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Abstract 

Context 

The presence of potentially carcinogenic nitrosamines in drugs has been a worldwide concern, driving 
strategies to control or mitigate their formation to protect patient health. Understanding the critical 
factors for N-nitrosation, such as mechanisms and energy barriers, enhances confidence in decision-
making for the risk assessment of nitrosamine formation. Evaluation of structural impact of amines on 
the N-nitrosation rate in the presence of nitrites and acidic media is of great interest to pharmaceutical 
companies assessing the risk of nitrosamine drug substance-related impurities. A range of secondary 
amines were explored using DFT calculations to assess the impact of electronic and steric effects on 
activation energy. Asym-N2O3 was selected as the nitrosating agent since its reaction was shown to be 
favourable following screening of pathways employing nitrosyl chloride, nitric acid, asym-N2O3, sym-
N2O3 and trans-cis-N2O3. The relatively low activation energies obtained for all amines indicate the 
reaction is very likely to occur if the reactive components encounter, even for amines with sterically 
hindered and electron-withdrawing groups. Understanding the interaction of amine and nitrosating 
agent is therefore the defining factor in the risk of formation of more complex nitrosamines within 
drugs. Furthermore, the amine pKa plays an important role in the relative reaction rates and should 
also be considered in risk evaluations.  

Methods 

Calculations were performed using Gaussian-16 program. The B3LYP-D3/def2-TZVP level of theory was 
applied for structure optimizations. The IEF-PCM implicit model was used for solvent effect. Intrinsic 
reaction coordinate calculations were carried out to connect the transition state with the associated 
minimum. 
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Introduction 

The formation of N-nitrosamines in drug products has received considerable attention after the 
detection of N-nitrosodimethylamine (NDMA) and N-nitrosodiethylamine (NDEA) in sartans [1]. 
Further investigations led to the discovery of N-nitrosamines in other pharmaceutical products such 
as metformin, ranitidine and varenicline [2, 3]. Whilst initial concerns related to the presence of small 
highly potent nitrosamines associated with drug substance synthesis, later the focus has transitioned 
to nitrosamine derivatives of larger more complex nitrosamines, commonly referred to as Nitrosamine 
Drug Substance-Related Impurities (NDSRIs) [4–6]. The presence of these substances within 
pharmaceutical compounds has been subject to rigorous and evolving regulations from worldwide 
health authorities [7–9], where the risk assessment for the presence of N-nitrosamines in different 
stages of the drug manufacture and during storage has been necessitated. A key aspect of the 
assessment is understanding the potential for nitrosamine formation, particularly of NDSRIs, where 
long-term exposure to low levels of nitrites in excipients can create a favourable environment for 
nitrosation. Increased understanding of the mechanism of N-nitrosation offers an avenue to assess the 
potential for nitrosation and thereby contribute to strategies to predict, mitigate or control N-
nitrosamine formation. 

There are different routes for the formation of N-nitrosamines but the predominant pathway in drug 
products is the co-presence of amines and nitrite impurities. Deactivated trialkyl amines are 
significantly less reactive than secondary amines (1000-times lower) [10], whereas primary amines 
generate unstable N-nitrosamines that readily degrade [11]. Secondary amines can therefore be 
considered the main risk of patient exposure. A nitrite requires the presence of acid or a suitable 
catalyst (e.g. formaldehyde) to generate the active nitrosating species [12, 13]. In acidic conditions, it 
is believed that the source of the nitrosation agents can be dinitrogen trioxide (N2O3), nitrosyl chloride 
(ClNO), nitrosonium ion (NO+) or protonated nitrous acid (H2NO2

+) depending on the precise reaction 
conditions [14] (Figure 1). Kinetic experiments have shown the species that would be more relevant 
for nitrosation within pharmaceutical formulations are either dinitrogen trioxide (N2O3) or nitrosyl 
chloride (ClNO) [15]. Three main isomers for N2O3 have been reported in the literature [16, 17], 
asymmetric N2O3 (asym- N2O3), symmetric N2O3 (sym- N2O3), and trans-cis N2O3. The most stable 
isomer is asym-N₂O₃ and is therefore expected to be the predominant species [18, 19]. 
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Figure 1. Potential nitrosating agents generated when nitrites are in acidic conditions. 

 

Whilst the reaction of secondary amines with nitrites has been extensively studied kinetically [15, 20–
23], to date there is still a lack of understanding about how electronic and steric effects influence the 
reaction. A powerful way to assess these properties is through computational (simulation) approaches, 
which provides the detailed examination of reaction pathways. Density Functional Theory (DFT) is one 
of the most widely used quantum mechanical methods for studying small organic molecules and 
reaction mechanisms. DFT calculations can provide insights into reaction pathways by calculating 
reactant, product and transition state energies, enabling the prediction of reactivity trends based on 
electronic and steric factors. Computational studies complement experimental data and help explain 
the fundamental factors governing chemical reactivity by calculating potential energy surfaces, 
activation barriers, transition state geometries, and electronic properties. 

Herein, we utilise DFT to assess the N-nitrosation of a variety of simple secondary amines via 
nitrosation agents which may be generated from nitrites in acidic media. The aim of which is to further 
our understanding of the formation of nitrosamines to enable risk assessments for nitrosamine 
formation of NDSRIs and other small molecule secondary amines, considering the local environment 
of the nitrogen. 

 

Computational methods 

DFT calculations were performed using Gaussian-16 [24] with an ultrafine integration grid. All 
structures were fully optimized with the B3LYP [25–27] functional using the def2-TZVP [28] basis set 
and including empirical dispersion corrections using the Grimme D3 (GD3) method [29]. The IEF-PCM 
[30, 31] implicit model was used to include solvent effects. Vibrational frequency calculations at 298.15 
K (1 atm) were used to confirm that stationary points were either minima or first-order saddle points 
on the potential energy surface. Intrinsic reaction coordinate (IRC) calculations were performed to 
confirm that each transition state (TS) connects reagents and products with the corresponding 
transition states. Structures were visualized with GaussView 6.1.1. [32] and CYLview [33]. Graphs were 
created using Plotly Chart Studio and Canva. 
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Results and discussion 

Structures of nitrosating agents and transition state energies. DFT calculations were performed to 
study the reaction mechanism involved in nitrosamine formation. Nitrosyl chloride, nitric acid and the 
three isomers of dinitrogen trioxide (asym- N2O3, sym- N2O3 and trans-cis N2O3) were individually 
evaluated for the N-nitrosation of dimethylamine (DMA). Transition states were subsequently 
identified for each of these isomeric forms, as well as NOCl and HNO2 (Scheme 1). 

 

 

Scheme 1. Reaction mechanism for N-nitrosation of DMA by nitrosyl chloride, nitric acid and dinitrogen 
trioxide. 

 

The optimized structural geometries for reactants, products and transition states for the pathways 
displayed in Scheme 1 were calculated to obtain the most favourable mechanism to consider in our 
evaluation of reactivity of secondary amines. 

The energy profiles for the nitrosation of DMA by asym-N2O3, trans-N2O3 and sym-N2O3 are 
represented in Figure 2. The energies are relative to the energy of asym-N2O3 + DMA, as they 
demonstrated to be the most stable reactants. All three transition states for the N2O3 isomers were 
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calculated. Overall, the transition state for asym-N2O3, TS-1 (3.0 kcal mol-1) presented the lowest 
relative energy, followed by trans-N2O3, TS-2 (3.2 kcal mol-1) and then sym-N2O3, TS-3 (5.4 kcal mol-1). 
In terms of the barrier, the process for trans-N2O3 (TS-2, -3.1 kcal mol-1) and sym-N2O3 (TS-3, -0.3 kcal 
mol -1) are barrierless which was already reported previously [18]. However, when the pre-complexes 
PC-1 (-1.6 kcal mol-1), PC-2 (1.0 kcal mol-1) and PC-3 (3.5 kcal mol-1) are considered, the N2O3 structures 
are stabilized by interaction with DMA lowering the reactants energies (Figure 2). As a result, a barrier 
of 4.6 kcal mol-1, 2.2 kcal mol-1 and 1.9 kcal mol-1 for TS-1, TS-2 and TS-3, is calculated. 

 

Figure 2. Gibbs free energy (G) profiles of the N-nitrosation of DMA by N2O3 isomers at the B3LYP-
D3/def2-TZVP (IEF-PCM:water) level of theory. Bond lengths are shown in Å. 

 

Despite the higher barrier existing for the pathway with the asym-N2O3 isomer, the process is still very 
energetically favourable and since the reactants DMA + asym-N2O3 are more stable relative to the 
other isomers with DMA, asym-N2O3 was considered as the primary nitrosation agent for further 
investigations [18, 34, 35]. Moreover, the energy for the interconversion among the isomers is very 
high and unlikely to occur within the drug product processing [18]. 

The energy profiles considering NOCl and HNO2 as nitrosating agent were also calculated (Figure 3). 
The energies showed in the Figure 3 are relative to the respective reactants. The transition states 
calculated for both TS-4 and TS-5 are water assisted 6-membered systems. Starting with HNO2, as 
expected, the results demonstrated a very high energy barrier (24.8 kcal mol-1) while the nitrosyl 
chloride showed a much lower energy barrier (4.7 kcal mol-1) than HNO2 and comparable but still 
higher than the barrier of asym-N2O3 isomer (3.0 kcal mol-1).  

Attempts to obtain the transition state of direct nitrosation of DMA by the nitrosonium ion were made; 
however, no saddle point was found. The structure of the transition state appears to be too unstable 
and all the simulations converged to the structure of the product NDMA. 
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Figure 3. Gibbs free energy (G) profile of the N-nitrosation of DMA by HNO2 and NOCl at the B3LYP-
D3/def2-TZVP (IEF-PCM:water) level of theory. Bond lengths are shown in Å. 

 

Steric and electronic effects of N-nitrosation of secondary amines by asym-N2O3. The activation and 
free energies for the N-nitrosation reaction of 24 secondary amines by asym-N2O3 were evaluated. The 
selection of secondary amines was undertaken to investigate the impact of steric hindrance and 
electronic factors, while maintaining small molecular size to keep computational time reasonable. 

Acyclic amines, heterocyclic amines and aromatic amines were all incorporated into the study (Figure 
7). Optimization of reactants, products and transition states structures were performed for all amines. 
All the transition state geometries found presented a similar 5-membered cyclic transition states as 
TS-1 (Figure 4, Figure 5 and Figure 6). 
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Figure 4. Geometries of transition states for TS-6 to TS-14 related to acyclic amines 6-14. 

 

 

Figure 5. Geometries of transition states for TS-15 to TS-22 related to heterocyclic amines 15-22. 
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Figure 6. Geometries of transition states for TS-23 to TS-28 related amines 23-28. 

 

The results for acyclic amines 1, 6-14 demonstrated that steric effects influence their reactivities. 
Among the amines studied, DMA (1) exhibited the lowest energy barrier at 2.97 kcal mol-1 and 
dicyclohexylamine (14) had the highest at 9.58 kcal mol-1. The results for the heterocyclic amines 15-
22 showed that structures with the pyrrolidine core present lower reactivity than piperidines. 
Pyrrolidine (15) having the lowest activation energy at 1.97 kcal mol-1, whereas 2,6-dimethylpiperidine 
(22) had the highest at 9.53 kcal mol-1. The presence of an additional heteroatom in the ring influenced 
the energy barrier, with morpholine (20) showing a higher activation energy (9.18 kcal mol-1) compared 
to piperidine (19) (6.61 kcal mol-1). 

The free energy across all the alkyl amines studied (acyclic and heterocyclic amine) was in a range of -
21.49 to -15.38 kcal mol-1, demonstrating that the reaction is thermodynamically highly favourable. 
The low energy barrier for N-nitrosation indicates the reaction is likely to occur easily, although at 
different rates due to the different activation energies. Furthermore, the high reactivities of the amines 
indicates an encounter-controlled reaction. In such cases, the reaction is primarily governed by the 
diffusion of the reactants rather than the reactivity of the amine. This observation aligns with previous 
findings from experimental kinetics studies [22], which support our results. 

Considering the aromatic amines 24, 25 and 27, the energy barrier clearly decreases in the presence 
of an electron donating group and increases with an electron withdrawing group in the aromatic ring, 
as demonstrated by the barrier decreasing across the series of 4-cyano-N-methylaniline 27 (16.10 kcal 
mol-1), N-methylaniline 25 (10.34 kcal mol-1) and 4-methoxy-N-methylaniline 24 (7.15 kcal mol-1). 
Additionally, amines 23, 26 and 28 were selected to evaluate the electronic effects of the groups 
directly attached to the nitrogen. The activated amine 23 demonstrated to be more reactive (5.25 kcal 
mol-1) and the deactivated amines 26 and 28 showed higher barriers at 13.43 kcal mol-1 and 18.76 kcal 
mol-1, respectively. Lastly, concerning to free energy, the amines 23-28 are thermodynamically 
favourable with free energies from -17.87 kcal mol-1 to -3.77 kcal mol-1, however to a lesser degree 
than the aliphatic amines. 
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Figure 7. Calculated free energy and activation energy in kcal mol-1 for the N-nitrosation of 24 
secondary amines by asym-N2O3. Calculations performed at the B3LYP-D3/def2-TZVP (IEF-PCM:water) 
level of theory. 

 

It is noteworthy that the aliphatic amines have lower activation energies than the aromatic amines 
which may relate to the nucleophilicity of the amine. However, since acidic conditions are required to 
generate the active nitrosation species, whilst most of the amine will be protonated rather than in 
their free base form, rendering it inactive to nitrosation. This will interfere with the observed rate of 
reactivity of the N-nitrosation reaction. 

The concentration of the free base will be dependent on its pKa (the lower the pKa the higher the 
concentration). For instance, it is expected the concentration of the active free base for N-
methylaniline (pKa = 4.85) [36] to be higher than the concentration of the free base for DMA (pKa = 
10.92) [37] which would result in a faster reaction for N-methylaniline, considering only the 
concentration factor. In contrast, N-methylaniline (10.34 kcal mol-1) has a higher activation energy than 
DMA (2.97 kcal mol-1), making DMA more reactive than N-methylaniline. Therefore, the actual reaction 
rate will depend on both, the pKa and the activation energy. 

The fraction of the free base for an amine with single pKa can be calculated according to equation 1 
[14]: 

𝑠𝑖𝑛𝑔𝑙𝑒 𝑝𝐾𝑎  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑏𝑎𝑠𝑒 =  𝐾𝑎[𝐻+]1 + 𝐾𝑎[𝐻+] =  𝐾𝑎[𝐻+] + 𝐾𝑎             (1) 

The rate constant k and the activation energy ΔG‡ of a reaction is correlated in the Eyring equation 
(equation 2): 
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𝑘 =  𝑘𝑏𝑇 ℎ 𝑒−𝛥𝐺‡𝑅𝑇                 (2) 

 

The rate equation for the N-nitrosation reaction by N2O3 can be expressed as below (equation 3) [15]: 𝑟𝑎𝑡𝑒 = 𝑘𝑜𝑏𝑠[𝐻𝑁𝑂2]2[𝑅2𝑁𝐻] 𝑤ℎ𝑒𝑟𝑒 𝑘𝑜𝑏𝑠 =  𝑘𝑁2𝑂2𝑥 𝐾𝑁2𝑂2             (3) 

 

In the equation 3, the observed rate constant (kobs) is composed by the second-order rate constant for 
nitrosation of the amine when N2O3 (kN2O3) is the nitrosating agent and the equilibrium constant for 
the formation of N2O3 (KN2O3) [15]. 

If we consider that the concentration of R2NH is the fraction of free base of the amine ([DMA] = 1.2 × 
10-8 and [N-methylaniline] = 1.39 × 10-2 in pH = 3, calculated according to equation 1). The κN2O3 is the 
rate constant (κDMA and κN-methylaniline) calculated according to equation 2 using the ΔG‡ value from the 
DFT calculation result (ΔG‡

DMA = 2.97 kcal mol-1 and ΔG‡
N-methylaniline = 10.34 kcal mol-1). The reaction rate 

ratio for the N-nitrosation of N-methylaniline and DMA is 4.6 (equation 4). Thus, N-methylaniline is 
likely to react faster than DMA which is in accordance with experimental results [15]. 

 𝑟𝑎𝑡𝑒𝑁⎯methylaniline𝑟𝑎𝑡𝑒𝐷𝑀𝐴 =  𝐾𝑁2𝑂3 𝑘𝑁⎯methylaniline [𝐻𝑁𝑂2]2 [𝑁⎯𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑛𝑖𝑙𝑖𝑛𝑒]𝐾𝑁2𝑂3  𝑘𝐷𝑀𝐴 [𝐻𝑁𝑂2]2 [𝐷𝑀𝐴] = 4.6         (4) 

 

The results demonstrated the calculated activation energy affects the reactivity of the reaction 
however it does not directly correlate with the experimental constant rates as the reaction is also 
dependent on the pKa of the amine. 

Moreover, this study indicates that nitrosamines are very likely to form when secondary amines are 
exposed to nitrite in acidic conditions. Considering that nitrites are frequently found in excipients [38], 
one approach to address the risk is the use of scavengers. The scavengers can remove nitrite impurities 
from the drug formulation, thereby reducing the likelihood of N-nitrosamine formation [39]. Some 
potential scavengers for nitrite have been studied and the use of p-aminobenzoic acid (PABA) has 
demonstrated good results for N-nitrosamine inhibition [40, 41]. PABA is a primary amine that reacts 
with nitrite giving an unstable primary N-nitrosamine and, consequently, rapidly degrades to the 
corresponding diazonium ion (Scheme 2). 

 

 

Scheme 2. Degradation of a primary amine to the diazonium ion. 
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DFT calculations were performed to gain more insight about the action of PABA as a scavenger. The 
energies of the reactants PABA + asym-N2O3, the transition state TS-29, the nitrosated PABA (NO-PABA) 
and the 4-carboxybenzenediazonium were calculated and depicted in Figure 8. The activation energy 
for the N-nitrosation step (18 kcal mol-1) is high compared to most of the activation energies (1.97-
18.76 kcal mol-1) for the secondary amines calculated previously (Figure 7). However, the free energy 
for the whole process from the reactants PABA + asym-N2O3 to the product 4-
carboxybenzenediazonium is considerably high (-50.8 kcal mol-1) and therefore thermodynamically 
very favourable, thus drives the reaction towards the product. In addition, the calculations were also 
performed for aniline to assess the influence of the presence of the carboxylic acid in the aromatic ring 
of PABA. The results demonstrated similar but lower overall energy in the energy profile, showing an 
activation energy of 14.0 kcal mol-1 from reactants aniline + asym-N2O3 to the transition state TS-30 
and free energy of -59.0 kcal mol-1 from reactants aniline + asym-N2O3 up to the product 
benzenediazonium. 

 

Figure 8. Gibbs free energy (G) profile of the N-nitrosation of PABA and aniline by asym-N2O3 at the 
B3LYP-D3/def2-TZVP (IEF-PCM:water) level of theory. Bond lengths are shown in Å. 

 

Finally, two complex secondary amines were investigated, the API varenicline and the sitagliptin 
impurity (TTP) to evaluate the energy profile for the N-nitrosation reaction (Scheme 3).  
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Scheme 3. N-Nitrosation of varenicline and sitagliptin impurity (TTP). 

 

The energies of the reactants, transition states (TS-31 and TS-32) and the nitrosated products (NO-
varenicline and NTTP) were calculated (Figure 9). Varenicline showed lower activation energy (2.5 kcal 
mol-1) than TTP (10.2 kcal mol-1) and therefore, it is more reactive towards nitrosation. However, as 
demonstrated previously, the pKa of the amine also plays a role and needs to be taken in consideration. 
The relative low activation energy suggests that both amines undergo facile nitrosation, which aligns 
to their reporting as nitrosamine drug substance-related impurities [42, 43]. 

 

Figure 9. Gibbs free energy (G) profile of the N-nitrosation of varenicline and the degradant of 
sitagliptin by asym-N2O3 at the B3LYP-D3/def2-TZVP (IEF-PCM:water) level of theory. Bond lengths are 
shown in Å. 

 

Conclusions 

The energy profile for the N-nitrosation reaction of DMA, considering asym-N₂O₃, sym-N₂O₃, trans-cis-
N₂O₃, NOCl, and HNO₂, was investigated using DFT. The asym-N₂O₃ was found to be the favourable 
species and was therefore used to evaluate the steric and electronic effects for 24 secondary amines. 

The results for aliphatic amines demonstrated that steric hindrance increases the activation energy of 
the reaction, although the barrier is still very low (2-10 kcal mol-1), suggesting that the reaction will 
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predominantly be encounter-controlled. Aromatic amines and amines bearing electron-withdrawing 
groups directly attached to the nitrogen atom have relatively higher activation energy (7-18 kcal mol-
1) compared to aliphatic amines and are therefore less reactive. However, the availability of the active 
free base is significantly higher in acidic media due to their lower pKa, resulting in an increased reaction 
rate. 

Additionally, the mechanism by which the scavenger PABA captures nitrites was investigated, 
demonstrating the reaction is thermodynamically very favourable to the formation of the diazonium 
ion, presenting a free energy of -59.0 kcal mol-1. The activation energies for varenicline and the 
sitagliptin impurity (TTP) were also calculated, showing low barriers of 2.5 kcal mol-1 and 10.2 kcal mol-
1, respectively. These low activation energies suggest that nitrosation is likely to occur for these 
pharmaceutical compounds. 

Within the context of pharmaceuticals, the apparent lack of a significant barrier for the nitrosation of 
secondary amines across a range of steric and electronic influences indicates the formation of 
nitrosamines during manufacture and storage remains a credible risk irrespective of the amine 
structure. Risk assessments for demonstrating pharmaceutical safety will therefore rely on control of 
the contributing species (amines and nitrite) and/or efforts to define the kinetics of diffusion within 
drug product formulation to understand the long term risk of nitrosamine formation. 
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