards the second hydroxyl group of the 

stator. Another inversion occurs as the previous, by establishing the position 

of the rotor in the most thermodynamically stable configuration and then the 

final hydrolysis would lead us to the system initial step. Another turn into the 

cycle can be promoted by the presence of further DIC (Figure 10).  

Both molecular motors presented demonstrated the utility of chirality in 

introducing directional bias inside a system. The selectivity of the reaction 

increases, thus leading to transient enrichment of the solution in a certain 

configuration of the motor out of two possible enantiomers. This procedure of 

Figure 9. Structure of the molecular motor 

implemented by Ke Mo et al. 
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mixture enrichment of one out of the other molecular configuration is well 

known in organic chemistry and is called dynamic kinetic resolution.  

 

 

Figure 10. Schematic representation of the 6 steps directional cycle implemented by Ke Mo et al. The open 

state I turns into the unstable cyclized one by the action of DIC (step 1). The inversion (step 2) drives the 

molecule to the most stable state of this conformation that is then transformed into the second open state 

by water hydrolysis (step 3). Another cyclization step mediated by DIC (step 4) leads to a further inversion 

(step 5) of the structure. The cycle turns back to the starting point after hydrolysis (step 6). 

 

 

2.4. DYNAMIC KINETIC RESOLUTION 

 

In chemistry, kinetic resolution refers to the ability to separate the two 

enantiomers (D and L) – originating from a single chiral centre – of a racemic 

mixture by means of chemical reactions. The different rate of reactions of the 

enantiomers allows obtainment of an enantiomerically enriched solution. 

Starting from a racemic solution, the easiest way to accomplish this is to use 

enzymes. They will react with both enantiomers but at different rates, thus 

enriching the faster-reacting molecule configuration. These processes are 

defined as deracemization ones.  

However, following the method mentioned before, we would not be able to 

obtain a fully enantiopure solution. In order to reach this goal, it is necessary 

to combine the enantioselective resolution with the racemization of the slower 

reacting enantiomer. In this case, the yield should be ideally 100% and the 

procedure is called dynamic kinetic resolution (DKR) [14].  

Some requirements should be followed to obtain all the possible advantages 

in performing DKR. First, the resolution step should be highly selective; it 

means that the difference in the reactivity with the catalyst between the 
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wanted and unwanted reagent should be very high. In that way the undesired 

molecule would stay mostly non reacted in solution, instead, our target would 

be found mostly transformed in the desired product (Figure 11).  

 

 

Figure 11. On the left we can find the scheme of kinetic resolution reactions. On the right we have the 

scheme of DKR reactions, in which Kinv should be faster than Kinv-1 [16]. 

 

A second important requirement is the irreversibility of the resolution step 

that would trap the wanted compound in the product with no chance of having 

the reagent back. The last one, instead, concern the difference in racemization 

and resolution step rates; the first process should occur faster that the second. 

The advantage is related to the possibility of having a less selective 

transformation, since the undesired molecule is transformed in the desired 

one with higher probability in respect to be subject of the catalysed process 

(Figure 11).  

 

 

Figure 12. General scheme of the DKR performed on a racemic mixture of 2,5-hexanediol. (1) is the 

ruthenium catalyst [14]. 

 

One example of dynamic kinetic resolution performed in presence of an 

enzyme catalyst is the system that is intended to transform a racemic solution 

of secondary diols in an enantiomerically pure solution of (R,R)-diacetate. We 

have here the presence of a ruthenium catalyst that can favour the 
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isomerization of the starting diol – racemization step. In addition, we have an 

enzyme to catalyse the acylation reaction that occurs in the presence of an acyl 

donor (Figure 12). 

The reaction was improved by using different experimental conditions and 

changing the acyl donor structure. It was observed that modifying the second 

parameter by increasing the dimension of this element, a higher 

diastereoselectivity was accomplished. As a consequence, we have in that 

way increased the rate of the desired molecule transformation [15].  

Dynamic kinetic resolution is performed too on alpha amino acid esters in the 

presence of aldehydes. In this case, the resolution step is performed by using 

a lipase catalysing ester hydrolysis, instead the racemization was induced 

using salicylaldehyde for instance (Figure 13).  

Aldehydes in solution form imine with the alpha-amino acid ester N-terminus. 

The imine is particularly stable because of hydrogen bond realized between 

the imine nitrogen and the hydroxyl group of salicylaldehyde (Schiff base). 

The racemization of the alpha carbon is highly favoured in this way because of 

the increase in the stability of the carbanion forming as a racemization 

intermediate. The negative charge is delocalized on the aromatic system 

conjugated to the imine bond. The additional presence of electron-

withdrawing groups (such as nitro groups) will behave like further stabilizer 

of the negative charge by attracting electrons [16].  

 

 

Figure 13. Possible mechanism for aldehyde-catalysed racemization of alpha-amino acids (here 3,5-

dinitrosalicylaldehyde). The reaction between the aldehyde and the compound leads to the formation of the 

corresponding Schiff base. In this conformation the acidity of the carbon in alpha position is high enough and 

it is able to lose its hydrogen. The hydrolysis of the complex releases the racemized amino acid and the 

aldehyde.  
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These two examples of DKR used a different approach to increase the rate of 

the racemization step, however they pursued in the necessity of enzyme 

presence for the resolution one. Both molecular motors analysed in the 

previous section made use of dynamic kinetic resolution in order to move the 

system away from the equilibrium, however they used a chiral catalyst [10] or 

water only [11] for the resolution step. The reaction between the chemical fuel 

and the reactant was used with the objective of providing the molecules with 

the right additional group or configuration that would trigger the enantio-

enrichment. In addition, DKR systems are one way only, they are irreversible, 

instead real-life ones – and the molecular motors presented before – are 

transient and reversible.  

From all the assumptions and the examples described before, the aim of this 

project arises.  

 

2.5. THE AIM OF THE PROJECT 

 

I would like to start the description of the project from some well-established 

statements. First of all, the molecule that will be used is an amino acid or an 

amino acid derivative and – as we all know – every amino acid, except glycine, 

presents a chiral centre in correspondence with the alpha carbon. It means 

that we can have two different configurations for the same molecular object, 

called enantiomers (figure 14). They can be D or L depending on the spatial 

disposition of atoms around the chiral centre.  

 

 

Figure 14. General equilibrium existing between two conformations of the same molecule (amino acids 

here). 

 

In living organisms, we can observe the presence of L enantiomers only, the 

reason why nature adopted this building remain without a reasonable 

explanation. There is no evident reason for which one conformation should 

have been chosen instead of the other, that is why during production processes 

of amino acids we must use enzymes, kinetic resolution, or dynamic kinetic 

resolution procedures to obtain in the end the most enantiopure product as 

possible. This is of great importance in the pharmacology field mainly since 
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different enantiomers might interact differently or not at all with the target 

element.  

We want to investigate whether it is possible to use chemical energy to shift 

the composition of a racemic mixture of amino acids away from 

thermodynamic equilibrium (50% L – 50% D) and maintain the system in a 

non-equilibrium state as a result of energy consumption. It means that we 

would still include kinetic asymmetry characteristics, chemical fuel usage, 

catalysts, DKR principles, out of equilibrium states, as seen before, but 

applying them on as simple elements as amino acids.  

Our system (Figure 15) is composed of four reactions forming a cycle. The 

starting point is the racemic equilibrium between the two possible 

enantiomers of our amino acid (Figure 15A).  

The chiral centre taken into consideration is the carbon in alpha position. It is 

connected to the amine group, carboxylic acid, lateral chain and one hydrogen. 

The spatial disposition of the four substituents defines the absolute 

configuration of the stereo centre, defining L and D enantiomers which are 

present in equal quantities in the racemate.  

 

  

Figure 15. General scheme of the cyclic system we would like to realize. In green we have the lateral chain of 

the amino acids, in blue the group containing N (amine termination) and in violet the carboxylic group. The 

little circle containing an R indicates the chiral group that would give the enantiomeric selectivity. 

 

At the thermodynamic equilibrium, the amino acid will be present as a racemic 

mixture. Indeed, the alpha proton might be acid enough to exchange with the protons in the solution, but because of microscopic reversibility this doesn’t 
affect the composition of the mixture.  



20 

 

The molecule is activated for racemization by forming an ester bond at the 

carboxylic moiety using a chemical fuel [21]. Ester formation could be 

achieved through the addition of a carbodiimide as activating agent and an 

alcohol. Using this kind of fuel, we would create the first bias in the system 

(Figure 15B). In fact, if the carbodiimide is chiral, we can favour the activation 

of only one of the enantiomers. In this manner, once the fuel is depleted, we 

would have an excess of the remaining less-reactive enantiomer. Another 

manner to form the ester is by using a chiral alkyl iodide. Thus, the esters 

formed from the enantiomeric amino acids would be diastereoisomers. 

Consequently, under conditions at which racemization of these esters would 

take place, the equilibrium would not be 50-50 (Figure 15C).  

The second kinetic bias can be inserted during the hydrolysis of the ester 

(Figure 15D). In this case, we can use a chiral catalyst that selectively 

hydrolyses the ester of one of the stereoisomers. In a manner analogue to the 

previous, if only one of the two enantiomers will be cleaved this will lead to an 

enantiomeric enrichment of the product. At the end, after a chemically fuelled 

cycle of ester-formation followed by ester hydrolysis, we would have the 

presence of only one of the two enantiomers of the original racemic mixture. 

But as said above, since spontaneous racemisation takes place under the 

experimental conditions, this equilibrium will be spontaneously shift back to 

the racemic mixture when fuel has been depleted. 

The final aim of this project is the realization of a molecular information 

ratchet [5,17,19,20]. The word ratchet means that we can now realize a 

chemical process that presents a directional bias.  

Exploring the system from an energetic point of view, we can see that for the 

first equilibrium involving the amino acids, both enantiomers have by 

definition the same energy level and are consequently present at equimolar 

concentration (Figure 16A). After the esterification, instead, changes occur in 

the energy diagram of the system, thus obtaining an energy difference 

between the species in the solution (Figure 16B). Upon equilibration this will 

lead to a population of the species with the most stable configuration (Figure 

16C).  

A further stratagem that would be applied inside this project to enrich even 

more the enantiopurity of the solution – and consequently reinforce the 

asymmetry – is the usage of kinetic resolution technique in the form of a chiral 

hydrolysis catalyst. From C to D (Figure 16), we will promote the hydrolysis 

of the chiral group that has been added previously from the interaction 

between the fuel and the initial compound, consequently releasing the waste. 

The use of the peculiar catalyst mentioned before, would provide a certain 

stereospecificity of the reaction toward one rather than the other enantiomer 

(Figure 16D). 
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Figure 16. (A) Energetic description of the equilibrium between acid forms. (B) Energetic description of the 

reaction with a fuel. (C) Energetic description of equilibrium between esters. (D) Energetic description of the 

hydrolysis step. 

  

Under the kinetic point of view, we need to introduce differences in the 

reaction rates of the two enantiomers in both the activation and hydrolysis 

steps. The D enantiomer in this case might show a bigger rate constant than L 

enantiomer being hydrolysed, consequently giving rise to an almost pure 

enantiomeric solution. We need to take in mind that both conformational 

population (ester equilibrium) and product composition (state right after 

hydrolysis) are interconnected, however it does not exist a direct correlation 

between them. The principle underling this fact is the Curtin-Hammett 

[17,18], which affirms that even though we might have an interconversion 

equilibrium pending more to one rather than the other conformation, the 

products ratio might be different than what we expect. The height of the 

energy barrier existing between reagent and product should be taken into 

consideration as well (here the ester form and the acid form respectively). 

However, since the hydrolysis catalyst should be designed to be highly 

enantioselective, we still confirm the enrichment already present in state C. 

The enantiomers equilibrium moved mostly towards one configuration with 

the selectivity of the hydrolysis step, will give rise to a real dynamic kinetic 

resolution procedure. The state right after hydrolysis of our system is the 

kinetic state, in which even if the amino acid would not have a preferential 

distribution among the different spatial conformations, we indeed have an 

enrichment of D enantiomers due to the effect produced by the previous 

passages. Thus, in this state the system is defined out-of-equilibrium. 

However, since the rate constants describing the interconversion of one 
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enantiomer into the other – at this molecular state – are the same, we will 

obtain the establishment of the starting racemic equilibrium again.  

In this ingenious way we are theoretically able to move the system away from 

the equilibrium in the form of an enantioenriched solution that is not 

thermodynamically favoured, thanks to the presence of a fuel-to-waste 

conversion catalysed by the cycling factor itself. Starting from these 

assumptions I will explain what was done in practice in order the realize this 

cycling system.  
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3. DISCUSSION and RESULTS 
 

In order to construct the reaction cycle presented (Figure 17), we need to start 

by studying step-by-step every single reaction it is composed of. Indeed, it is 

important to know the kinetics of each reaction involved. Crucially, it implies 

that the rate of racemization of the ester must be faster that the racemization 

rate of the acid. In addition, the kinetics of esterification must be faster than 

the kinetics of ester hydrolysis. 

 

 

Figure 17. General scheme of our system with general structure of molecules (above). We have at first the 

racemic equilibrium between acid forms (top-left), then equilibrium between ester forms (bottom-left and 

right) and finally the hydrolysis pushing the system way from the equilibrium (top-right).  

 

3.1. RACEMIZATION STUDIES 

 

We started by studying the racemization rate of suitable compounds.  

To perform racemization studies, nuclear magnetic resonance (NMR) was 

used. The NMR is an instrument recording signals coming from specific nuclei, 

in particular form hydrogen, carbon and fluor. For our purpose, we are 

interested in the signal from hydrogens of the target molecules. Deuterated 

solvents are typically used to avoid that the 1H NMR spectrum is dominated by 

signals coming from solvent nuclei.  

The equilibrium under investigation involves the alpha carbon, which is our 

chiral centre. Since we used D2O as solvent (or cosolvent) in our studies, we 

would like to verify the possibility of having a hydrogen-deuterium 

exchange in solution between the hydrogen linked to the carbon in the alpha 
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position of our amino acid and the deuterium atoms that are present in the 

solution. Since deuterium nucleus is not visible with NMR, if the exchange is 

allowed in the experimental conditions, we would see the reduction in 

intensity of the alpha hydrogen signal. Importantly, H-D exchange on the Cα-

carbon is an indicator for racemization. This is because the mechanism with 

which our molecules exchange the proton on Cα passes through the formation 

of a carbanion intermediate (stabilized by solvent). This intermediate has a 

planar configuration where the carbon assumes a sp2 hybridization and the 

chirality is lost. Because the environment presents a higher concentration of 

deuterium compared to hydrogen it is very likely that reattachment involves a 

deuterium rather than hydrogen. It is important to notice that the re-

attachment on the planar intermediate can occur from either top or bottom of 

the plane, implying that both enantiomers can form with equal probability.  
 

We cannot use any kind of molecule to obtain an efficient hydrogen-deuterium 

exchange. They should be selected following specific criteria. In particular, 

they need to have a high grade of alpha hydrogen acidity. It means that the 

alpha carbon should be able to dissociate the hydrogen easily under the 

experimental conditions. Despite the C-H bond is known to be very stable, it’s 
acidity can be tuned by the presence of electron withdrawing groups [22].   
 

One crucial feature of our molecules is the structure of the lateral chain. In 

nature, the amino acids reported having a faster racemization are 

phenylalanine, histidine, and aspartic acid. Histidine possesses an imidazole as 

lateral chain that, because of its basic nature, can favour the extraction of 

proton in alpha position. Aspartic acid can make an intramolecular anhydride 

between the lateral and terminal carboxylic acid under certain conditions that, 

due to the elimination of a negative charge leads to the racemization of this 

molecule. In all our studies we employed only the phenyl group or benzyl 

group. This is because the presence of the aromatic ring in the phenyl group 

can favour the delocalization of the negative charge formed in the 

intermediate. This leads to reduction in the pKa of alpha carbon of 

phenylglycine (pKa = 19) ten orders of magnitude compared to glycine (pKa = 

29).   

 

 

Figure 18. Resonance limit structures of the nitrogen together with the BOC protective group. 

 

In addition, since the amine group is a good nucleophile and can therefore 

give side reactions during the esterification of carboxylic acid, we decided to 

mask it. The easiest way to do that is using a protecting group that is stable 

under basic conditions such as tert-butylcarbamate (BOC, Figure 18). Anyway, 
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we explored also other alternatives in order to transform the amine bond in a 

strong electron withdrawing group able to acidify further the proton of C-alfa. 

Finally, it was chosen to activate the amino acid for racemization by forming 

an ester bond with the chemical fuel. The formation of an ester between the 

carboxylic acid residue and alcohol will mask the negative charge, thus 

increasing the acidity of hydrogen on the alpha carbon. The presence of a 

negative charge in the acid-form of the amino acid reduces the possibility of 

forming the carbanion.  As shown by studies performed by Richard et al. an 

ester has a pKa that is 8 orders of magnitude lower than that of the free acid 

[24]. Indeed, an ester compared to the other protecting group such as 

thioester, amide and oxazoline is easier to make and it has a very well know 

kinetic of hydrolysis under basic conditions. 

 

 

Figure 19. Specific structure of compounds used in both acid (a) and ester (b) form. The ester form presents 

in red the additional portion that was added by esterification. 

 

Amino acid characteristics are not enough to obtain racemization, we must use 

specific experimental conditions, such as the implementation of a basic 

environment [23]. The abundance of negatively charges hydroxyde ions in 

solution facilitates the detachment of the hydrogen from the carbon.  

Considering all these factors for the design of our molecules, we have tested 

four different structures (Figure 19) with increasing acidity of the alpha 

hydrogen. For both structures both the acidic and ester form are shown.  
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3.2. RACEMIZATION STUDIES: COMPOUND 1  

 

Compound 1, Boc-phenylalanine, is the first molecule that we used for our 

racemization studies (Figure 19). Its lateral chain is represented by benzyl 

group, instead the amino terminus of this molecule is protected by a Boc-

group.   

We tested three different conditions with the aim of promoting the 

racemization of the ester form, that was expected to be easier than the acidic 

one for the reasons explained before. The first two conditions were realized 

by placing the compound (0.01 M) in a solution composed by 7 parts of 

acetonitrile (ACNd3) and 3 parts of deuterium oxide (D2O) in addition to 

lithium hydroxide in different concentration to obtain e final pH value of 8 

and 11. Despite the strong basic conditions of the latter, we observed no 

changes in the alpha hydrogen signal in both samples, thus no exchange with 

deuterium present in the solution even after one week recording or after 

placing them at 50°C. The higher temperature should have increased the 

reactivity of all the components, but nothing changed.   

The third attempt was realized in a solution made up by 5 parts of deuterated 

dimethyl sulfoxide (DMSO-d6) and one part of deuterated methanol (CD3OD). 

The base that was used here is 1,8-Diazabicyclo [5.4.0]undec-7-ene (DBU) 

and the solution was kept at 31°C [25]. In these conditions we were able to see 

two processes occurring inside the sample. The first is the reduction of the 

peak of the hydrogen on C-alfa (Figure 20A), indicating exchange with 

deuterium (see Figure 20B) and this process occurs quite slowly. The second 

process is the exchange between the methyl ester group in the molecule and 

deuterated methanol present in the solution (Figure 20C, 20D) with a faster 

kinetic compared to racemization.  

In conclusion, even if we were able to see some racemization, it is too slow, 

and consequently we expect that the racemization of the acid form would have 

been even slower. In addition, since DMSO is well known to catalyse the 

hydration of carbodiimide which is the potential fuel we to be used in our 

system [26], we have excluded the compound 1a from further studies. We 

moved on by implementing racemization studies on a molecule with more 

acidic protons.   
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Figure 20. (A) Superimposition of spectra recorded of the sample containing phenylalanine, DBU, DMSO and 

methanol. The alpha hydrogen signal is the quartet on the left and it composes a full peak together with the 

hydrogen from the hydroxyl group of MeOH. (B) Superimposition of spectra showing the reduction of -CH3 

peak. (C) H-D exchange kinetic.  (D) Kinetic of exchange between methyl group and methanol.  
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3.3. RACEMIZATION STUDIES: COMPOUND 2 

 

The main difference between compounds 1 and 2 resides in the absence of the 

methylene-group.  The removal of the methylene group – that separates the 

alpha carbon from the aromatic cycle in compound 1 – is expected to facilitate 

racemization as it permits delocalization of the intermediate negative charge. 

As a result, other than the small π-system of the carbonyl-group, the negative 

charge can delocalize on the aromatic cycle (Figure 21). The advantage of this 

structural improvement is the enhancement in the carbanion stability, hence 

the promotion of hydrogen-deuterium exchange, and the decrease in the 

associated pKa.  

 

Figure 21. Above in this image we have the resonance structure that might be given by compound 1a. Below 

we can see the resonance structures of compound 1b – in addition to the same one of compound 1a – 

involving the aromatic cycle. 

 

Different experimental conditions were used in order to test the racemization 

potential of compound 2b (ester). The first conditions were implemented in 

7:3 proportion of acetonitrile and water by using LiOD – as our base – with 

final pH equal to 8 and 11. However, we noticed no changes in the alpha 

hydrogen peak since the experimental conditions might have been too mild.  

The second conditions were realized by implementing the following 

proportions of acetonitrile and water respectively: 7:3, 8:2, 9:1 and 95:5. DBU 

was selected as the base (Spectra 1-4).  
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percentage is further reduced if we observe the 9:1 proportion, in which the 

amount of hydrolysis after 21 days reached 12% only. The lowest grade of 

hydrolysis is registered for the 95:5 proportion. In the latter condition we 

observe just a small number of molecules undergoing hydrolysis that reached 

the 4% only at the end of the recordings.   

 

 

Figure 23. (A) Reaction of hydrolysis in a basic environment. (B) Graph showing the kinetic of hydrolysis of 

compound 2b methyl group, at different proportion of acetonitrile and water. The increase in hydrolysis is 

represented here by the reduction of methyl signal. 

 

We can consequently explain the increase in the rate of racemization with the 

decreased presence of water in solution, taking into consideration the 

decrease in the hydrolysis rate too. Higher hydrolysis rates lead to a higher 

fraction of acids in solution, and because these acids do not racemize this 

reduces the racemization rate.  

Despite the previous studies showed that the ester can racemize, we failed to 

see H/D exchange on the acid form. It is reminded that racemization of the 

acids is essential to complete our reaction cycle. We tried to induce acid 

racemization by increasing the reaction temperature. In that way we might 

enhance the reactivity of all the compounds present in solution because of the 

increase in thermal movement in agreement with the Arrhenius equation 
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As we can see from the graphs above, at room temperature the hydrolysis is 

nearly absent. Instead, at 50 degrees we can clearly see a faster hydrogen-

deuterium exchange, that shows a steep increase in the first few hours of 

recording. After that, the value is kept constant because of the presence of the 

acid species that subtract reagents to this reaction.  

The acid form, instead, still showed no racemization even at 50 degrees. It 

means that we must move to another candidate.  

 

3.4. RACEMIZATION STUDIES: COMPOUND 3 

 

Considering the very low rate of H/D exchange of the acidic form of compound 

2 we tried to improve it by replacing the N-Boc group with an EWG-group. We 

selected as best candidate the trimethylammonium group [27]. It is known 

to be a strong EWG-group because of the permanent positive charge on the 

nitrogen that might stabilize the negative charge developing on C-alfa upon 

racemization (Figure 19).  

This new compound differs from the previous one because of the presence of 

the positively charged ammonium group (Figure 25). The two electron 

withdrawing groups – trimethylammonium with a net positive charge and 

phenyl group with aromatic properties – are both contributing to the 

stabilization of the carbanion intermediate that would form after the removal 

of the hydrogen from the chiral center. With this structural modification we 

could increase the alpha carbon acidity. However, we need to verify if it is 

enough for our purpose and in the experimental conditions we are 

implementing.  

 

Figure 25. Scheme of the new compound in the acidic form. Here we have highlighted the electron 

withdrawing groups (trimethylammonium and aromatic cycle) and electron donating group (carboxylic acid). 

 

Using this compound in the ester form, we have changed the solution 

composition by reducing the amount of organic phase, in order to avoid 

precipitation issues. In this case we abandoned the use of DBU and we 

regulated the pH through the use of phosphate and borate buffers in order to 

have the solution pH at the value of 7, 8, 9, 11.  
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3.5. RACEMIZATION STUDIES: COMPOUND 4 

 

The new compound synthesized is characterized by the replacement of the 

ammonium group with a 3-methyl imidazole unit. It was hypothesized that 

the presence of this additional aromatic group would further delocalize 

negative charge of the intermediate (Figure 31).  

 

 

Figure 31. Structure of compound 4a. 

 

The increased acidic character of the alpha carbon emerged from the chemical 

shift of the hydrogen attached to C-alfa. The higher in ppm is the position of 

the target peak (downfield shift), the more the hydrogen nucleus is deshielded. 

The presence of electron withdrawing groups that deshield nearby hydrogen 

nuclei is the reason why the signal shifts to higher ppm values. [28].  

For our purpose, the higher are the ppm associated to the hydrogen associated 

to the alpha carbon of the molecule, the more the nucleus is deshielded, which 

implies a higher acidity. For all compounds that we have studied, we have 

indeed observed that the alpha hydrogen peak position is at higher ppm values 

in the ester form compared to the acid. It is therefore highly informative for us 

to notice that the alpha hydrogen peak of compound 4 is located at higher ppm 

values compare to compound 3 (6.19 ppm for the first one, 4.94 ppm for the 

latter, both as acids). It suggests a higher acidity.  

Racemization studies with compound 4 – both acid and ester – were 

performed using buffers that stabilize the pH at 7, 8, 9 and 11.  The solution is 

composed by 7 parts of water and 3 parts of acetonitrile – both deuterated. We 

could not use exclusively water since the ester is not soluble.  

Racemization of the acidic form was observed at pH 11 and reached 

completion after 9 hours at pH 11 (Figure 32A, Spectrum 11). Instead, at pH 

equal to 9, we have the 70% reduction in the signal coming from the alpha 

hydrogen after almost two weeks (Spectrum 10). On the other hand, only little 

changes were recorded at pH 8 and 7 (Figure 32B, Spectrum 9). 
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Figure 33. Spectrum at time zero (below) and after two hours (above) of the tube containing compound 4b in 

5:5 proportion of acetonitrile and water, at pH 7. 

 

3.6. ESTERIFICATION STUDIES  

 

From the results obtained in the racemization studies, we have therefore 

selected the compound 3 to be used for further studies. It can give a quite fast 

and efficient racemization of the ester even under mild conditions (pH 7 and 

25°C), it is stable both as acid and as ester, and it could give H/D exchange of 

the acid form too, at pH 11 and 50°C. Since the racemization of acid 3a was 

observed only at extreme conditions of pH and temperature, we decided to 

construct a partial system that would allow chemically fuelled enantiomeric 

enrichment but lacking the possibility to racemise after fuel depletion. What is 

needed for this to work is an activation step to convert the acid into ester, the 

corresponding racemization of the ester and the final hydrolysis of the ester 

back to the acid. 

The following studies concern, in particular, the passage of our compound 

from the acid state (inactive) to the ester state (active) thanks to the presence 

of a chemical fuel in the solution. This step is fundamental because it leads to 

the formation of an activated compound that is able to perform dynamic 

kinetic resolution, driving in the end the system out of equilibrium. We have 

consequently tested the efficacy of different chemical fuels and experimental 

conditions for the esterification of compound 3a.  

Some research in the scientific literature helped us in finding the most suitable 

chemical fuels for our research.  
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3.7. ESTERIFICATION STUDIES: METHYL IODIDE 

 

The first chemical fuel that was used for activation studies on compound 3a is 

methyl iodide (MeI) and it was chosen on the basis of the system described by 

Job Boekhoven et al. [6]. In that system MeI was used to activate the monomers 

and trigger the self-assembly (see introduction). It is the simplest chemical 

fuel that can be implemented for these studies, and it would act transforming 

the carboxylic acid into a methyl ester (Figure 35).  

 

 

Figure 34. Activation reaction of compound 3a with methyl iodide. 

 

This chemical fuel would not be able to give us the additional chiral site that 

we required. However, these explorative studies would be useful for the 

implementation – in the future – of new chiral fuels that would present the 

right structure to give the first directionality bias for our system.  

These analyses were performed with different equivalents of the chemical fuel 

and maintaining pH 7 through buffer or adjusting with NaOD. Yet, in none of 

the conditions studied we could find trace of ester. Rather, we observed a 

hydrolysis of methyl iodide to methanol. 

 

3.8. ESTERIFICATION STUDIES: EDC and NHS 

 

The following activation studies were performed by adapting a procedure that 

is usually adopted for carboxylic acids amination and crosslinking to surfaces 

[29, 30, 31]. It can be realized by using in combination the well-known 

activating agent 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide (EDC) 

together with N-hydroxysuccinimide (NHS).  

The reaction involves nucleophilic attack by the carboxylic moiety of 

compound 3 to EDC forming the O-acylisourea intermediate. This coupling 

product is highly instable; however, it reacts quickly with NHS leading to the 

formation of the hydroxyimide-ester and release of urea. The latter coupling – 

NHS plus compound 3a – is stable enough at the desired pH (NHS esters have 

a half-life of 4-5 hours at pH 7, that decreased with the increase of basicity 
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[29]). This ester should therefore theoretically be able to perform the 

remaining steps of our cyclic system: in particular racemization of the ester 

followed by hydrolysis to complete the dynamic kinetic resolution procedure 

(Figure 35).  

 

Figure 35. Mechanism of activation mediated by EDC and NHS. The first step is characterized by the 

attachment of EDC to compound 3a at the C-terminus. It triggers the attachment of NHS to the same site, 

thus forming a stable ester (step 2) and releasing isourea (the waste of this reaction). 

  

We tested multiple experimental conditions by changing the composition of 

the solution and the concentration of the activating compounds. However, we 

were able to observe the transformation of EDC into isourea only. In particular, 

we observed that the EDC alone is stable in the designed experimental 

conditions, and it remains stable after the addition of compound 3a in the 

solution too. On the other hand, as soon as NHS is added, we see isourea 

formation that is clearly identified by the appearance of new signals of the 

methyl group at lower ppm (Figure 36). 

 

 

Figure 36. We have here the spectra recorded of the sample containing EDC, compound 3a and NHS. In 

particular, this is the triplet representing the -CH2 that is located in the most apolar region of our molecule.  
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We could never detect either the presence of the ester form of 3 in solution or 

the reduction of the alpha hydrogen peak. This means that the coupling was 

not effective, and the racemization was not triggered by the experimental 

conditions implemented here.   

 

3.9. ESTERIFICATION STUDIES: DIC and NHS 

 

We decided to change carbodiimide and employ as activating agent N,N′-
diisopropylcarbodiimide (DIC). Despite its great disadvantage because of the 

insolubility of the waste product, it has been already employed in many 

dissipative systems [10]. 

The NMR tube implemented in this case contained the three components 

needed for the reaction of activation, DIC, NHS and compound 3a. 1 

equivalent of 3a (0.01 M) together with 10 equivalents of NHS and 10 

equivalents of DIC was placed in a mixture of 5 to 5 equivalents of acetonitrile 

and water, and the pH was selected to be equal to 5 since it is known that slight 

acidic values would promote the coupling between DIC and carboxylic acids 

[29]. After a night of recording, we registered some changes in the spectra 

obtained.  

We can see from the kinetic analysis that after almost 22 hours, the alpha 

hydrogen peak was reduced by 36% (Figure 37A). The H/D exchange reached 

a plateau when complete consumption of the chemical fuel had taken place. 

We observed furthermore the reduction in NHS peak and changes in DIC peaks 

position that corresponded to the formation of isourea in solution. This 

observation seems to suggest that the activation worked, and that H/D 

exchange could occur only if the chemical fuel is still present in the solution. In 

fact, it was observed that further addition of the fuel together with DIC caused 

a subsequent increase in the H/D exchange of the 23% (Figure 37B).  
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Further verifications were done by placing in solution compound 3a with 

DIC, to see if that molecule can catalyse hydration of the carbodiimide. 

Following the coupling reaction seen before (Figure 35), DIC should be the first 

component to react with the carboxylic moiety of our amino acid. It would 

detach upon reaction of the activated ester with NHS and release isourea. 

However, nothing changed in the peaks associated with DIC and in the ones 

associated with 3a. This observation led us to the conclusion that there is no 

reaction between these two molecules. 

The tube containing NHS and compound 3a was studied too, to verify if NHS 

alone can form a stable ester with our amino acid derivative. We did not 

observe any shift in the C-alfa hydrogen signal indicating that the ester did not 

form. Consequently, we deduce that, at least, the presence of DIC in solution is 

required. The last combination introduced is the one comprising NHS and DIC 

only to see if they react with each other and if some changes might occur in 

solution. Indeed, we could observe the complete transformation of DIC into the 

waste compound (Figure 38A). What is more, by comparing the rate of this 

transformation with the one occurred in the tube composed by all the three 

elements in solution, we can see that they are highly comparable (Figure 38B). 

This finding made us think that the activation of compound 3a can be due to 

other processes or reactions happening inside the tube.  

 

  

Figure 38. (A) Spectra of the sample composed by NHS and DIC. From time zero to the latter, we observe an 

increase in the urea presence. (B) Kinetic representing the transformation from DIC to Urea in the complete 

sample (light blue) and in the sample containing NHS and DIC only (red).  

 

Since NHS is responsible for the transformation of DIC into urea, we 

investigated which compound and/or process could be responsible for the 

hydrogen-deuterium exchange at the alpha carbon site of compound 3a. We 

had already seen that 3a together with NHS only and DIC only, produced no 
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changes in the target signal or any other change in the elements that are 

present in solution. For this reason, we have added in solution our amino acid 

together with isourea, to see if the waste formation would have been 

responsible for the acid activation. However, we could record no changes in 

the peaks associated to our target after four days of recording.  
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4. CONCLUSIONS 
 

The objective of this thesis project was to develop an out-of-equilibrium 

system, where a fuel was used to drive the deracemization of a racemic 

mixture. We started our studies from the most relevant chiral compounds 

present in nature: amino acids. The objective was to activate them for 

racemization through the formation of an amino ester using a chiral 

carbodiimide or a chiral alkyl iodide. Racemization conditions were studied by 

following H/D exchange via NMR spectroscopy. The first amino acid that 

showed an appreciable H/D exchange was N-Boc phenylglycine methyl 

ester, that was complete in 20 days in 95:5 ACNd3:D2O using DBU as base at a pH of around 13. Anyway, phenylglycine acid form didn’t show racemization 
even after prolonged heating at 50 °C. Thus, we decided to improve the acidity 

of phenylglycine substituting the N-Boc with a more electron-withdrawing 

trimethylammonium group. This molecule shows fast racemization of alpha 

proton at mild condition (14 days at pH=7.0) but even in this case we were not 

able to see H/D exchange of the acid. A further optimization of the structure 

concerned the insertion of 3-methyl imidazole at the place of the ammonium 

group. In this case the data regarding the acid were promising. We were able 

to detece fast racemization that reached completion after 9 hours at pH 11 and 

90% of reduction after 25 days at pH 9. Despite these promising observations, 

the related ethyl ester of this compound was found to be not stable in solution 

and degraded very fast.   

  

Concerning the esterification studies, we take as model molecule for our 

analysis compound 3a, even if we were aware that this compound as carboxylic acid didn’t show racemization. Different experimental conditions 
were tested to drive the activation of the starting compound and consequent 

dynamic kinetic resolution process. Indeed, we found that DIC seems the most 

promising chemical fuel since we observed the reduction in the hydrogen 

signal of C-alfa when both DIC and NHS were present. Yet, we were unable to 

convincingly show that this decrease resulted from the formation of the ester 

form of compound 3. 

  

In the future, based on the studies of this thesis, further attempts will be made 

in order to find an amino acid derivative who shows a fast enough 

racemization rate. By the way, we are open to explore other possible candidate 

molecules with a fast enough racemization rate, between them hidantoins or 

derivatives of malonic esters derivatives are the most likely. In addition, we 

will figure out the mechanism with whom DIC is active toward the 

racemization of compound 3a, whose mechanism looks very different 

compared the one reported in literature. 

 

The next step would be to prove that racemization occurs starting from 

enantiopure compounds.  Different techniques would be used to better 

characterize what is occurring in solution, between them the most suitable 

are circular dichroism and polarimetry. Since the compounds that have been 

used so far presented an aromatic site on them, they can emit a signal strong 
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enough to be recorded. The difference in absorbance of the molecule can be 

correlated to the enantiomeric composition of the solution [34]. 

  

The long-term goal of this studies is the development of a catalyst such as a 

proline-analogue that is able to be transiently deracemized throughout this 

pathway. In this fashion, using the catalytic properties of proline, we would be 

able to transiently catalyse enantioselective a reaction that is switched on and 

off by addition of a fuel (Figure 39). This is actually what happens in living 

organisms, in which every process is highly interconnected with all the others, 

and nothing is left to chance. Indeed, we think that it will be a step forward 

toward the comprehension of how chirality appeared in the earth. 

 

 

 
 

Figure 39. Cyclic system presented before with proline instead of the compounds we used. Above we can see 

a possible reaction that is catalysed by proline, here a direct aldol reaction. On the left the catalyst is the 

proline racemate, thus a racemate in the parallel reaction is obtained too. On the right, instead, the catalyst 

is an enantiopure proline, consequently an enantiopure solution is obtained in the parallel reaction too.  
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5. MATERIALS and METHODS 
 

5.1. GENERAL 

 

The reagents and materials used in the synthesis of the compounds described 

below were bought from commercial sources, without purification. Anhydrous 

solvents were used without further purification. NMR spectra were recorded 

using commercially available deuterated solvents. Flash column 

chromatography was performed using silica gel 60 (Aldrich) and a suitable 

eluent. Analytical TLC was performed on aluminium backed plates pre-coated 

(0.25 mm) with Macherey-Nagel Alugram® Xtra SIL G/UV254 with a suitable 

solvent system and was visualized using UV fluorescence (254 nm) and/or 

developed with ninhydrin, phosphomolybdic acid (PMA), potassium 

permanganate. Potassium Hydrogen phosphate dibasic and boric acid were 

purchased from Sigma-Aldrich and used without further purification. The pH 

of buffer solution (7.20) was determined at room temperature using a 

Metrohm-632 pH-meter equipped with an Ag/AgCl/KCl reference electrode. 

All NMR spectra were recorded on a Bruker Avance 300 UltraShield, or Bruker 

Avance 200 spectrometer using the residual solvent as the internal standard. All chemical shifts (δ) are quoted in ppm and coupling constants given in Hz. 
Splitting patterns are given as follows: s (singlet), d (doublet), t (triplet), q 

(quadruplet), p(pentaplet), m (multiplet). 
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5.2. SYNTHESIS 

 

 

 
 

Figure 40. General scheme of the synthesis of compounds used in this project. 

 

Compound 1a: 1 equivalent of L-phenylalanine (1.65 g) was dissolved in a 

mixture composed by 10 mL of NaOH, 10 mL of water and 20 mL of 1,4-

dioxane. After that the solution was cooled to 0°C. 1.1 equivalent of di-tert-

buthyl dicarbonate (2.20 g, boc anhydride) was added to the solution that then 

was stirred for 10 hrs at room temperature. After 3 days some free L-

phenylalanine was still present in solution, thus we added other 1.1 

equivalents of Boc-anhydride. Four hours later the volume of the solution was 

reduced to one third under vacuum. Saturated KHSO4 solution was used to 

acidify the reaction mixture and later the aqueous layer was extracted with 

ethyl acetate (3 x 40 mL). The sample was further cleaned up with a 

chromatographic column to remove the remaining boc anhydride and then 

dried under vacuum. [31] 1 H NMR (300 MHz, CDCl3): d = 1.54 (s, 9H), 7.00 

(dd, J = 8, 4.7 Hz, 1H), 7.32 (dd, J = 8, 1.5 Hz, 1H), 7.91 (dd, J = 4.7, 1.5 Hz, 1H), 

9.31 (s, 1H, OH), 9.96 (br s, 1H, NH); 13C NMR (75 MHz, CDCl3): d = 28.2 (CH3), 

83.1 (C), 121.2 (CH), 127.8 (CH), 138.8 (CH), 140.3 (C), 143.8 (C), 156.1 (C=O); 
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Compound 1b: 1 equivalent of compound 1a (3.00 g) and 3 equivalents of 

K2CO2 (4.68 g) were added to a solution of DMF (40 mL). After 2 hours of 

stirring at room temperature, 3 equivalents of iodomethane (2.11 mL) were 

added to the solution and the stirring continued for other 24 hours [32]. To 

separate our compound from DMF we added LiCl 5% to the solution and ethyl 

acetate, thus performing an extraction. The mixture was placed under vacuum 

to let the remaining solvent evaporate. 1H NMR (400 MHz, CDCI3) δ 7.27 (5H, 
m, ArCH), 7.08 (1 H, br s, -NH-), 4.94 (0.6H, s, NHCH), 4.53 (0.4H, s, NHCH), 

3.62 (3H, s, COOCH3), 3.04 (2H, m, ArCH2COOCH3), 1.38 (9H, s, HN-COOC(CH3)3); 3C NMR (100 MHz, CDCI3) δ 172.55 (COOCH3), 155.40 
(NC(0)OC(CH3)3), 136.44 (quaternary C), 129.44 (ArCH), 128.69 (ArCH), 

127.27 (ArCH), 76.85 (C(CH3)3), 54.63 (CH2CHC(0)OCH3), 51.68 (OCH3), 

38.46 (CH2), 27.18 (C(CH3)3) 

Compound 2a: The L- phenylglycine (1.51g, 10mmol) was placed in a reaction 

flask was added 20mL of methanol: water (3: 1), room temperature. Et3N 

(1.51mL, 15mmol) was added, then (Boc)2O (3.27g, 15mmol) was added 

dropwise to the reaction mixture. The resulting mixture was stirred at room 

temperature overnight, the solvent was removed by rotary evaporation, 

dissolved in 100mL of citric acid, with acetic acid ethyl ester (3 × 50mL) and 

extracted with anhydrous sodium sulphate.  (1.9g, 72% yield) 

Compound 2b: To a stirring solution of compound 2a (500mg, 2mmol, 1eq.) 

in 20mL of Methanol at 0°C was added dropwise 175uL of SOCl2 (285mg, 

2.4mmol, 1.2 eq.). The resulting suspension was stirred at reflux for 16hrs. The 

reaction was followed by TLC (eluent EtOAc:PE 9:1). When the starting 

compound disappear remove the solvent under vacuum and use the 

compound without further purification. (Yield:505mg, 95%) 1H NMR (CDCl3) δ 1.41 (s, 9H), 3.73 (s, 3H), 5.34 (d, 1H, J = 7.3 Hz), 5.55 (d, 1H, J = 7.3 Hz), 7.30−7.44 (m, 5H); 13C NMR (CDCl3) δ 28.3, 52.7, 57.5, 79.90, 127.2, 128.6, 

129.1, 137.0, 154.8, 171.6. 

Compound 3b: To a 15mL solution of 40% trimethylamine in water add 

1.22gr of ethyl 2-phenyl 2-bromo acetate (5mmol). Stir the solution at RT for 

1 day. A white precipitate appears. Remove under nitrogen flux the excess of 

trimethylamine and the under vacuum the residual water. Use the compound 

without any further purification. (Yield: 1.5gr, 98%) 1H NMR (400 MHz, 

Deuterium Oxide) δ 7.69 – 7.44 (m, 5H), 5.43 (s, 1H), 4.37 – 4.12 (m, 2H), 3.11 

(s, 9H), 1.11 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, D2O) δ 187.98, 167.28, 

166.71, 131.89, 129.69, 126.00, 75.75, 63.94, 51.95, 12.88. 

Compound 3a: Dissolve 0.5 gr of compound 3b (0.233mmol) in 5mL of LiOH 

1M. Stir the solution at 80 °C for 12 hours. Remove water under vacuum, 

dissolve the solid in ethanol, centrifuge, recover the supernatant and dry it. 

(Yield: 0.175mg, 56%) 1H NMR (400 MHz, Deuterium Oxide) δ 7.61 – 7.39 (m, 

5H), 5.02 (s, 1H), 3.06(s, 9H). 13C NMR (101 MHz, D2O) δ 175.15, 165.2, 

164.88, 130.29, 127.5, 125.25, 71.16, 49.73. 
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Compound 5: Dissolve in 1mL of DMF 1.22gr of ethyl 2-phenyl 2-bromo 

acetate (5mmol, 1eq.) add 680 mg of imidazole (10mmol, 2eq.) and 1.37 gr of 

K2CO3 (10mmol, 2eq.). Stir at 50 degree for 10 hours. Follow the reaction via 

TLC (Eluent: PE:EtOAc 3:7) Dissolve the reaction mixture in LiCl 5% and 

extract 3 times with Ethyl Acetate. Collect the organic phase and dry it with 

sodium sulphate. Remove the solvent under vacuum and purify via flash 

chromatography (PE:EtOAc 3:7 -> EtOAc 100% ). Yield 747 mg, 63%. 1H NMR 

(500 MHz, Chloroform-d) δ 7.63 (s, 1H), 7.45 – 7.36 (m, 3H), 7.34 – 7.30 (m, 

2H), 7.06 (d, J = 18.0 Hz, 2H), 5.93 (s, 1H), 4.42 – 4.17 (q, 2H), 1.27 (t, J = 11.7 

Hz 3H). 

Compound 4b: In neat, mix 325 uL of methyl iodide (852mg, 6equiv.) and 

230mg of compound 5 (1mmol, 1equiv.). Stir at room temperature overnight. 

Follow the reaction via TLC (eluent EtOAc:MeOH 95:5). Once reaction 

complete remove in vacuum the excess of Methyl Iodide. The compound was 

used without further purification. Yield assumed quantitative. 1H NMR (400 

MHz, Chloroform-d) δ 9.85 (d, J = 12.6 Hz, 1H), 7.63 (d, J = 1.9 Hz, 1H), 7.51 
(dt, J = 7.1, 3.9 Hz, 2H), 7.47 (d, J = 1.9 Hz, 1H), 7.40 – 7.33 (m, 1H), 6.97 (d, J = 

6.1 Hz, 1H), 4.32 – 4.09 (q, 2H), 3.99 (s, 3H), 1.17 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 167.14, 136.63, 136.54, 131.73, 129.84, 128.76, 123.60, 
122.00, 63.43, 37.44, 13.97. 

 

Compound 4a: To a solution 1M of LiOH dissolve 500mg of compound 4b. Stir 

at 70 °C for 16 hours. Remove the solvent under vacuum. Add ethanol to the 

solid and centrifuge the suspension. Repeat 3x, collect the supernatant and dry 

under vacuum. Yield: 357mg, 52% 1H NMR (400 MHz, Deuterium Oxide) δ 8.47 
(s, 1H), 7.50 – 7.41 (m, 5H), 7.35 (d, J = 1.7 Hz, 2H), 6.03 (s, 1H), 3.78 (s, 

3H). 13C NMR (101 MHz, D2O) δ 173.10, 136.05, 133.63, 129.96, 129.68, 
129.10, 123.17, 122.40, 67.71, 35.88. 

 

5.3. NMR KINETIC 

 

 

Figure 41. General structures of the compounds that have been used in these studies. 
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Compound 1 

Racemization studies with lithium hydroxide: The NMR tube with pH equal 

to 8 was prepared by mixing 0.006 mmol of compound 1b (final concentration 

of 0.01M, stock 0.1 M in deuterated acetonitrile) and 180 μL of LiOH (final 

concentration of 3 x 10-4 μM, stock in deuterium oxide). The remaining volume 

was filled in acetonitrile and/or water, thus reaching a final volume of 600 μL 

and 7:3 proportion of acetonitrile and water respectively. The NMR tube with 

pH 11 was prepared by placing in solution 0.006 mmol of compound 1a (final 

concentration of 0.01M, stock 0.1 M in deuterated acetonitrile) and 180 μL of 

LiOH (final concentration of 3 x 10-1 μM, stock in deuterium oxide). The 

remaining volume was adjusted with acetonitrile and/or water, reaching the 

final volume of 600 μL and 7:3 proportion of acetonitrile and water 

respectively.  

Racemization studies with DBU: The NMR tube was realized by placing 1 

equivalent of compound 1b (13.97 mg, final concentration of 0.01 M) and 0.5 

equivalents of DBU (3.74 μL, final concentration of 0.005 M). The final volume 

was equal to 600 μL, thus obtaining a final proportion of 7:3 of deuterated 

DMSO and methanol respectively.   

 

Compound 2 

Racemization studies with lithium hydroxide: The tubes were realized 

following the same procedure seen for compound 1 and using here compound 

2b (stock 0.1 M in acetonitrile).  

Racemization studies with DBU: 0.006 mmol of compound 2b (final 

concentration of 0.01 M, stock in deuterated acetonitrile) were placed in 

solution together with 0.003 mmol of DBU (final concentration of 0.005 M, 

stock in deuterium oxide). The final volume of 600 μL was reached by adding 

deuterated acetonitrile and/or water in order to have final solvent 

proportions equal to 7:3, 8:2, 9:1 and 95:5 of acetonitrile and water 

respectively. The same procedure was followed for 2a in which NaOD was 

added to reach the corresponding pH of the ester.  

Temperature studies: 0.006 mmol of compound 2b (final concentration of 

0.01 M, stock 0.1 M in deuterated acetonitrile) were placed in solution together 

with 0.003 mmol of DBU (final concentration of 0.005 M, stock 0.1 M in 

deuterium oxide). The final volume of 600 μL was reached by adding 

deuterated acetonitrile and/or water in order to have final solvent 

proportions equal to 7:3, 9:1 of acetonitrile and water respectively. The same 

procedure was followed for 2a too, using 7:3 proportion. 
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Compound 3 

Racemization studies in water only: 0.006 mmol of 3b (1.81 mg, final 

concentration of 0.01 M) were placed in solution with 0.120 mmol of buffer 

(final concentration of 0.2 M, stock 1 M in deuterated water) specific for four 

different pH values: 7, 8, 9, 11. The final volume (600 μL) was obtained by 

adding further deuterium oxide to the solution. The tubes were conserved at 

room temperature.  

Racemization studies in acetonitrile and water: 0.006 mmol of 3b (final 

concentration of 0.01 M, stock 0.1 M in deuterated acetonitrile) were placed in 

solution with 0.120 mmol of buffer (final concentration of 0.2 M, stock 1 M in 

deuterium oxide) specific for four different pH values: 7, 8, 9, 11. The final 

volume (600 μL) was obtained by adding further deuterium oxide and/or 

deuterated acetonitrile to the solution, thus obtaining 7:3 proportion of 

inorganic and organic phase respectively. The tubes were conserved at room 

temperature. The same procedure was followed for the tubes containing 3a.  

Temperature studies: 0.006 mmol of 3a (final concentration of 0.01 M, stock 

0.1 M in deuterated dimethyl sulfoxide) were placed in solution with 0.120 

mmol of buffer borate pH 11 (final concentration of 0.2 M, stock 1 M in 

deuterium oxide).  The final volume (600 μL) was obtained by adding further 

deuterium oxide and/or deuterated acetonitrile to the solution, thus obtaining 

7:3 proportion of inorganic and organic phase respectively. The tube was 

placed at 50 °C.  

Activation studies with MeI: Four experimental conditions were 

implemented here. The first two tubes were realized by placing in solution 

0.006 mmol of 3a (final concentration of 0.01 M, stock 0.1 M in DMSO) together 

with 0.03 mmol of MeI (final concentration of 0.05 M, stock 0.1 M in CAN). In 

one of them were added 0.120 mmol of buffer phosphate pH 7 (final 

concentration of 0.2 M, stock 1M in deuterium oxide). In the other one the pH 

was maintained at 7 by manual monitoring at the pH meter (DCl or NaOD stock 

0.1 M in deuterium oxide).  The remaining tubes contained, instead, 0.150 

mmol of MeI (final concentration of 0.25 M). The pH equal to 7 was set by 0.2 

mmol of phosphate buffer (final concentration of 0.33 M) in one of them, in the 

other the pH was regulated manually with the pH meter. The final volume 

equal to 600 μL was reached by adding deterated water and/or acetonitrile to 

obtain 7:3 proportion between the water and the organic phase.  

Activation studies with EDC plus NHS: The first tube contained 0.006 mmol 

of 3a (final concentration of 0.01 M, stock 0.1 M in DMSO), 0.120 mmol of 

buffer phosphate (final concentration of 0.2 M, stock 1 M in deuterium oxide), 

0.018 mmol of NHS (final concentration of 0.03 M, stock 0.2 M in deuterium 

oxide), and 0.018 mmol of EDC (final concentration of 0.03 M, stock 0.2 M in 

DMSO). The final volume of 600 μL was obtained adding deuterated deuterium 

oxide and DMSO to reach 7:3 proportion of them respectively.  
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After the first one, the pH of compound 3a stock was adjusted with DCl to 

obtain a final value of 6, thus the samples will have a final pH of 6. The second 

tube contained 0.006 mmol of 3a (final concentration of 0.01 M, stock 0.1 M in 

deuterium oxide), 0.060 mmol of NHS (final concentration of 0.1 M, stock 0.5 

M in deuterium oxide), and 0.060 mmol of EDC (11.50 mg, final concentration 

of 0.1 M). The final volume of 600 μL was obtained adding deuterated 

deuterium oxide and acetonitrile to reach 7:3 proportion of them respectively. 

0.060 mmol of EDC (11.50 mg, final concentration of 0.1 M) was added to 600 μL of deuterium oxide to compose the third tube. After 20 hours, 0.006 mmol 

of 3a were added to the solution (final concentration of 0.01 M, stock 0.1 M in 

deuterium oxide). After 3 hours and a half, 0.06 mmol of NHS (final 

concentration of 0.1 M, stock 0.5 M in deuterium oxide) were added to the 

previous mixture.  

The fourth tube contained 0.006 mmol of 3a (final concentration of 0.01 M, 

stock 0.1 M in deuterium oxide), 0.060 mmol of NHS (final concentration of 0.1 

M, stock 0.5 M in deuterium oxide), and 0.060 mmol of EDC (11.50 mg, final 

concentration of 0.1 M). The final volume of 600 μL was obtained adding 

deuterated deuterium oxide and acetonitrile to reach 5:5 proportion.  

Activation studies with DIC plus NHS: Two tubes were realized by placing in 

solution 0.006 mmol of 3a (final concentration of 0.01 M, stock 0.1 M in 

deuterium oxide, pH adjusted to 5), 0.060 mmol of NHS (final concentration of 

0.1 M, stock 0.5 M in deuterium oxide), and 0.060 mmol of DIC (9.28 μL, final 

concentration of 0.1 M). After the complete transformation of DIC into urea, 

other 0.060 mmol of NHS and 0.060 mmol of DIC were added. In the tubes 

deuterated acetonitrile and water were added to reach a final volume of 600 μL and a final proportion between the two phases of 5:5.  

Two tubes were realized by placing in solution 0.006 mmol of 3a (final 

concentration of 0.01 M, stock 0.1 M in deuterium oxide, pH adjusted to 5), 

0.060 mmol of NHS (final concentration of 0.1 M, stock 0.5 M in deuterium 

oxide, pH adjusted to 5), and 0.060 mmol of DIC (9.28 μL, final concentration 

of 0.1 M). After the complete transformation of DIC into urea, other 0.060 

mmol of NHS and 0.060 mmol of DIC were added. Deuterated acetonitrile and 

water were added to reach a final volume of 600 μL and a final proportion 

between the two phases of 5:5.  

Stability controls of the components: To test DIC stability, 0.060 mmol of 

DIC (9.28 μL, final concentration of 0.1 M) were added to 600 μL of a solution 

made by 50% of water and 50% of acetonitrile, both deuterated.  

DIC plus NHS. 0.060 mmol of DIC (9.28 μL, final concentration of 0.1 M) and 

0.060 mmol of NHS (final concentration of 0.1 M, stock 0.5 M in deuterium 

oxide, pH adjusted to 5) were added to a solution made by 50% of water and 

50% of acetonitrile, both deuterated, with a final volume equal to 600 μL. After 

the complete transformation of DIC into urea, 0.006 mmol of 3a (final 
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concentration of 0.01 M, stock 0.1 M in deuterium oxide, pH adjusted to 5) 

were added to test the stability of 3a in presence of urea.  

NHS plus 3a. 0.060 mmol of NHS (final concentration of 0.1 M, stock 0.5 M in 

deuterium oxide, pH adjusted to 5) and 0.006 mmol of 3a (final concentration 

of 0.01 M, stock 0.1 M in deuterium oxide, pH adjusted to 5) were added to a 

5:5 solution of deuterated acetonitrile and water, with final volume of 600 μL.  

DIC plus 3a. 0.060 mmol of DIC (9.28 μL, final concentration of 0.1 M) and 

0.006 mmol of 3a (final concentration of 0.01 M, stock 0.1 M in deuterium 

oxide, pH adjusted to 5) were added to a 5:5 solution of deuterated acetonitrile 

and water, with final volume of 600 μL.  

 

Compound 4 

Racemization studies of 4a: The tube was realized by using 8:2 proportion 

of water and acetonitrile respectively. 0.006 mmol of 4a (final concentration 

of 0.01 M, stock 0.076 M in deuterated acetonitrile) and 0.120 mmol of borate 

buffer (final concentration of 1 M, stock in deuterium oxide, pH 9) were added. 

Final volume equal to 600 μL.  

The tube was realized by using 8:2 proportion of water and acetonitrile 

respectively. 0.006 mmol of 4a (final concentration of 0.01 M, stock 0.076 M in 

deuterated acetonitrile) and 0.120 mmol of phosphate buffer (final 

concentration of 1 M, stock in deuterium oxide, pH 8) were added. Final 

volume equal to 600 μL. 

The tube was realized by using 7:3 proportion of water and acetonitrile 

respectively. 0.006 mmol of 4a (final concentration of 0.0072 M, stock 0.076 M 

in deuterated acetonitrile) and 0.120 mmol of borate buffer (final 

concentration of 1 M, stock in deuterium oxide, pH 11) were added. Final 

volume equal to 600 μL. 

Racemization studies of 4b: The tube was realized by using 5:5 proportion 

of water and acetonitrile respectively. 0.006 mmol of 4a (final concentration 

of 0.01 M, stock 0.1 M in deuterated acetonitrile) and 0.120 mmol of phosphate 

buffer (final concentration of 1 M, stock in deuterium oxide, pH 7) were added. 

Final volume equal to 600 μL. 

 

5.4. BUFFERS  

pH 7: addition of 348.36 mg of potassium phosphate dibasic to 1.5 mL of 

deuterated water. The pH was measured using a pH meter and adjusted to the 

desired value by using deuterium chloride. After that, other deuterium oxide 

was added in order to reach a concentration equal to 0.5 M. The vial containing 

in the end 4 mL of solution, were placed under azote flux until completely 
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dried. The final powder was further dissolved in 2 mL of deuterium oxide, 

obtaining in the end a 1 M solution of the buffer whose pH was tested again 

and eventually adjusted by adding deuterium chloride or deuterated sodium 

hydroxide.  

pH 8: this buffer was realized as the previous one.  

pH 9: addition of 123.66 mg of boric acid to 2.5 mL of deuterium oxide. The pH 

was measured and adjusted by using a pH meter and by using deuterated 

sodium hydroxide. After reaching the desired value, the volume was raised to 

4 mL and the vial placed under lyophilization until complete desiccation. The 

resulting powder was then dissolved into 2 mL of deuterium oxide, in order to 

reach a final concentration equal to 1 M. After that, the pH was further tested 

and eventually adjusted.  

pH 11: this buffer was realized with the same procedure seen for pH 9.  

 

5.5. NMR SPECTRA 
 

Spectrum 1: Kinetic of compound 2b racemization in 7:3 proportion of 

deuterated acetonitrile and water.  

 
Figure 42. 1H spectrum (300 MHz, ACNd3 : D2O 7:3) of kinetic of racemization of compound 2b. Black 

rectangle represents the disappearance of ester alpha proton, instead the red one represents the increase in 

the acid alpha proton.  
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Spectrum 2: Kinetic of compound 2b racemization in 8:2 proportion of 

deuterated acetonitrile and water.  

 
Figure 43. 1H spectrum (300 MHz, ACNd3 : D2O 8:2) of kinetic of racemization of compound 2b. Black 

rectangle represents the disappearance of ester alpha proton, instead the red one represents the increase in 

the acid alpha proton. 

 

Spectrum 3: Kinetic of compound 2b racemization in 9:1 proportion of 

deuterated acetonitrile and water.  

 
Figure 44. 1H spectrum (300 MHz, ACNd3 : D2O 9:1) of kinetic of racemization of compound 2b. Black 

rectangle represents the disappearance of ester alpha proton, instead the red one represents the increase in 

the acid alpha proton. 
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Spectrum 4: Kinetic of compound 2b racemization in 95:5 proportion of 

deuterated acetonitrile and water.  

 
Figure 45. 1H spectrum (300 MHz, ACNd3 : D2O 95:5) of kinetic of racemization of compound 2b. Black 

rectangle represents the disappearance of ester alpha proton, instead the red one represents the increase in 

the acid alpha proton. 

 

Spectrum 5: Kinetic of compound 3b racemization in 7:3 proportion of 

deuterated water and acetonitrile, at pH 7.  

 
Figure 46. 1H spectrum (300 MHz, ACNd3 : D2O 7:3) of kinetic of racemization of compound 3b. Black 

rectangle represents the disappearance of alpha proton, instead the red one represents the -CH2 signal of 

ethanol. The asterisk indicates the -CH2 of ethyl group.  
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Spectrum 6: Kinetic of compound 3b racemization in 7:3 proportion of 

deuterated water and acetonitrile, at pH 8.  

 
Figure 47. 1H spectrum (300 MHz, ACNd3 : D2O 7:3) of kinetic of racemization of compound 3b. Black 

rectangle represents the disappearance of alpha proton, instead the red one represents the -CH2 signal of 

ethanol. The asterisk indicates the -CH2 of ethyl group. 

 

Spectrum 7: Kinetic of compound 3b racemization in 7:3 proportion of 

deuterated water and acetonitrile, at pH 9.  

 
Figure 48. 1H spectrum (300 MHz, ACNd3 : D2O 7:3) of kinetic of racemization of compound 3b. Black 

rectangle represents the disappearance of alpha proton, instead the red one represents the -CH2 signal of 

ethanol. The asterisk indicates the -CH2 of ethyl group. 
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Spectrum 8: Kinetic of compound 3b racemization in 7:3 proportion of 

deuterated water and acetonitrile, at pH 11.  

 
Figure 49. 1H spectrum (300 MHz, ACNd3 : D2O 7:3) of kinetic of racemization of compound 3b. Black 

rectangle represents the disappearance of alpha proton, instead the red one represents the -CH2 signal of 

ethanol. The asterisk indicates the -CH2 of ethyl group. 

 

Spectrum 9: Kinetic of compound 4a racemization in 7:3 proportion of 

deuterated water and acetonitrile, at pH 8.  

 
Figure 50. 1H spectrum (300 MHz, ACNd3 : D2O 7:3) of kinetic of racemization of compound 4a. Black 

rectangle represents the disappearance of alpha proton. 
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Spectrum 10: Kinetic of compound 4a racemization in 8:2 proportion of 

deuterated water and acetonitrile, at pH 9.  

 
Figure 51. 1H spectrum (300 MHz, ACNd3 : D2O 8:2) of kinetic of racemization of compound 4a. Black 

rectangle represents the disappearance of alpha proton. 

Spectrum 11: Kinetic of compound 4a racemization in 7:3 proportion of 

deuterated water and acetonitrile, at pH 11.  

 

 
Figure 52. 1H spectrum (300 MHz, ACNd3 : D2O 8:2) of kinetic of racemization of compound 4a. Black 

rectangle represents the disappearance of alpha proton. 
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