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1. [bookmark: _Toc215824491]Introduction
Nitration reactions are an important class of organic reactions used to introduce nitro functional groups, which play a significant role in the synthesis of industrial chemicals and energetic materials [1] [2] [3]. The aim of this experiment was to synthesise methyl-3-nitrobenzoate and nitroguanidine using controlled nitration and dehydration processes, and to evaluate how reaction conditions influenced yield and product quality.
Methyl-3-nitrobenzoate was synthesised by nitrating methyl benzoate with a mixture of concentrated nitric and sulphuric acids. This reaction proceeds via electrophilic aromatic substitution, where the nitronium ion acts as the electrophile and the ester functional group directs substitution to the meta position of the benzene ring [2] [4]. Due to the highly exothermic nature of the reaction, careful temperature control was required to prevent dinitration and the formation of undesired by-products [5].
Nitroguanidine was produced through the dehydration of guanidine nitrate using concentrated sulphuric acid. This reaction involves electrophilic substitution at a nitrogen centre rather than an aromatic system and produces an energetic compound commonly used in explosives and propellants [5] [6].
A comprehensive list of equipment and chemicals can be found in the appendix, along with methods for both procedures.
1.1. [bookmark: _Toc215824492]Methyl 3-Nitrobenzoate
To conduct this procedure Methyl Benzoate () liquid was used. It is a benzoate ester and has been used widely across multiple industries finding use as a food additive and flavouring and occurs naturally in certain fruits (including mango. Guava and kiwifruit); in perfumes and cosmetics; additionally it has been used in the manufacture of pesticides [7] [8] [9] [10]. 
When methyl benzoate is added to a volume of concentrated sulphuric acid () and then nitrated,  electrophilic aromatic substitution (EAS) occurs. 
During the first step of the process, the addition of concentrated nitric acid (), the cationic bonds are broken in  protonates the , producing an  electrophile and. 
the electrons in the π orbital of the aromatic ring attack the  electrophile and form a σ complex. Due to the occupation of the carbonyl group at the ortho position of the aromatic ring, this takes place at the para position, resulting in a resonance hybrid.
In the second stage, the aromaticity is restored through deprotonation of the resonance hybrid and attaching of the nitro group to the benzene ring. The Nitro group bonds with Carbon at the meta location of the benzene aromatic ring and produces Methyl 3-Nitrobenzoate [2] [1] [3]. 
The mechanics of EAS is shown in Figure 1, with an overview of methyl benzoate nitrated to Methyl 3-nitrobenzoate shown n Figure 2.
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[bookmark: _Ref215696735][bookmark: _Toc215824521]Figure 1 - Overview of Electrophilic Aromatic Substitution - using a generic benzene ring [11]
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[bookmark: _Ref215696744][bookmark: _Toc215824522]Figure 2 - Overview of the Nitration of Methyl Benzoate [10]  into Methyl 3-Nitrobenzoate [12]

1.2. [bookmark: _Toc215824493]Nitroguanidine
Nitroguanidine (NQ - ) is derived from Guanidine Nitrate (GN - ) [13]. It is an energetic compound used in explosives, propellants and other fields [14]. To obtain NQ from GN, the solid was dissolved in 5 millilitres  (ml) of concentrated , during a reaction stage, before being recrystallised and dried.
The reaction dehydrates GN, Producing NQ and . An overview of the process is shown in Figure 3.

[image: Insensitive High Explosives: III. Nitroguanidine – Synthesis – Structure –  Spectroscopy – Sensitiveness - Koch - 2019 - Propellants, Explosives,  Pyrotechnics - Wiley Online Library]
[bookmark: _Ref215696797][bookmark: _Toc215824523]Figure 3 - Nitroguanidine obtained from Guanidine Nitrate [5]

In this reaction, no aromatic ring is present. Electrophilic Substitution takes place at the Nitrimino Nitrogen group, where the  electrophile (created by the dehydration process) attaches [6] [15]. 
1.3. [bookmark: _Toc215824494]Hypotheses and key variables
Nitration of methyl benzoate and the dehydration of GN are both highly exothermic reactions. Temperature must be regulated and kept cool (between 5-10) as this has an impact on the selectivity and purity of the products. If the temperature rises above this, it is possible that selectivity can be affected as well as the possibility of dinitration, resulting in isomers or undesired products. These factors will have a considerable impact on both eh crystal morphology of the products, and any discrepancies could impact both the yield quantities and quality of the products [16] [17] [4].
 
1.4. [bookmark: _Toc215824495]Equations 
To calculate the yield of both experiments the following formula were used:
1.4.1. [bookmark: _Toc215824496]Methyl 3-Nitrobenzoate:
The formula used to calculate the theoretical yield is shown in Equation 1, with the formula used to calculate the percentage yield shown in Equation 2. 
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[bookmark: _Ref215707974][bookmark: _Toc215824536]Equation 1 - Theoretical yield formula
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[bookmark: _Ref215708013][bookmark: _Toc215824537]Equation 2 - Percentage  yield formula

1.4.2. [bookmark: _Toc215824497]Nitroguanidine:
To calculate the percentage yield of NQ, the following equation was used:
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[bookmark: _Ref215768747][bookmark: _Toc215824538]Equation 3 - Percentage yield of  Nitroguanidine













2. [bookmark: _Toc215824498]Results and Discussion 
2.1. [bookmark: _Toc215824499]Methyl-3-Nitrobenzoate:

	
	Mass
(g)
	Theoretical Yield
(g)
	Actual Yield
(g)
	Percentage Yield
(%)

	Methyl benzoate
	2.703
	-
	-
	-

	Methyl 3-nitrobenzoate
	-
	3.597
	2.295
	63.80



Table 1 - Starting Mass, theoretical, actual and percentage yield of Methyl benzoate and Methyl 3-nitrobenzoate
To calculate the molecular weights, the following values were used:
	H
	=
	1

	C
	=
	12

	N
	=
	14 

	O
	=
	16



This provided the following molecular weights for the calculation:
	Methyl benzoate
	=
	136 g/Mol

	Methyl 2 -Nitrobenzoate
	=
	181 g/Mol



These values were substituted into Equation 1 provided earlier

The final mass of methyl 3-nitrobenzoate was 2.295g, which was a percentage yield of 63.80%. Where this was 36.2% less than anticipated, it is possible that temperature, rate of reaction, and availability of reactants contributed to the lower-than-expected result.
Early in the reaction when  was added to  temperature changes occurred rapidly (fluctuating between 5-10°C) even when placed in an ice-bath. It is possible that this may have affected the EAS process, resulting in a lower number of nitronium electrophiles bonding to the benzene ring, resulting in a lower mass of the final product. 
Whilst conducting the nitration process, the above was also observed. However, as the nitration progressed the temperature fluctuations became less extreme, which is indicative that the reaction had neared completion.
During the nitration process, a larger volume of warm distilled water was added to dissolve the resonance hybrid, and the lower concentration could also have contributed to a lower final result. Should the inexperienced individuals gain more exposure to this procedure, it is likely that a second attempt would produce a mass closer to the theoretical prediction.

2.2. [bookmark: _Toc215824500]Nitroguanidine:
	
	Mass
(g)
	Actual Yield
(g)
	Percentage Yield
(%)

	Guanidine nitrate
	4.00
	-
	-

	Nitroguanidine
	-
	2.333
	68.41



The percentage yield of NQ was calculated using Equation 3, resulting in a percentage yield of 68.41%.
As with the previous, throughout the experiment temperatures increased as reactants were introduced, however, as these were depleted the temperature increases were far less pronounced and happened slowly. This enabled better temperature regulation, likely enhancing the NQ produced. Further research suggested that alternative methods exist relating to NQ synthesis, and that methods such as continuous flow synthesis (CFS( can result in greater qualitative and quantitative yields [18].
It was observed that there were numerous long thin crystals formed During the recrystallisation process. Where the NQ was allowed to cool to room temperature before drying, slowing this process (by means of controlled cooling) may improve both crystal formation and quality [19].

2.3. [bookmark: _Toc215824501]Experimental limitations 
Whilst the experiment was successful in achieving its aim, the inexperience of some students was a clear limitation. Some interpretation of the addition of some reactants was misunderstood; time should be taken by those performing the experiment to familiarise themselves with the wording and procedures. This was a product of limited time (and laboratory exposure), and more of a qualitative limitation. 
Relating to the synthesis of both experiments, the rate and technique of stirring may also have an influence on the quality of product. During this experiment, stirring was done at a conservative rate, increasing this would influence the occurrence of electrophiles coming into contact and likely increase yield [20].






3. [bookmark: _Toc215824502]Conclusion 
The synthesis procedures were both successful however, further improvements in efficiency could be made. Where this was the first exposure of students to these practical processes, the products of Methyl 3-Nitrobenzoate and NQ were achieved. Temperature regulation played a key role in the formation of these products insofar as some increases were much faster than anticipated. Knowledge of this should be taken forward should the experiment be conducted again in the future. 
Further studies on the impact of temperature, concentration and volume of  and , alongside exploration of their ratios could be conducted to explore the processes of EAS and ES in the synthesis of Methyl 3-nitrobenzoate and Nitroguanidine. 
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4. [bookmark: _Toc215824504]Appendix: 
4.1. [bookmark: _Toc215824505]Equipment:

	Experiment 1 – 
Methyl 3-nitrobenzoate
	Qty.
	Experiment 2 –
Nitroguanidine
	Qty.

	Sulphuric Acid
	5
	Sulphuric Acid
	5

	Nitric Acid
	2
	Guanidine nitrate
	4.0g

	Methyl benzoate
	2.7g
	Distilled water
	As required

	Ethanol
	As required
	Thermometer
	1

	Distilled water
	As required
	Glass Rod
	1

	Pasteur pipette
	1
	Buchner Flask
	1

	Thermometer
	1
	Buchner Funnel
	1

	Glass Rod
	3
	Filter paper
	As required

	Buchner Flask
	1
	Ice
	As required

	Buchner Funnel
	1
	Ice bucket
	1

	Filter paper
	As required
	10 ml Measuring cylinder
	1

	Ice
	As required
	50 Beaker
	2

	Ice bucket
	1
	150 Beaker
	1

	5  Conical Flask
	1
	Clamp
	

	25  Conical Flask
	2
	Clamp Stand
	

	10 ml Measuring cylinder
	1
	
	

	50 Beaker
	1
	
	

	100 Beaker
	1
	
	

	Clamp
	
	
	

	Clamp Stand
	
	
	



4.2. [bookmark: _Toc215824506]Method: 
[bookmark: _Toc215824507]Method – Experiment 1 – Methyl 3-Nitrobenzoate

Reaction Procedure
1. In a reaction fume cupboard, weigh out 2.7g of methyl benzoate into a 25 conical flask using a Pasteur Pipette.
2. In the ducted fume cupboard, measure out 5 of concentrated sulfuric acid using a 10ml measuring cylinder, add to the methyl benzoate.
3. Swirl the flask gently to mix and cool the mixture by placing the conical flask in ice.
4. In a separate 5  conical flask, prepare the nitrating mixture. Using a 10ml measuring cylinder, measure 2 of concentrated sulfuric acid and transfer to the conical flask labelled mixed acid.
5. add 2 of concentrated nitric acid to this, using the same measuring cylinder.
6. Cool the mixed acids to 5C by placing the conical flask in ice.
7. When the methyl benzoate mixture reaches 5°C add the nitrating mixture drop by drop to the solution of methyl benzoate using a pipette (ensure the nitrating mixture does not get into the rubber teat).
8. Stir the mixture with a glass rod keeping the temperature below 10°C. allow the mixture to cool to 5°C between additions.
9. When all the nitrating agent is added, leave the mixture to stand at room temperature for 15 minutes. This will be a very slow process for the first half of the mixed acid addition, due to the exothermic nature of the reaction – at the point of equilibrium the addition generates less heat, and the addition speed can be increased.
10. During the 15 minute waiting period weigh out approximately 25g of crushed ice and place this in a 100 beaker.
11. Pour the reaction mixture from the conical flask onto the ice, stir until all the ice has melted and crystalline methyl 3-nitrobenzoate has formed.
Recrystallisation procedure:
12. Move the filtration equipment from the bench to the ducted fume cupboard. Fit the Buchner funnel into a Buchner flask and clamp this in place to prevent it falling over. Place the filter paper in the Buchner funnel and dampen this with a small amount of chilled distilled water. Connect the flask to the vacuum line using rubber tubing.
13. Gently open the vacuum, pour the contents of the beaker into the filter funnel. Wash the crystals thoroughly with cold distilled water and remove excess water using the vacuum on a high setting for 5 minutes.
14. Transfer the crystals to a 50 beaker.
15. Place 15 of ethanol into a small conical flask stand on the hot water bath to warm the ethanol to 50°C
16. Place the beaker containing the sample on the water bath and pour small portions of the hot ethanol onto the crystals, stirring with a clean glass rod until the solid just dissolves. Do not pour the entire volume of ethanol onto the crystals.
17. Remove the beaker from the water bath and place onto a white ceramic tile. Leave the solution to cool to room temperature then immerse the beaker in ice water to allow the crystals of pure methyl 3-nitrobenzoate to form.
18. Place the used Buchner funnel and flask at the back of the fume cupboard. Set up a clean Buchner funnel and flask, with a clean filter paper in the funnel. Dampen the filter paper with a small amount of ethanol and turn on the vacuum. Filter the product on the vacuum and dry the product by leaving the vacuum on for a few minutes. Transfer the product into a labelled, weighed sample bottle.

[bookmark: _Toc215824508]Method – Experiment 2 – Nitroguanidine

Reaction procedure:
1. In the fume cupboard carefully measure out 5 of concentrated sulphuric acid using the measuring cylinder. Pour this into a 50beaker and place into the ice on the bench, ensuring not to spill any acid. Using a thermometer wait for the temperature to fall below 5°C.
2. While the acid is cooling, weigh out 4g of guanidine nitrate into a weighing bottle.
3. Once cooled, add small portions of guanidine nitrate to the sulphuric acid, using a glass rod to stir and break up any solid lumps. Ensure that the temperature does not exceed 10°C throughout the process.
4. When all the solid guanidine nitrate has been added, allow the mixture to stand for 2-3 minutes. Place a filter paper into a Buchner funnel and damped with a small amount of distilled water. Clamp the Buchner flask in place to prevent it from falling over, then fit the Buchner funnel to the flask using a rubber collar. Connect the flask to the vacuum using a rubber hose.
5. After 2-3 minutes, pour out the mixture into a second 50 beaker containing 30 of water with a little ice and mix well with a glass rod. Ensure the product has fully precipitated by repeatedly pouring between the beakers.
6. Open the vacuum up and pour the contents of the beaker slowly into the funnel. Use a spatula to remove as much of the product from the beaker as possible.
7. Wash the crude product with a little cooled distilled water, then remove the water by vacuum filtration.
Recrystallisation Procedure:
1. Transfer the crude product into a 150 beaker. Add hot distilled water until the solid just dissolves, whilst heating and stirring on the boiling water bath.
2. When all the product has been dissolved remove the beaker from the heat, allow it to cool to room temperature. Once cooled, place the beaker in the ice. Crystals of the product will begin to form as the solution cools.
3. Clean the Buchner flask and funnel, place a clean filter paper into the funnel.
4. When the recrystallisation is complete, filter the product under vacuum. Wash the material with a little cool distilled water and dry the product by maintaining the vacuum in the filter apparatus.
5. Transfer the partially dried product into a weighed and labelled bottle.
6. Give the sample to a member of lab staff, who will dry this under vacuum.
7. Once completely dry, reweigh the bottle and calculate the weight of product.


2

image2.png
Prifysgol Cymru

Y Drindod Dewi Sant
University of Wales
Trinity Saint David




image3.emf
 

Abstract The following report relates to the syntheses of methyl-3-nitrobenzoate and nitroguanidine at Cranfield University.   The mechanisms of the nitration and dehydration were explored relative to the two experiments undertaken, by comparison of the final products. Temperature control was identified as a critical factor in the process. Variations in reactant addition rates, temperature fluctuations, and recrystallization procedures influenced both yield and crystal morphology. These results underscore the importance of precise experimental control in optimizing nitration and nitrogen-cantered electrophilic substitution reactions, providing insight into factors governing efficiency and product quality in laboratory-scale syntheses 
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