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Abstract  

L-arginine is a conditional amino acid that has been shown to benefit through 

supplementation, which has led to the mass production of L-arginine. Most industrial 

syntheses have been through keratin hydrolysis, which is harmful to the environment. 

While there are some green biosyntheses, the chemical industry tends not to use them 

because of their lower yields. This investigation aims to synthesize L-arginine using new, 

greener chemical methods. The formation of the first intermediate product, an enamide 

ester, was successfully completed. This method consisted of a three-step synthesis using 

hippuric acid to form azlactone, which then reacted with 3-[(Benzyloxycarbonyl)amino]-

propionaldehyde to form a believed to be a new compound, 2-phenyl-4-(3-benzyloxy 

carbonyl amino) propylidene-oxazol-5-one. Through an acid/base reaction, the azlactone 

group of the compound opened to properly synthesize the enamide ester. Future 

investigations would be to complete the synthesis to form L-arginine.  
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Chapter 1: Introduction 

 

Scientists and, more recently, public figures have urged the world to pay closer 

attention to the impact our carbon footprint has on the earth. Our planet is undergoing a 

crisis that will eventually lead to mass extinction if actions are not taken now. Individuals 

can typically only do so much by changing their lives to become more eco-friendly. The 

real change needs to be done by large corporations. L-arginine is one amino acid that is 

mass-produced. While it may not be an "essential amino acid" since our bodies can produce 

it, it has been found to have a lot of health benefits, hence, the necessity for it to be 

manufactured.  

 

1.1: Amino Acids 

 Amino acids are known as the building blocks of protein. Proteins are involved 

with almost every bodily function as they are enzymes, hormones, and antibodies, to name 

a few. Amino acids can be basic, neutral, or acidic, which refers to their states before 

ionization or before an electron is added or taken away from the molecule. Ionization 

typically occurs in the body because its physiological pH is around 7.4. Therefore, amino 

acids inside the body are characterized as positive, neutral, and negative, where the bases 

turn positive, and the acids turn negative. Positive and negative refers to the formal charge 

of the molecule.  

 Amino acids are also characterized by their stereochemistry, and they are chiral. 

Chiral means that two molecules exist with the same molecular formula but are non-

identical mirror images. An organic molecule must have a tetrahedral carbon with four 
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different groups attached to it to be chiral. The tetrahedral carbon is understood as the 

chirality center that determines which arrangement the molecule is positioned in or its 

stereochemistry. Amino acids can theoretically be in the counterclockwise, L, or clockwise, 

D, arrangement. An example of these arrangements is shown in figure 1.1, using the amino 

acid alanine for demonstrational purposes. Realistically, the L arrangement is observed in 

nature for amino acids. The prefixes L and D in a molecule's name identify its structural 

arrangement. 

 

 

Figure 1.1: Stereoisomers of amino acid alanine. 

 

 Additional categories used to identify amino acids in this thesis are essential, non-

essential, conditional, standard, and non-standard. Essential, non-essential, and conditional 

are nutritional terms for amino acids. Essential means that our bodies cannot synthesize a 

specific amino acid, so one must eat particular foods to obtain these amino acids. Non-

essential means that our bodies do have the capability to synthesize it. Conditional means 

that while our bodies do have the ability to produce the amino acid, they can no longer 

make a significant amount due to diseases; therefore, an individual must take 

supplementation. These terms are defined in the flowchart in figure 1.2. Standard is a 
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genetic term referring to our genetic codes. While amino acids might be essential, our 

bodies do have the codons for these specific amino acids. Non-standard means that our 

bodies do not have the codons for them, but we still need to digest them. Most non-standard 

amino acids are derivatives of our bodily processes. 

 

 

 

Figure 1.2: Flowchart of the different terms for amino acids in nutrition. 

 

1.2: L-arginine in the Body  

 L-arginine is a basic, conditional amino acid and has a positive charge at a pH of 

7.4. Figure 1.3 shows the structure of L-arginine in and outside of the body. It is conditional 

because some metabolic diseases and prenatal infants cannot produce it. In the body, L-

arginine aids in vasodilation, widening of blood vessels; immune function; reproduction; 

skeletal muscle, muscles that humans can move voluntarily; brain function; hormone 

secretion; and metabolism, changing food into energy.1,2 Two areas that will be addressed 

are vasodilation and metabolism because of their roles in cardiovascular disease and 

metabolic diseases. While these processes might be different, these two diseases tend to 

correlate because of one's diet.  
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Figure 1.3: Arginine in the L arrangement. 

 

L-arginine plays a significant role in the Urea Cycle. The urea cycle is how our 

body gets rid of excess nitrogen in the body. The liver converts nitrogen waste into 

ammonia, but it needs a process to create a nontoxic waste product to properly dispose of 

the ammonia. This is where the Urea Cycle comes in. After ammonia is reacted with 

bicarbonate to produce carbamoyl phosphate, the first step of the Urea Cycle occurs where 

ornithine reacts with carbamoyl phosphate to create citrulline with the help of the enzyme 

ornithine transcarbamoylase. In the later steps, Arginase is an enzyme that converts 

arginine into ornithine, a non-standard amino acid. This reaction produces urea, and it is 

excreted out of the body through urine. The full process is shown in figure 1.4. Without 

this process, excess amounts of ammonia can form in the bloodstream and cause ammonia 

toxicity which can be fatal.  
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Figure 1.4: The Urea Cycle3. 

 

L-arginine is a substrate for endothelial nitric oxide synthase (eNOS). A substrate 

is a molecule that activates an enzyme. As shown in figure 1.5, eNOS is the enzyme that 

generates nitric oxide, which activates soluble guanylyl cyclase in smooth muscle leading 

to cyclic guanosine monophosphate production and vasodilation4. In addition to the urea 
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cycle and vasodilation, L-arginine is a precursor for the formation of many important 

molecules such as proline, glutamate, polyamines, creatine, and agmatine.2 

 

 

Figure 1.5: Diagram of Vasodilation. 

 

Supplementation of L-arginine has been shown to improve some diseases 

associated with lifestyle, such as type 2 diabetes, an insulin-resistant metabolic disease, 

and endothelial dysfunction, a cardiovascular disease in which the larger blood vessels on 

the heart's surface are narrower. These diseases tend to be caused by one's diet, lack of 

physical activity, and/or hypertension. L-arginine has improved type 2 diabetes by 

improving insulin sensitivity through blood glucose uptake and overall blood glucose 

homeostasis through supplementation.5 Supplementation has also improved endothelial 

dysfunction by enhancing endothelium-dependent vasodilation.6 These results demonstrate 

just a few of the benefits L-arginine has on the body leading to this amino acid's necessity 

to be mass-produced. Hence, the primary focus for a greener chemical synthesis for L-

arginine.  
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1.3: Industrial L-arginine Syntheses 

The first documentation of L-arginine extraction was from lupin seedling extract in 

1886.7 The discovery of this amino acid allowed for the extensive research that has been 

done to understand the function of L-arginine, which later qualified for its mass production. 

Since 1886, many different methods to synthesize L-arginine have been discovered or 

created. Still, the one synthesis that is most commonly used in the manufacturing industry 

is protein hydrolysis. Hydrolysis is a chemical reaction that uses water to break down a 

molecule. In China, the protein that is most accessible is keratin. Keratin is found in 

integuments, mammals' protective layer that keeps body fluids inside.8 Some examples 

include animal hair, human nails, horns, bird beaks, human hair, hoofs, feathers, and animal 

nails9, as shown in figure 1.6.  

 

 

Figure 1.6: Sources of keratin in the world. 
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Keratin Hydrolysis is a highly polluting process. The function of this protein must 

be addressed to better understand why keratin is so harmful to the environment. The 

purpose of keratin is to create a protective layer to keep the inside of an organism separate 

from the outside world. This understanding emphasizes the necessity for this protein to 

withstand harsh conditions and continue to remain resilient. Therefore, it is difficult to 

decompose, but not impossible. There are a few microorganisms that can break down this 

protein. Still, the issue is that slaughterhouses, poultry farms, and leather industries have 

been killing off species that have keratin in their feathers, bristles, and skin at unnatural 

rates, so these microorganisms cannot break down the keratin fast enough.9 Another 

solution to get rid of excess integuments is burning these feathers and other keratin-rich 

compounds, which causes CO2 to enter our atmosphere. The pollution is predominately 

due to methods people have used to eliminate these compounds, such as incineration, 

landfilling, composting, and mechanically grinding, which is shown in figure 1.7. 

 

 

Figure 1.7: Harmful methods of disposal for keratin. 
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Since the concern with keratin is how to remove excess in the environment, one 

would think that a hydrolysis that breaks down the molecule would be beneficial. 

Unfortunately, it causes more harm to the environment than if left alone. Keratin hydrolysis 

is done through an acid hydrolysis. Acid hydrolyses use an acid as a catalyst to break down 

the molecule, keratin in this case, using either substitution one or substitution two and water 

as the reagent to the acid. A substitution reaction is when one group is replaced or 

substituted by another group. To undergo an acid chemical hydrolysis, it needs high 

temperatures and pressure, which could be detrimental and cause more harm than good.10 

This process can be seen in figure 1.8. While it may not be beneficial to the environment, 

since there is so much excess keratin waste in China and such a low manufacturing cost, 

manufacturers tend to not care as much for the environmental outcomes as for the economic 

outcomes.8  

 

 

Figure 1.8: Process of keratin hydrolysis from animal hair. 
 

The issues presented with keratin hydrolysis are not new. For many years, scientists 

have known about these concerns, and that is why scientists have started looking at bacteria 

species that naturally produce L-arginine to synthesize it. Corynebacterium crenatum (C. 
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crenatum) and Escherichia coli are common bacteria that ferment L-arginine, and scientists 

utilize them to extract L-arginine7,8. The biosynthesis and the metabolic engineering of C. 

crenatum is shown in figure 1.9. A genetic modification in this study was done by removing 

the feedback inhibitor and overexpressing the arginine operon. Metabolically, the bacteria 

were engineered to increase glucose consumption and NADPH, an electron acceptor, 

availability to optimize glycolysis and pentose phosphate function8. Even though 

microbiological synthesis is better for the environment, it is not favored by industrial 

corporations because it does not produce as much L-arginine as keratin hydrolysis. New 

innovations have been studied to increase the rate through bioengineering the bacteria11,12.  
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Figure 1.9: Biosynthesis pathway and metabolic engineering steps 
of C. crenatum8. 
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1.4: Green Chemistry 

Under most circumstances, synthetic chemistry research adds excessive amounts of 

chemical waste and other harmful materials to the environment. Green chemistry is a field 

that urges chemists to consider the impact their work has on the globe to reduce the risk of 

harm to humans and the environment when working with or making chemicals13. It is 

unlikely that chemistry will ever be entirely harmless to the earth, but that does not mean 

that scientists should not try and reduce their carbon footprint and use of hazardous 

chemicals as much as possible. Since the risk will never be zero, every synthesis will 

always have room for improvement.  

Green chemistry has guidelines to help chemists have an eco-friendlier approach to 

their science. The guidelines are called the Twelve Principles of Green Chemistry. These 

principles include prevention, atom economy, less hazardous chemical synthesis, designing 

safer chemicals, safer solvents and auxiliaries, design for energy efficiency, use of 

renewable feedstocks, reduce derivatives, catalysis, design for degradation, real-time 

analysis for pollution prevention, and inherently safer chemistry for accident prevention14. 

 

1. Prevention14,15 

Prevention refers to chemical waste. When doing chemistry, a lot of waste 

is generated even with something as simple as separating a compound through the 

use of a separatory funnel. The more complex the reactions, the more waste is also 

produced. Prevention is the first principle because before you even start a reaction, 

a scientist should think about how to minimize the use of waste products. "The 
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generation of any material that does not have realized value or the loss of unutilized 

energy can be considered a waste" 14.  

 

2. Atom Economy14,16,17 

Atom economy is the second principle and a metric of green chemistry. It 

was introduced by Barry Trost, who invented the formula shown in Equation (1). 

The understanding is that the product’s molar mass should be as close to the sum 

of the molar masses of the reagents as possible to try to maximize the number of 

atoms present in the final product from the starting materials and other reagents. 

Equation (1) is used to determine the atom economy of a reaction. Since it is product 

over reactant, the closer the quotient is to one, the better the atom economy and, 

therefore, better for the environment.  

(1)   	Atom	Economy = !"#$%&#'(	*$+,-.	"/	0("1&%.
!"#$%&#'(	*$+,-.	"/	2$',$3.4	

	x	100 

 

3. Less Hazardous Chemical Synthesis14,18 

Less hazardous chemical syntheses are critical in all fields of chemistry, but 

academia has often led the way in this area. Chemistry labs are great places for 

students to take classroom-based knowledge and apply them through hands-on 

experiments. By using less hazardous chemicals in the labs, academia can reduce 

the risk of harm to humans and the environment. Outside of academia, scientists 

have started looking at syntheses that have been around for decades to see which 

materials can be substituted for less hazardous ones. To find substitutions, a chemist 

must look at the mechanisms and think about which chemicals in the same or 
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similar functional groups can perform the desired reaction. For example, carbon-

halogen bonds were commonly used in the past because of their high reactivity. 

Unfortunately, halogens are not safe for the environment since it degrades air 

quality. A new approach has been invented where carbon-hydrogen bonds are now 

being used for activation instead of carbon-halogen bonds.  

 

4. Designing Safer Chemicals14,19 

When designing chemicals, making sure they are not toxic has not always 

been the priority of a chemist. For a scientist to create a safer chemical, one must 

be conscientious of what they are producing, which entails knowing the chemical 

composition and properties of the molecule. Things to keep in mind are volatility, 

evaporation at room temperature; stereoisomers; and water solubility. If something 

is volatile, it can go into the atmosphere and readily pollute the earth's air. Water 

solubility refers to a compound's capability to dissolve in water completely. If it 

can dissolve in water, it will be hard to separate and could cause an extreme issue 

to the aquatic life. 

 

5. Safer Solvents and Auxiliaries14 

The safer solvent principle is the most challenging because solvents are very 

often needed to allow reagents to react with one another in a controlled way. 

Solvents are not part of the final product. Therefore, they accumulate most of the 

waste in syntheses. On top of that, they tend to be toxic, flammable, and/or 

corrosive. They are also volatile and can be water-soluble. The ideal solution would 
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be to eliminate solvents completely, but that's not as easy as it sounds because of 

how crucial they are to an experiment. Some workarounds are the use of water as a 

solvent when possible and implementing ionic liquids, which means that they are 

liquid at room temperatures. These ionic liquids have no vapor pressure and tend 

not to be flammable. Overall, this principle tries to conduct solventless reactions; 

if that is not possible, use less hazardous solvents. 

 

6. Design for Energy Efficiency14  

Energy efficiency is something that everyone has tried to take into effect 

since the start of the early 2000s because of the lack of abundance of natural 

resources, petroleum feedstock, and the pollution that has been added to the air by 

burning these natural resources. So, it would make sense that chemists are also 

looking to use less energy when possible and alternative energy sources during their 

experiments. The designs for energy efficiency are very similar to those around the 

world: solar power; hydro power, water; geothermal energy, heat within the earth; 

and hydrogen fuel cells. Green chemists have also started to use microwaves to 

undergo reactions because it shortens the reaction time, allowing less energy to be 

used. By using alternative energy sources, chemistry's carbon footprint can be 

lowered. 

 

7. Use of Renewable Feedstocks14,20 

Using renewable material and fuel is very prevalent because many of the 

former materials used in chemistry are from depleting sources. Depleting resources 
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are petroleum and natural gas. Renewable resources are biomass, produced by 

living organisms, which are cellulose, lactic acid, ethanol, glycerol, starch, and oil, 

to name a few. The other thing to keep in mind when using renewable resources is 

to ensure they are being replenished at an equal rate, not to become depleting 

resources.  

 

8. Reduce Derivatives14,21 

Derivatives are intermediate steps in a reaction used as placeholders but are 

not used in the final product. One example is protective groups when synthesizing 

amino acids because the acid and basic ends of the molecule will react with one 

another and cause the synthesis not to occur correctly. Protective groups and other 

derivatives should be avoided as much as possible. Some reactions do require it 

because there are no alternative workarounds. If derivatives are needed, one way to 

be eco-friendlier is to use non-covalent derivatives. These derivatives rely on 

intermolecular forces such as ionic-dipole, dipole-dipole, dipole induced dipole, 

dispersion, and hydrogen bonds. 

 

9. Catalysis14 

Catalysts are beneficial to reactions. Catalysts help speed up the reaction, 

allowing for more product to be produced with a small amount of catalyst used. 

Catalysts do this by lowering the activation energy, the energy required for the 

reaction to occur. It does not react or affect the reagents in the reaction. Our bodies 

use catalysts to perform endogenic reactions, which require energy to be used. The 
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same principles are used in chemistry. Without catalysts, reactions tend to form 

more waste because a certain ratio between the reagents and products called 

stoichiometry needs to be satisfied for the reaction to be performed. Catalysts help 

to reduce waste and use less energy and materials. 

 

10. Design for Degradation14 

Our planet is an incredible system that naturally breaks down every natural 

molecule that it creates. Unfortunately, shortly after the beginning of industrial 

development, molecules started being made that were not biodegradable. Making 

biodegradable molecules can be challenging, but there are specific chemical 

structures that should be avoided and certain functional groups that can help make 

a molecule more biodegradable. The structures that should be avoided consist of 

halogenated molecules, branched chains or groups not attached to the central 

carbon chain, tertiary amines, and certain heterocycles. The functional groups that 

help make a molecule more susceptible to biodegradation are esters and amides22. 

 

11. Real-Time Analysis for Pollution Prevention23 

Syntheses can take hours or even days to complete, especially in organic 

chemistry. During this time, a scientist must ensure that each step has been 

synthesized adequately by using analytical techniques to monitor the reaction 

progress. If the synthesis was not performed correctly, the scientist must figure out 

how to discard it and what went wrong, which is crucial in science. Unfortunately, 

if someone has been doing the same synthesis for several months, they might just 
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look at it and think it looks like the desired compound, so let's move on. Not using 

analytical techniques to ensure that the reaction was completed correctly is not only 

bad for your research, but if the compound reacts badly with the next step and 

causes harmful chemicals to be produced and released, it could be very detrimental. 

It might not be as severe on a small scale as a research lab, but it can be severe on 

a large-scale corporation production which is the reason why this principle is 

essential. Scientists need to make sure that they can monitor their reaction processes 

throughout each step of the synthesis. If something goes wrong, they need to know 

how to prevent any real damage to themselves, the environment, and those around 

them. 

 

12. Inherently Safer Chemical for Accident Prevention24 

The twelfth and final principle encompasses all the steps to try and prevent 

harmful accidents. The main idea is to avoid dangerous accidents by not using as 

harmful of chemicals or if they are needed to be used to understand their hazards. 

Each chemical will have pictograms on its container to represent any hazards, and 

if not, Safety Data Sheets (SDS) for every chemical in literature are online. A 

chemical’s SDS tells whether it has a physical, health, and/or environmental hazard. 

It also states the protective measures someone must take when exposed and how to 

store the chemicals. The twelfth principle is sometimes overlooked because 

strategies have been set in place for many years, so it comes as second nature to a 

scientist. 
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1.5: Mechanochemistry  

Mechanochemistry refers to using mechanical energy to complete a chemical 

synthesis25. Mechanical energy, in the modern-day, is thought to be run by machines, but 

it can be done through simple grinding with a mortar and pestle26 or pilón, as my 

Dominican family members call it. If you have ever found yourself grinding garlic or 

making sofrito in a pilón, then you have conducted a mechanochemical process. 

Mechanochemistry has been around since the early times when homo sapiens started 

rubbing sticks and rocks together to spark fire26. It is being reimagined now for modern-

day chemical reactions because of the beneficial attributes it has on reactions such as time, 

lack of solvents and energy27. 

Mechanochemistry is concordant with green chemistry: many of the techniques 

used in mechanochemistry fall in line with those of green chemistry. Overall, 

mechanochemistry uses a lot less energy than a typical reaction. Most of the reactions are 

performed in a ball mill machine with stainless steel metal balls that collide, as shown in 

figure 1.10. It can perform a five-hour reaction in fifty minutes which is highly energy 

efficient because the metal balls' surfaces induce a reaction27.  
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Figure 1.10: The setup for the ball mill in mechanochemistry. 

 

As touched on earlier, solvents are tough to work around. They cause the most 

waste in chemical syntheses, and they tend to be hazardous to humans and the 

environment14. Mechanochemistry has specific terminology for reactions done without 

solvents. They are "neat" reactions. Neat reactions are done when two solid compounds are 

placed into the ball mill, and the metal balls shake and smash into one another. This 

collision exerts mechanical energy allowing for the reaction to be performed. These types 

of reactions have most often been used in inorganic chemistry. Still, the implementation of 

using it in organic chemistry could create new innovations in green chemistry for organic 

synthesis.  
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1.6: A Greener Chemical Synthesis for L-arginine 

 When creating an organic green chemical synthesis for L-arginine, the 12 principles 

must be considered. This section will examine how these principles were taken into account 

when constructing our theoretical synthesis for L-arginine shown in figure 1.11. Prevention 

was sought out by eliminating unnecessary separations and column chromatography 

whenever applicable. It was also used in determining a minimum number of solvents and 

purification materials. When determining the desired aldehyde, atom economy and 

inherently safer chemicals were considered by choosing an aldehyde that was classified as 

non-hazardous with the closest number of carbon chains and the least amount of branched 

chains not present in L-arginine. 
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Synthetic Scheme 1: 

 

Figure 1.11: Our Organic Green Chemical Synthesis for L-arginine. 

 

 Less hazardous starting materials were sought out over other reagents and reactants. 

For example, in the first synthesis step, hippuric acid, also known as benzoyl glycine 

because it is derived from the amino acid glycine, closes to become 2-Phenyl-5-oxazolone, 

known as azlactone. The solvent acetic anhydride reacts with water to produce acetic acid, 
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whose common name is vinegar. The vinegar then reacts with sodium bicarbonate to make 

CO2, water, and sodium acetate28. Sodium acetate is commonly used as an electrolyte 

replenisher in hospitals. Acetic anhydride is considered a dangerous chemical because it 

causes burns to the skin and is highly flammable. Even though this chemical is dangerous, 

it can react with other molecules to make it a less hazardous chemical. While a workaround 

was possible for acetic anhydride, substitutions for chloroform and dichloromethane in the 

second and third steps of the synthesis shown in figure 1.11 were not sought out because 

they were essential to form the desired products. Potential substitutions for these 

compounds are discussed in chapter 4.  

 The product of the second and third steps in this synthesis are molecules that have 

never previously been reported in literature. To design a safer chemical, the aldehyde, 3-

[(benzyloxycarbonyl) amino] propionaldehyde (#65564-05-8), reacted with azlactone. 

Both these chemicals are classified as non-hazardous. The product from step two is not 

volatile or water-soluble. Step three forms a structure known as an enamide ester which 

means it has an ester and amide by definition29. Recalling from principle 11, if a molecule 

has an ester and/or an amide, it is more susceptible to biodegradability, making it less 

harmful to the environment22. Throughout these reactions, real-time analysis was 

performed using a Nuclear Magnetic Resonance (NMR), an instrument used to observe 

and measure the interaction of nuclear spins, which allows for the determination of the 

molecular identity and structure of a compound. 

 A catalyst is used in the third step to configure the enamide ester in the proper 

stereochemistry, the L-arrangement. The 1,2-bis(2,5-dialkylphospholano) benzene, 

DuPhos, Catalyst, along with the hydrogenation of the enamide ester, allows for efficient 
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production of an "enantiomerically pure a-amino [derivative]" 30. When synthesizing an 

amino acid, it is almost impossible not to have a derivative because of the affinity between 

the acid and base ends of the molecule. The DuPhos Catalyst's high production rate of the 

stereoisomer will allow for most of the derivative to be incorporated in the final product 

and a better percent yield. 
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Chapter 2: Results and Discussion 

 

2.1: Turning Points in the Synthesis 

 When conducting research, failure is inevitable, but failure is not necessarily bad. 

Researchers often learn from failure because failure leads to critical questions that can then 

lead to success. The challenges faced during the attempts at this synthesis and the pivot 

points that the attempts led to will be discussed throughout this section. 

 

2.1.1: Two-Step Enamide Ester Synthesis  

The two-step enamide ester synthesis is derived from the Practical Preparation of 

Z-a-(N-Acetylamino)- and Z-a-(N-Benzoylamino)-a,b-unsaturated Acids article29 referred 

to as two-step synthesis for the remainder of this thesis. The Kalberg Lab’s adaption of this 

synthesis is shown in figure 2.1. In the first step of this reaction, hippuric acid reacts with 

sodium acetate in the solvent acetic anhydride to form the cyclic structure called azlactone. 

In the literature’s synthesis, the aldehyde was added to this mixture after 30 minutes of 

these compounds stirring at room temperature (RT). The reaction mixes for one hour at RT 

and then another five hours in a 60º C water bath. This solution is separated and vacuum 

filtered with water. This final product is recrystallized with methanol. However, this step 

of recrystallization was often not necessary since the NMR spectrum showed the 

intermediate product to be pure enough to use for step 2.  
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Synthetic Scheme 2: 

 

Figure 2.1: Steps one and two of the Kalberg lab’s adaption to the Preparation of Z-a-

(N-Acetylamino)- and Z-a-(N-Benzoylamino)-a,b-unsaturated Acids Synthesis. 

 

The second step consists of dissolving the product from the first step in methanol 

and reacting with a basic solution of sodium methoxide. Once the solvent, methanol, is 

evaporated, the residue will then be separated using ammonium chloride and 

dichloroethane, washed with water, and dried with sodium sulfate. After the solution is 

gravity filtered, it will crystalize typically into a final white product.  

 This synthesis has been used most frequently in Professor Karlberg’s research 

laboratory to synthesize various phenol aldehydes into an enamide ester. It has produced 

the highest level of success for this lab and provided a high yield, so the two-step synthesis 

was attempted to form the intermediate product, 2-phenyl-4-(3-benzyloxy carbonyl amino) 

Methanol 
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propylidene-oxazol-5-one referred to as 2-ph-4-(N-Cbz) azlactone, and the desired 

enamide ester. Typically, the product of the first step with the phenyl aldehydes used 

previously are a yellowish powdery substance, and the final product after the second step 

is usually a white, powdery compound. Unfortunately, when this synthesis was performed 

with the aldehyde, 3-[(Benzyloxycarbonyl)amino]-propionaldehyde referred to as 3-(N-

Cbz) propanal moving forward, the intermediate product was an extremely sticky, bright 

orange compound, and the final product was an oily, brown, sticky solution. This section 

will discuss the approaches that were taken with the two-step reaction. 

 The first step of the Two-Step Synthesis was attempted several times with various 

modifications made to it. The first attempt’s 1H NMR indicated that 3-(N-Cbz) propanal 

was in the mixture. Usually, this reaction synthesized almost all the aldehyde into the 

desired product, but this time there was a prominent peak that indicated a substantial 

amount of 3-(N-Cbz) propanal did not react. When a Thin Layer Chromatography (TLC) 

plate of the product was taken in a 3:2 hexane/ethyl acetate developing solution, hippuric 

acid, aldehyde, and an unknown substance were indicated in the product. This meant that 

the azlactone at the beginning of the reaction was not synthesized adequately in the first 

place because the hippuric acid was still present. The TLC also reinforced what the 1H 

NMR had shown with the presence of 3-(N-Cbz) propanal.  

 For the second attempt, a 1:1 ethyl acetate/water solution was used for the 

separation instead of only water in hopes that the product would dissolve in ethyl acetate 

and allow for an easier separation. This strategy did not go as planned. While the solution 

had dissolved into the ethyl acetate, it remained extremely sticky. 20 mL of water was 

added a week later after other strategies to separate the solution were not successful. The 
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exact process happened as before when it became a sticky, orange compound so sticky that 

the stir bar got stuck. An attempt to recrystallize with methanol was carried out, but no 

crystals formed. One takeaway was drawn from that attempt: the substance could dissolve 

in methanol. The 1H NMR was examined, and at the time, some peaks were thought 

resemble the desired product, but many other materials were still present. However, the 

second step was conducted on this compound. 

 Since the second attempt at the first step taught us that the substance could be 

dissolved in methanol, the reaction had no issues following the steps for the second step. 

Even though following the procedure was fine, the results indicated that the desired product 

was not present for a few reasons: the product was not a white powder but a sticky brown, 

the TLC plate with 3:2 ethyl acetate/hexane developing solvent indicated that there were 

five different substances in this compound, and the 1H NMR did not have the desired peaks.  

 After the drawbacks of attempting the complete two-step synthesis, former 

literature was examined to see if this 3-(N-Cbz) propanal had been used in a similar 

synthesis. Lab notes were reviewed to see where sources of errors might have occurred. 

Unfortunately, the literature search led nowhere because most of the literature that has been 

published around 3-(N-Cbz) propanal involved synthesizing it and not using it as a starting 

material. The notes did show some promise for the next steps in synthesis. By looking at 

the color formation during the 5-hour heated reaction in the first step, a conclusion was 

drawn that the compound was decomposing during that duration of time because the color 

went from white to yellow after ten minutes of heat, from bright yellow to a creamy orange 

after an hour, to a bright red/orange after three hours and then to dark red at the end of the 

five hours. The decomposing most likely occurred after one hour of the mixture stirring. 
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With other phenol aldehydes previously used, it typically only gets to an orange/brown but 

never red solution around five hours, and that’s the indicator that the reaction is complete. 

In addition to this finding, a realization was drawn that 3-(N-Cbz) propanal should be 

stored for a long duration in an inert atmosphere without oxygen.  

These conclusions led us to readjust the former reaction to have the two-step 

synthesis’s heated time be around 15 minutes to see if the desired intermediate product was 

present before the aldehyde decomposed in the former attempts. The experiment was 

conducted under nitrogen gas reduce the exposer to oxygen. After the reaction was heated, 

the solution was bright yellow and clear. Once it reached RT, it was a thick orange/yellow 

solution. The water was added, and it clumped together, but this time the stir bar did not 

get stuck in the mixture, and it freely spun for 30 minutes. The compound went from a 

yellow foam-like substance to a fluffy orange substance during that time. After filtration, 

an 1H NMR was taken, which indicated that some but not a lot of 3-(N-Cbz) propanal was 

still present in the solution. To remove the excess 3-(N-Cbz) propanal, recrystallization of 

the solution was performed in a 2:3 ethyl acetate/hexane solution. The 1H NMR indicated 

that the desired product was not present, but neither was the aldehyde. 

 After successfully synthesizing 2-ph-4-(N-Cbz) azlactone using pure azlactone 

with 3-(N-Cbz) propanal and basic alumna as discussed in chapter 3, a conclusion was 

drawn that the two-step synthesis was just not capable of synthesizing 2-ph-4-(N-Cbz) 

azlactone with 3-(N-Cbz) propanal by comparing the two 1H NMRs to one another. Even 

though a lot of time was spent working on this two-step synthesis, it was not a waste of 

time because some important information was taken from the attempts with this synthesis. 

First, 3-(N-Cbz) propanal could be separated from the product with the 2:3 ethyl 
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acetate/hexane solution. Second, 3-(N-Cbz) propanal can be exposed to oxygen without 

decomposing, but with too much heat, it will decompose. All of this knowledge was used 

when properly synthesizing 2-ph-4-(N-Cbz) azlactone. 

 

2.1.2: One-Pot Synthesis  

The One-Pot Process to Z-a-Benzoylamino-acrylic Acid Methyl Esters Via 

Potassium Phosphate-Catalyzed Erlenmeyer Reaction31, referred to as the one-pot 

synthesis, consists of making an enamide ester through one synthesis where all materials 

are placed in the same round bottom until the reaction is complete. The reaction scheme is 

shown in figure 2.2. This reaction uses hippuric acid, an aldehyde, acetic anhydride, and 

the addition of potassium phosphate to synthesize the intermediate step. These compounds 

are stirred at RT under nitrogen until a slurry is formed. Then, the reaction is heated to    

80º C, dichloroethane is added, and the mixture is stirred under nitrogen for one hour. After 

the solution is cooled to 40º C to allow for methanol and sodium methoxide to be added, 

the solution is refluxed and stirred under nitrogen for one hour. It is then cooled to RT; 

water is added. It is refrigerated overnight at 10º C. After completion of the synthesis, the 

solution is vacuum filtered with 1:1 methanol/water solution and washed with water. It is 

placed on the Schlenk line overnight to dry the compound completely.  
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Synthetic Scheme 3: 

 

Figure 2.2: The Kalberg Lab’s adaption to the One-Pot Process to Z-a-Benzoylamino-

acrylic Acid Methyl Esters Via Potassium Phosphate-Catalyzed Erlenmeyer Reaction. 

 

The one-pot synthesis is another eco-friendly method to produce the enamide ester. 

This reaction had properly synthesized enamide esters from phenyl aldehydes last year by 

Professor Kalberg’s lab. The first part of the reaction seemed to have gone fine. The color, 

however, was strange. Typically, the color change occurs 30 seconds after the potassium 

phosphate is added. In this case, there was no color change until the heat was added. After 

the overnight at 100º C, the solution was a considerable amount of yellow oily substance 

and a smaller amount of dark orange oil. No vacuum filtration was done because these 

compounds were liquid. Instead, an extraction occurred with a separatory funnel. An 1H 

NMR was taken of both of them. The yellow product’s 1H NMR indicated that it was just 
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a waste product. The orange product’s 1H NMR showed little promise. It did not show 

much in the aromatic region, and the product has two aromatic groups. This result indicated 

that the one-pot synthesis would not work to synthesize the desired enamide ester properly. 

After reflecting on the methodologies for this procedure, the heat might have 

decomposed 3-(N-Cbz) propanal. From prior experiments discussed in 2.1.1, an 

understanding was drawn that while most phenyl aldehydes need to be heated at a high 

temperature and stirred for a long duration, 3-(N-Cbz) propanal has shown to decompose 

with exposure to too much heat. To properly form the azlactone, the heat needs to be 

between 90º C to 100º C. Placing 3-(N-Cbz) propanal in that type of condition will be 

detrimental to it hence why the product did not show any aromatics in the 1H NMR. 

Another avenue to take for 3-(N-Cbz) propanal and the one-pot synthesis is to let the cyclic 

structure form first, cool to RT, and then add 3-(N-Cbz) propanal.  

In addition to the issue with heat, 3-(N-Cbz) propanal does not react well to water. 

When 3-(N-Cbz) propanal had its first contact with water, it went from a white clumpy 

solution to a yellow oily one. When 3-(N-Cbz) propanal was placed overnight in water at 

10º C, it became oily and not solid. If 3-(N-Cbz) propanal is sought out to be used for the 

one-pot synthesis, a suggestion would be to find a substitution for water.  

 

2.1.3: Mechanochemistry  

To see if the two-step synthesis could be done with 3-(N-Cbz) propanal, 

mechanochemistry was sought out because it takes a large-scale procedure, reduces it to a 

small-scale procedure and performs it in less time than normal. If mechanochemistry could 

synthesize the 2-ph-4-(N-Cbz) azlactone using the two-step synthesis, then it would prove 
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that the two-step synthesis using organic chemistry methods can be used as well. First, a 

test run had to be performed with an aldehyde that has previously worked for the two-step 

synthesis, O-anisaldehyde, to see if even the synthesis could be done through 

mechanochemistry. This reaction is demonstrated in figure 2.3. After proving that the two-

step synthesis could be completed in the ball mill with O-anisaldehyde, the reaction had to 

be conducted with 3-(N-Cbz) propanal in the ball mill. This section will discuss how both 

O-anisaldehyde and 3-(N-Cbz) propanal reacted in the two-step synthesis performed 

through mechanochemistry. 

 

Synthetic Scheme 4: 

 

Figure 2.3: Mechanochemistry with O-anisaldehyde.  

 

As mentioned in the introduction, mechanochemistry is done in a ball mill with 

stainless steel beads. The procedure was done with a solvent of acetic anhydride. Forty 

stainless steel beads were placed into the mill with hippuric acid, sodium acetate, and acetic 
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anhydride. The balls were shaken in the mill for five minutes at 6 rpm speed to first form 

the azlactone. 3-(N-Cbz) propanal was then added and shaken for 50 minutes and then 

cleaned out with water into the beaker to stir for 20 minutes. The water, stir bar, and metal 

beads were extracted from the solution, and methanol was used to recrystallize the product.  

The experiment went reasonably well. After 35 minutes of O-anisaldehyde shaking, 

the first color change occurred when the solution went from white to yellow. After 50 

minutes, the solution was bright yellow. Once the water was added, the solution became 

green. At first, there was some hesitation because the color is typically not green, but the 

procedure persisted. After the methanol had evaporated in the fume hood, an 1H NMR was 

taken of the product and compared to the 1H NMR of the original two-step synthesis with 

O-anisaldehyde. The 1H NMR indicated some impurities but was not significant. Overall, 

the experiment was successful, and the two-step synthesis can be performed under 

mechanochemistry conditions.  

 The same procedure with O-anisaldehyde was followed with 3-(N-Cbz) propanal. 

The 40 beads shook the hippuric acid, sodium acetate, and acetic anhydride for five minutes 

to create a goopy white substance. When 3-(N-Cbz) propanal was added, the solution was 

still white after 35 minutes. After 50 minutes, the solution continued to be white. Seventy-

five minutes passed, and the solution looked creamy white but not yellow. The solution sat 

for 15 minutes before shaking it again for another 25 minutes. In the end, the solution never 

turned yellow. Water was added to rinse the solution, similar to how it was performed with 

O-anisaldehyde, and it instantly became oily and yellow. NMRs nor TLC plates were taken 

because it was clear that the desired product was not present, and it was finally time to call 

it quits with the two-step synthesis and find a new synthesis that could work.  
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2.2: Formation of the Desired Enamide Ester 

 Figure 2.4 shows the synthetic scheme for the entire synthesis to form the desired 

enamide ester. The first part of the schematic labeled “Azlactone to 2-ph-4-(N-Cbz) 

azlactone Reaction” is the complete first step of the synthesis forming azlactone and leads 

into the second step of the synthesis, which forms 2-ph-4-(N-Cbz) azlactone. The first part 

of the “Enamide Ester Reaction” shows the product from the second step and the full 

structure of 2-ph-4-(N-Cbz) azlactone. The second part of the “Enamide Ester Reaction” 

shows the third and final step, which opens the azlactone part of the molecules and 

completely forms the enamide ester. 
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Synthetic Scheme 5:  

 

Figure 2.4: Full enamide ester synthesis. 

 

2.2.1: Azlactone Reaction Results  

The reaction was performed as discussed in 3.1, and the reaction scheme is 

demonstrated in figure 2.4 in the “Azlactone to 2-ph-4-(N-Cbz) azlactone Reaction” 

portion of the diagram. The reaction method was acquired from A simple and efficient 

method for the synthesis of Erlenmeyer azlactones28 referred to as the Erlenmeyer reaction. 

Hippuric acid did not immediately dissolve in acetic anhydride. It needed to be heated and 

stirred for it to dissolve. During the initial stirring process, after ten minutes, the solution 
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was clear with no color change and a heterogeneous mixture. It was not until 20 minutes 

of stirring that the first color change occurred. It changed from a clear to a light-yellow 

liquid, which was still heterogeneous. After 25 minutes, the solution was finally 

homogenous. After 30 minutes, it was dark yellow. The dark yellow and homogenous 

solution indicated that the reaction had finished.  

The dilution and separation of 1:1 diethyl ether/ice water caused the solution to 

instantly become two layers. The yellow top layer was the organic layer that consisted of 

the azlactone and diethyl ether solution, and the bottom layer was the aqueous layer of 

water and acetic anhydride. The addition of sodium bicarbonate created CO2 gas and 

formed a lot of pressure, leading to large bubbles forming in the solution. Bubbles kept 

forming until around the third wash. Since the fourth wash still produced bubbles, an extra 

wash was done to make sure all the acetic anhydride was removed. Crystals started to form 

in the time it took to complete the separation, so around 20 mL of extra diethyl ether was 

added to dissolve the crystals.  

After rotary evaporation, orange flaky crystals were formed. Impurities were found 

in the solution after taking the initial 1H NMR. The impurities looked like hippuric acid. 

The other impurity seemed to be excess acetic anhydride or acetic acid. To eliminate this 

impurity, the compound was placed on the Schlenk line for two hours and dissolved into 

chloroform to be gravity filtered. Another 1H NMR had shown improvement, and a carbon 

1H NMR was taken from that solution.  
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2.2.2: 2-ph-4-(N-Cbz) azlactone Reaction Results 

 This reaction was attempted several successful times before performing the reaction 

discussed in 3.2. The reaction methods were acquired from the Erlenmeyer reaction28. The 

first attempt was on a low scale with .5 g of 3-(N-Cbz) propanal. The TLC plates indicated 

that there was one spot in the second tube of the column. At first, this spot was believed to 

be the aldehyde, but NMR was taken for certainty. Ironically, it was 2-ph-4-(N-Cbz) 

azlactone, and an incredible breakthrough in the research was made on February 24, 2022.  

 A larger-scale reaction with 1.5 g of 3-(N-Cbz) propanal was conducted to produce 

a high enough quantity of product to move on to the third step. Tubes 7 and 8 from the 

column chromatography had only 2-ph-4-(N-Cbz) azlactone while 9 had 3-(N-Cbz) 

propanal in the solution and dried 2-ph-4-(N-Cbz) azlactone, white crystals around the 

tube. While the reaction went well, there was a 50% left-over of 3-(N-Cbz) propanal due 

to an error in calculation. The left-over compound was not a powdery white but a white 

mush. The NMR indicated that there were some impurities within the compound, but 

mostly 3-(N-Cbz) propanal. An attempt to reuse the excess aldehyde was made but 

unsuccessful.  

 The exact reaction performed as discussed in 3.2 and demonstrated in figure 2.4 in 

the first part of “Enamide Ester Reaction” is discussed in further detail. 3-(N-Cbz) propanal 

and azlactone solution was bright orange. The addition of the alumina created two layers: 

a clear orange liquid layer and a powdery orange layer. After the rotary evaporator, the 

solution was creamy orange. The compound was dissolved in 2:3 ethyl acetate/hexane and 

placed on top of the silica gel.  
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The first four tubes from the column chromatography were clear and did not have 

spots on the TLC plates. Tubes five and six were a slight yellow color with some 2-ph-4-

(N-Cbz) azlactone present. Tubes eight and nine were peach-colored with white powder 

forming on the rims. The TLC plates for these tubes indicated it had only 2-ph-4-(N-Cbz) 

azlactone present. Tubes 10 through 12 were slightly orange with white powder on the 

edges. These tubes had three spots on the TLC plates: 3-(N-Cbz) propanal, 2-ph-4-(N-Cbz) 

azlactone, and one other impurity. Tubes 13 through 16 were slightly yellow. Tube 13 had 

three spots on the TLC plate, and 14 through 16 TLC indicated two spots present, most 

likely 3-(N-Cbz) propanal and some other impurity.  

 Tubes five through nine were collected in the same round bottom. After the rotary 

evaporator, a bright pink powdery compound was left. The product has never been pink, 

so this result seemed strange. The 1H NMR indicated that it was mostly 2-ph-4-(N-Cbz) 

azlactone, but there were some impurities. The following day the compound turned from 

pink to off-white. There were 0.99 g of the product in the round bottom and 0.02 g after 

recrystallization. The compound was recrystallized using five pipets of 2:3 ethyl 

acetate/hexane and eight pipets of pure ethyl acetate and stirred at 60º C before it was 

completely dissolved. After three hours, white needle crystals formed in the yellow 

solution. These crystals were very staticky.  

The white needle crystals are the purified form of 2-ph-4-(N-Cbz) azlactone. These 

crystals were used to find the melting point of the new compound. The digital melting point 

apparatus was set from 35ºC to 160º C. Once the temperature was around 137º C, brown 

spots started to appear. At 140º C, the compound began to melt, forming larger 

brown/yellow droplets. At 144º C, the compound was completely dissolved into a dark 
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yellow liquid solution. Since the compound went from white needle crystals to a dark 

yellow liquid, it could be understood that it decomposes at the melting point.  

 

2.2.3: Azlactone Opening Reaction Results 

There were two different methods attempted to open the azlactone structure for the 

formation of the enamide ester. The first attempt used the product from the Erlenmeyer 

reaction and the second step from the two-step synthesis to perform this opening on the 

pure 2-ph-4-(N-Cbz) azlactone. Methanol was added to 2-ph-4-(N-Cbz) azlactone with 

sodium methoxide and stirred for 15 minutes. After the separation and rotary evaporation, 

the solution was an oily white substance. The 1H NMR showed many signals that were not 

related to the desired molecule; a conclusion was drawn that the reaction was not 

successful.  

When a TLC plate was taken with a 1:1 ethyl acetate/hexane developing solution, 

the mixture indicated that it had three compounds present. One being 2-ph-4-(N-Cbz) 

azlactone and the other two unidentifiable. When a TLC with the same developing solution 

was used to compare the product from this experiment to that of the original two-step 

synthesis product with 3-(N-Cbz) propanal, they both had two similar spots at the top and 

the middle of the plate, but the bottom spot was different. These results indicated that a 

different route to open the cyclic structure needed to be taken.   

The second attempt to open the azlactone was completed through an acid/base 

reaction32. The reaction was performed as discussed in 3.3, and the reaction scheme is 

demonstrated in figure 2.4 in the second part of the “Enamide Ester” portion of the diagram. 

The reaction was on an extremely low scale, and a more precise scale needed to be used to 
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collect .0035 g of camphorsulfonic acid (CSA). This reaction also had to be performed 

under nitrogen gas as recommended by the literature.  

At first, the constant flow of nitrogen dried out the 1 mL of dichloromethane. 1.5 

mL more of dichloromethane was added to the round bottom. The septum with the nitrogen 

tube and the needle, to reduce the pressure, were placed back on the round bottom and the 

nitrogen gas flushed out any oxygen within the environment. The nitrogen tube was then 

pulled out of the septum, and only the needle was left in it. After three hours, another .5 

mL of dichloromethane was injected into the round bottom to make sure that the solvent 

did not dissolve. The solution was white and a little cloudy. After five hours, the solution 

was very cloudy and white. Another 1 mL of dichloromethane was added after 11 hours to 

make sure that the solvent would not dry within the final 13 hours.  

After 24 hours, the solution was still cloudy white. An additional 10 mL of 

dichloromethane was added and then washed with sodium bicarbonate in a separatory 

funnel. Three layers had formed: a cloudy white layer on the bottom, a white solid layer in 

the middle, and a clear layer on top. The bottom layer was extracted, dried with sodium 

sulfate, and an 1H NMR was taken. The 1H NMR had shown the compound to be the 

desired enamide ester, but there were some impurities present as well. Column 

Chromatography was recommended from the literature, but due to time constraints on this 

thesis, it was not able to be performed. Overall, the acid/base reaction seemed to yield the 

desired enamide ester. 
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Chapter 3: Experimental Methods 
 

All experiments described in this section were conducted in a fume hood with 

exposure to the atmosphere. All reactants and solvents were stored at room temperature in 

their respective SDS-guided locations. The compounds used in this section are as follows: 

the azlactone reaction used hippuric acid (Acros Organics, #495-69-2) and acetic anhydride 

(Fisher Chemical, #108-24-7), ethyl ether anhydrous (Fisher Scientific, #60-29-7), sodium 

bicarbonate (Fisher Chemical, #144-55-8), and magnesium sulfate (Sigma-Aldrich, #4787-

88-9). The 2-ph-4-(N-Cbz) Azlactone reaction used 3-[(Benzyloxy carbonyl)amino]-

propionaldehyde (Combi-Blocks, #65564-05-8) and packaged at 4ºC in Argon. Basic 

Alumina (Fisher Chemical, #1344-28-1), chloroform (Fisher Chemical, #67-66-3), ethyl 

acetate (Fisher Chemical, #141-78-6), and hexanes (Fisher Chemical, #96-37-7) were also 

used in the intermediate synthesis. The azlactone opening reaction used camphorsulfonic 

acid (TCI Chemicals, #5871-08-2), dichloromethane (Fisher Chemical, #75-09-2), 

methanol (Fisher Chemical, #67-56-1), and sodium sulfate anhydrous (Fisher Chemical, 

#7757-82-6). 

NMR spectra were collected on a Bruker UltraShield 300 MHz NMR spectrometer 

in Chloroform-D (Cambridge Isotope Laboratories, Inc., #865-49-6). Chemical shifts were 

reported in ppm d relative to tetramethylsilane (TMS).  1H NMR spectra of 3-(N-Cbz) 

propanal and the desired enamide ester are shown in Appendix I. 1H and 13C NMR spectra 

for azlactone and 2-ph-4-(N-Cbz) azlactone are shown in Appendix I. IKA Rotary 

Evaporator 10 Digital water bath was set to 38º C to 40 º C, the condenser was set to -1.5 

ºC, and spun at 115 to 120 rpm. Column chromatography was performed with 2:3 ethyl 

acetate/hexane solution. TLC were plated with 100% ethyl acetate and developed in a 1:1 
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ethyl acetate/hexane solution. TLC plates from column chromatography for the 2-ph-4-(N-

Cbz) Azlactone reaction is shown in Appendix II. 

 

3.1: Azlactone Reaction 

Synthetic Scheme 6: 

 

Figure 3.1: First step in a Green Chemical Synthesis for L-arginine to produce the 

azlactone. 

 

General Procedure: 4.01 g of Hippuric acid and 26 mL of acetic anhydride were added 

to a 50 mL round bottom flask. The flask was placed in a heated block set to 90º C, and the 

solution was stirred for 30 minutes. The mixture was then cooled to room temperature. 

Once cooled, the mixture was poured into a 1:1 solution of 20 mL iced water and 20 mL 

ethyl ether anhydrous and stirred for 15 minutes. The solution was then poured into a 250 

mL separatory funnel. 50 mL of saturated sodium bicarbonate were added four times to 

wash the organic layer. The organic layer, which was the top layer, was extracted and dried 

over MgSO4 for 15 minutes. The solution was then gravity filtered into a clean 50 mL 

round bottom flask and placed on the rotary evaporator to remove the ethyl ether 

anhydrous. Orange needle crystals, 1.143 g (31.7%); mp 42.0º C to 45.9ºC. 1H NMR 4.44 
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(s, 2H), 7.50 (t, 2H), 7.58 (t, 1H), 7.99 (d, 2H). 13C NMR 54.98, 125.85, 127.83, 128.84, 

132.85, 163.54, 175.87.   

 

3.2: 2-ph-4-(N-Cbz) Azlactone Reaction 

Synthetic Scheme 7: 

 

Figure 3.2: The second step in a Green Chemical Synthesis for L-arginine to produce 2-

ph-4-(N-Cbz) azlactone. 

 

General Procedure: 1.42 g of 3-(N-Cbz) propanal was placed in a 50 mL round bottom 

with .467 g of azlactone. 4.2 mL of chloroform was added to dissolve the compounds 

completely. The solution spun for two minutes before 2.95 g of basic alumina was added 

and continued to spin for another eight minutes. The chloroform was then removed from 

the compound through rotary evaporation. A column was performed with 2:3 ethyl 

acetate/hexane solution to separate 2-ph-4-(N-Cbz) azlactone from the alumina compound. 
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TLC plates were used to indicate which tubes had 2-ph-4-(N-Cbz) azlactone present. The 

tubes that had both 3-(N-Cbz) propanal and 2-ph-4-(N-Cbz) azlactone were recrystallized 

using 2:3 ethyl acetate/hexane. 2-ph-4-(N-Cbz) azlactone was collected. White needle 

crystals, .02 g (1.97%); mp 40.1 ºC to 44.0 ºC. 1H NMR (CDCl3) d 2.90 (q, 2H), 3.52 (q, 

2H), 5.11 (s, 2H), 5.25 (m, 1H), 6.69 (t, 1H), 7.28-7.35 (m, 5H), 7.50 (t, 2H), 7.62 (t, 1H), 

8.09 (d, 2H). 13C NMR (CDCl3) d 29.46, 39.58, 66.79, 125.41, 128.08, 128.13, 128.26, 

128.52, 128.94, 133.40, 134.86, 136.44, 137.63, 156.36, 163.48, 165.63.  

 

3.3: Azlactone Opening Reaction 

Synthetic Scheme 8: 

 

Figure 3.3: The third step in a Green Chemical Synthesis for L-arginine to produce the 

enamide ester. 
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General Procedure: .05 g of 2-ph-4-(N-Cbz) azlactone was placed in a 50 mL round 

bottom. A septum was placed on top of the round bottom with a nitrogen tube injected into 

the septum, and an empty needle was also placed in the septum to reduce pressure. 1 mL 

of dichloromethane was added and stirred. After five minutes, an additional 1.5 mL of 

dichloromethane was added with .0035 g of CSA and 8 µL of methanol. Oxygen was 

flushed out of the round bottom using the nitrogen gas, and then the nitrogen gas tube was 

removed. The septum was left in to allow for only a nitrogen gas atmosphere. This reaction 

stirred for 24 hours, and then 10 mL of dichloromethane was used to dilute the solution, 

which was then washed using a separatory funnel with 5 mL of saturated sodium 

bicarbonate. The organic phase, the bottom layer, was extracted and dried using sodium 

sulfate. The product was a white powder, and an NMR indicated that there were some 

impurities, but the desired product was present.  
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Chapter 4: Conclusion and Future Works 

 

4.1: Conclusion 

 This investigation was to develop a greener chemical synthesis for L-arginine. The 

main goal was to form a synthesis with a high enough percent yield to make the synthesis 

industrially viable while generating less waste. Within the time span that the thesis 

provided, azlactone was able to be successfully synthesized using hippuric acid, which was 

orange needle crystals. An intermediate, 2-ph-4-(N-Cbz) azlactone, was formed using 3-

(N-Cbz) propanal and azlactone, which were white needle crystals. The desired enamide 

ester appeared to be formed through an acid/base reaction using CSA and methanol. 

However, there were some impurities found in the enamide ester solution, and time did not 

allow for a column to be performed. In addition, the first experiment yield was not high 

due to the challenges faced during the separation. The second step also produced a very 

low yield because of the necessary column and recrystallization. Due to the long duration 

to properly form these compounds, there was not enough time to move on to the next steps, 

nor were these steps able to be redone or successfully modified to produce a higher yield.  

 A successful aspect of this investigation was creating 2-ph-4-(N-Cbz) azlactone, 

and from our knowledge, this molecule has never been made before. Through 13C NMR 

and 1H NMR, the spectra indicated that the product was the 2-ph-4-(N-Cbz) azlactone. 

Another successful aspect was having a more thorough understanding of 3-(N-Cbz) 

propanal because it decomposes at a relatively lower temperature than compared to other 

cyclic aldehydes. It also does not react well with water, and a 2:3 ethyl acetate/hexane 

solution can separate it from 2-ph-4-(N-Cbz) azlactone. These small takeaways can be 
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useful to someone who hopes to use this aldehyde as a starting material because these 

understandings were found out later in time, and if they had been found earlier, the 

investigation could have been conducted further.  

 

4.2: Future Works 

 There are many avenues that can be taken for future works with this synthesis. One 

obvious avenue would be to completely synthesize L-arginine, which is spoken about 

further in 4.2.1. Another one would be to try to increase the yield for the 2-ph-4-(N-Cbz) 

azlactone and to make the Erlenmeyer reaction greener. One way to do this would be to 

remove the column chromatography and lower the waste of 3-(N-Cbz) propanal, which 

was attempted during this investigation but was unsuccessful. The method that was used 

and ways to improve it is further discussed in 4.2.2. The last avenue that will be discussed 

in this thesis is using mechanochemistry for one of the reactions in this synthesis.  

 

4.2.1: Complete Greener Chemical Synthesis for L-arginine 

 There are many steps that still need to be completed before L-arginine can 

successfully be synthesized. Figure 4.1 demonstrates the schematic for the next steps that 

will be discussed in this section. After opening the azlactone structure in 2-ph-4-(N-Cbz) 

azlactone, the first step would be to set the molecule in the right stereochemistry. It needs 

to be set in the L-arrangement. A green method to set chirality is with the DuPhos Catalyst. 

Within an inert atmosphere glovebox and then the addition of hydrogen gas, the DuPhos 

catalyst will set an enantiomerically pure structure with a high yield through 
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hydrogenation. This is demonstrated in figure 4.1 in the reaction labeled “Setting the 

Chirality”.  

 

Synthetic Scheme 9: 

 

Figure 4.1: The final steps in the synthesis to form L-arginine. 

 

The next step would be to remove the protective group 1. This could likely be done 

through the use of strong acid such as HCl in water.  Step two would be to remove the Cbz 

protective group (group 2). This can be done through hydrogenation with Pd/C because of 
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the difference in time duration for the hydrolysis33.  Through nucleophilic acyl substitution 

with urea, the guanidinium group can be formed34. The last step would be turning the ester 

into a carboxyl acid to complete the amino acid. This last step is called saponification which 

is just turning an ester into the corresponding acid and can be done in a variety of ways. 

Once all these steps are complete, L-arginine will be properly synthesized. 

 

4.2.2: Green Adaption to Erlenmeyer Reaction 

While the Erlenmeyer reaction works very well to synthesize 3-(N-Cbz) propanal 

into the 2-ph-4-(N-Cbz) azlactone, it is not as green of a synthesis because of the use of 

halogenated molecules, the necessity of column chromatography to remove the alumina, 

and the abundance of aldehyde. Remodeling the synthesis to work around these 

components would be a great step towards an eco-friendlier synthesis. In this section, 

former attempts to make this synthesis green is discussed, along with new avenues that can 

be taken.  

Halogens are group 17 on the periodic table. They are highly reactive and 

electronegative which make them extremely hazardous and toxic to biological organisms. 

The use of chloroform and dichloromethane make this synthesis not as green as it could 

be. Prior research conducted in the Kalberg Lab successfully substituted a halogenated 

solvent, dichloroethane, with a less hazardous non-halogenate solvent, methanol, for the 

one-pot synthesis. Since 3-(N-Cbz) propanal dissolves in methanol as discussed in 2.1.1, 

methanol could be used as an alternative for chloroform in the second step of the synthesis. 

As for the third step, methanol cannot be used as a substitute because it is the weak 

electrophile for the reaction and excess amounts of it could result in the reaction not 
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occurring properly. A different alternative solvent from methanol needs to be sought out 

to replace dichloromethane. 

 Alumina has been found to be important in synthesizing 2-ph-4-(N-Cbz) azlactone 

from 3-(N-Cbz) propanal because no other method has previously worked. The issue is that 

a column is used to remove the alumina and separate the aldehyde from the intermediate 

product. One method that was attempted was to use gravity filtration and recrystallization 

with 2:3 ethyl acetate/hexane instead of column chromatography. The procedure was to 

gravity filter the solution after the addition of alumina to 2-ph-4-(N-Cbz) azlactone and 

pure 3-(N-Cbz) propanal which would allow for 2-ph-4-(N-Cbz) azlactone, 3-(N-Cbz) 

propanal and chloroform to only be present in the solution. After the filtration, it was placed 

on the rotary evaporate to remove the chloroform and then dissolved in 2:3 ethyl 

acetate/hexane to be recrystallized.  

 The recrystallization did not separate the two compounds. Some future work would 

investigate another solution to recrystallize the mixture. After one hour, the crystals looked 

similar to the way the pure intermediate looked in solution. A different concentration of 

solution or a substitution for either ethyl acetate or hexane might allow for a successful 

recrystallization. Since the 1H NMR after the filtration showed that both 2-ph-4-(N-Cbz) 

azlactone and 3-(N-Cbz) propanal were both present, the filtration worked to remove the 

alumina, but now the two compounds must be successfully separated from one another to 

fully get rid of the column chromatography and still have a successful reaction.  

In addition to removing the column chromatography, figuring out either how to 

reduce the amount of aldehyde or how to reuse the aldehyde would allow for a greener 

synthesis. Some next steps would be to look into purifying the aldehyde because, after the 
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column chromatography, the excess aldehyde did have some impurities in it. Another step 

would be to use the excess with the normal procedure to see if running it through the 

column would separate 3-(N-Cbz) propanal from the rest of the solution. This would allow 

for less waste of the aldehyde without the additional waste from re-purifying it.  

 

4.2.3: Mechanochemistry  

 As the Erlenmeyer reaction stands right now, there is not a strong reason for it to 

be used with mechanochemistry because of the necessary column chromatography. If the 

substitution for it by using gravity filtration had worked, mechanochemistry would have 

been a great addition. Mechanochemistry would have been able to perform the reaction 

neat, without solvent.  

The hypothetical steps are as follows: 40 stainless steel balls are placed in the mill. 

The azlactone and the 3-(N-Cbz) propanal are shaken together for one minute. Alumina is 

added and shaken for two minutes. Chloroform is used to clean out the ball mill. The 

alumina and the stainless-steel balls are gravity filtered out. The solution is rotary 

evaporated, and the compound is recrystallized. 

Mechanochemistry has worked to synthesize the intermediate product of the two-

step synthesis from O-anisaldehyde. If the mechanism of the Erlenmeyer reaction could be 

understood more thoroughly, then it would make an easier adaptation to 

mechanochemistry. This would lead to an even greener synthesis for 2-ph-4-(N-Cbz) 

azlactone and, in the larger picture, L-arginine.  
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Appendix I: 1H and 13C NMR Spectra of Compounds Shown in Experimental 

Methods Section 
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Appendix II: TLC Plates from Column Chromatography to separate 2-ph-4-(N-

Cbz) azlactone from the mixture 
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