PRACTICAL SYNTHESIS OF METHYL-3-NITROBENZOATE AND NITROGUANADINE
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[bookmark: _Toc215777932]1.0 Introduction
This laboratory report aims to explore the synthesis of the energetic analogy Methyl-3-Nitrobenzoate and energetic material Nitroguanidine. The practical elements of this work were performed in explosively licenced teaching laboratories at The Defence Academy, Shrivenham under the supervision of staff from Cranfield University. No attempt should be made to replicate this work outside of such facilities and by non-SQEP individuals.
Methyl-3-Nitrobenzoate is a nitro aromatic ester with the empirical formula C₈H₇NO₄, Figure 1, [1]. 
[image: A drawing of a molecule
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[bookmark: _Toc215777945]Figure 1 - Chemical structure of Methyl-3-Nitrobenzoate [1]
It can be synthesised directly from Methyl-Benzoate, C8H8O2, through an electrophilic aromatic addition reaction with the balanced equation shown in Equation 1.
[bookmark: _Toc215777958]Equation 1 - Balanced equation for the synthesis of Mehtyl-3-Nitrobenzoate


Methyl-3-Nitrobenzoate was studied as it is inert, making it safe to handle, but also chemically similar to Di-Nitrotoluene (DTN), Figure 2. DNT can me synthesised using the same process but with Toluene used as the starting material and increased reaction temperature.
[image: A structure of a chemical formula
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[bookmark: _Toc215777946]Figure 2 - Chemical Structure of 2,4-Dinitrotoluene [2]
DNT is an important energetic material being used on its own as a plasticiser, deterrent coating and burn rate modifier in gun propellants [3]. It is also the precursor material for the most prevalent secondary explosive, Tri-Nitrotoluene (TNT). This reaction performs a further electrophilic addition under harsher conditions using Oleum and elevated temperatures [4]. 
Nitroguanidine is a nitroamine based secondary explosive with the empirical formula CH4N4O2, Figure 3, [5].
[image: A structure of a chemical formula
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[bookmark: _Toc215777947]Figure 3 - Chemical Structure of Nitroguanidine
It can be synthesised from the Guanidine Nitrate salt, CH5N3.HNO3 through an electrophilic addition reaction with the balanced equation shown in Equation 2.
[bookmark: _Toc215777959]Equation 2 - Balanced equation for the synthesis of Nitroguanidine


Nitroguanidine was studied due to its low sensitivity to shock or impact and its high chemical stability making it safer to handle within a teaching environment [6]. Nitroguanidine is an important energetic due to its use in triple base propellants where its high density (1.71 g/cm3) and detonation velocity (8200 m/s) coupled with its low heat of combustion (2730 kJ/kg) allows it to perform significant work at lower temperatures [6]. This helps to maintain high muzzle velocities whilst reducing barrel wear. 


[bookmark: _Toc215777933]2.0 Reaction Mechanisms
This section of the lab report will explore the reaction mechanisms for each synthesis including the role of each reagent.
[bookmark: _Toc215777934]2.1 Formation of the Nitronium Electrophile
Both reactions begin with the formation of a nitronium ion [7]. This is formed when H2SO4 donates a proton to the HNO3 acting as a reducing agent to form HSO4-, NO2+, and H2O as shown in Figure 4. 
[image: A diagram of a chemical reaction
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[bookmark: _Toc215777948]Figure 4 - Formation of the Nitronium Ion
This Nitronium Ion has a positive charge and will act as an electrophile in the subsequent reaction steps.
[bookmark: _Toc215777935]2.2 Electrophilic Aromatic Substitution of Methylbenzene
The next stage in the synthesis of Methyl-3-Nitrobenzene is the electrophilic aromatic substitution step. In the first phase of this reaction the electron dense pi bond of the aromatic ring attacks the positive nitrogen in the electrophile forming a carbocation intermediate [8] as shown in Figure 5.
[image: A diagram of a chemical reaction
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[bookmark: _Toc215777949]Figure 5 - Electrophilic attack and formation of the carbocation intermediate.
In this intermediate is stabilised by conjugation with two double bonds and forms three resonant structures. Here the positive charge is delocalised over three carbons in the resonant hybrid intermediate [9].
This positively charged intermediate is then oxidised by H2O in the solution with a lone pair on the oxygen removing the hydrogen from the hybridised carbon as shown in Figure 6.
[image: A black arrow pointing to a black arrow
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[bookmark: _Toc215777950]Figure 6 - Oxidation of the Carbocation Intermediate
This reaction results in the production of the desired product Methyl-3-Nitrobenzoate and a H3O+ ion which is later used in the regeneration of the H2SO4 catalyst.
[bookmark: _Toc215777936]2.3 Electrophilic Substitution of Guanidine
In the synthesis of Nitroguanidine instead of aromatic electrophilic substitution a standard electrophilic substitution reaction occurs. Here the lone pair on the double bonded nitrogen, which sits in a highly electron dense region, attacks the electrophile in the reaction shown in Figure 7.
[image: A diagram of a chemical reaction
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[bookmark: _Toc215777951]Figure 7 - Electrophilic attack and formation of positive intermediate ion.
This intermediate is favoured due to the increased electron density in the double bond which acts to stabilise the positive nitrogen [10], [11]. As in the previous reaction the H2O in the solution again oxidises the intermediate as shown in Figure 8.
[image: A black arrow pointing to a black arrow
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[bookmark: _Toc215777952]Figure 8 - Oxidation of the positively charged intermediate.
As before this reaction results in the formation of our product, Nitroguanidine, and the production of a H3O+ ion.
[bookmark: _Toc215777937]2.4 Regeneration of the H2SO4 Catalyst
In the final stage of both reactions the H3O+ ion reacts with the HSO4- ion donating a hydrogen and balancing the charges on both ions. This leads to the regeneration of H2SO4 fulfilling its role as a catalyst in the reaction and also the formation of H2O demonstrating the completion of the dehydration reaction. This is shown in Figure 9. 
[image: A black arrow pointing to a red circle
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[bookmark: _Toc215777953]Figure 9 - Reformation of Sulphuric Acid Catalyst
[bookmark: _Toc215777938]3.0 Recrystallization 
In both synthesis recrystallization was used to purify the resulting product. For Methyl-3-Nitrobenzoate the product was first washed with cold water. Here the Methyl-3-Nitrobenzoate is sparingly soluble allowing residual acid to be washed away without losing significant product. Then the product was dissolved in a minimal volume of hot ethanol.  Here Methyl-3-Nitrobenzoate is readily soluble so dissolves alongside impurities. This solution is then cooled. As it cools the Methyl-3-Nitrobenzoate becomes increasingly insoluble crashing out to form crystals whilst impurities remain dissolved in the solution [1]. These crystals can then be filtered out leaving a pure product.
A similar process was performed for Nitroguanidine but here water was used as the recrystallization solvent and the process occurred in one step. This is because Nitroguanidine has a strong temperature dependant solubility gradient in water [6] and less residual acid remained, enabling a simpler process to produce a pure product. 
[bookmark: _Toc215777939]4.0 Results
This section of the report will outline the apparent yield of each synthesis procedure alongside an image of the resulting product. The percentage yield is calculated using Equation 3.
[bookmark: _Toc215777960]Equation 3 - Calculations of theoretical and percentage yield


[bookmark: _Toc215777940]4.1 Methyl-3-Nitrobenzoate
[bookmark: _Toc215777956]Table 1 - Yield results for the synthesis of Methyl-3-Nitrobenzoate
	Mass of Methyl Benzoate:
	2.779 g

	Mass of Methyl-3-Nitrobenzoate:
	2.619 g

	Theoretical Yield:
	3.698 g

	Percentage Yield:
	70.82 %



[image: ]
[bookmark: _Toc215777954]Figure 10 - Crystal structure of synthesised Mehtyl-3-Nitrobenzoate
[bookmark: _Toc215777941]4.2 Nitroguanidine
[bookmark: _Toc215777957]Table 2 - Yield results for the synthesis of Nitroguanidine
	Mass of Guanidine Nitrate:
	3.954 g

	Mass of Nitroguanidine:
	1.960 g

	Theoretical Yield:
	3.371 g

	Percentage Yield:
	58.14 %
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[bookmark: _Toc215777955]Figure 11 - Crystal structure of synthesised Nitroguanidine
[bookmark: _Toc215777942]5.0 Discussion
The yields obtained during this experiment were promising for the experimental set up used although it was noted in further testing that the synthesised Methyl-3-Nitrobenzoate was not fully dry potentially increasing the apparent yield. 
In future experiments the yield may be improved further using the following techniques [12]:
· Extending the reaction time to ensure complete reaction of all reactants.
· Reducing losses to glassware by reducing the number of transfers and washing out product with insoluble liquid.
· Closely controlling the reaction temperature to reduce side reactions producing impurities.
· Improve the purity of initial reagents. 
· Increase the reaction scale.
Figures 10 and 11 also show the produced products were colourless suggesting the removal of major impurities. This is important in energetics manufacture as residual acids and other impurities can decrease the thermal stability of the material and negatively affect its handling sensitivity [13]. 
Figure 11 also shows that the Nitroguanidine produced formed crystals with long sharp needle shapes. Prior to use these crystals would need to be ground to for smaller more spherical crystals. This has two advantages:
· Decreased sensitivity due to a decreased probability of crystals fracturing providing energy for ignition [13].
· Improved processability.  As the Nitroguanidine is utilised in triple bas propellants as a particular suspension smaller round crystals improve the packing density and homogeneity of the mix improving performance [6].  
[bookmark: _Toc215777943]6.0 Conclusions
This lab report has outlined the synthesis of both Methyl-3-Nitrobenzoate and Nitroguanidine including the reactants, reaction mechanisms, purification steps and yield analysis. It has highlighted how these materials can be safely produced in a taught laboratory environment with high quality products produced. This report also discusses methods for improving the reaction yield and the importance of effective purification for ensuring chemical stability. Finally, it has highlighted the further post processing required to effectively utilise the produced material in a safe and effective system. 
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