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Abstract 

The formation of a peptide bond from carboxylic acid and amine from the reactants taken 

separately in the gas phase with no catalytic surface constitutes an interesting process from an 

exobiological point of view. We investigated the reaction between acetic acid (CH 3 -COOH) and 

methylamine (CH 3 - NH 2 ), alone and with the presence of one to five water molecules, at the LC-

ωPBE/6-311++G(d,p) level of theory, with the GD3BJ Empirical Dispersion. Starting from the idea 

that the reaction begins with the formation of a non-covalent complex between the reagents, we 

first identified the main structures of non-covalent complexes that can be formed between both 

reagents without hydration, by maximizing interactions between complementary sites of both 

partners. This study led to the identification of a (CH 3 -COOH):(CH 3 -NH 2 ) complex, with a 

stabilization energy of 14.22 kJ/mol, that may correspond to a preliminary step towards the 

formation of a peptide-like bond.  
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Introduction 

The role played by a few water molecules in the reaction leading to the formation of a C-N peptide 

bond has been the subject of several pioneering studies in recent years. In particular, the reaction 

mechanisms of prebiotic interest, even those involving particularly simple precursors, have been 

studied with and without explicit  few water molecules, in the gas phase using quantum chemistry 

approaches.1,2,3 In a thorough study dedicated to the Strecker synthesis of glycine from ammonia 

and formaldehyde,4 Riffet, Frison and Bouchoux showed that water molecules may interact as 

hydrogen-bond donors and hydrogen-bond acceptors without being directly impacted in the 

reaction: such interactions were referred to as "passive catalysis". Alternatively, water molecules may 

form a "bridge" or a hydrogen bonding network between a hydrogen atom bounded to ammonia 

and the oxygen atom of formaldehyde: such interactions were referred to as "active catalysis". The 

authors studied this reaction with 0 - 4 water molecules. Without any water molecules, the reaction 

is calculated to be endothermic with an energy barrier of 133 kJ/mol at the G3B3 level of theory, and 

the authors demonstrated that the reaction becomes barrierless in the presence of 3 water 

molecules acting as "active catalysis". In this study, the authors also demonstrated that the reaction 

begins with the formation of a non-covalent complex. When the reaction occurs with no water 

molecule, the C=O bond of formaldehyde and one of the N-H bonds of ammonia are located in 

parallel planes. A similar "four-ring" structure was also identified in the non-covalent complexes 

leading to the reactions of RaRbNH and HCO(CH2R') with Ra,Rb = H or CH3  and R' = H, OH or 

OOH.1,2,3 

Moreover, the study of such reaction mechanisms would also allow to better describe the formation 

of atmospheric aerosols as well as atmospherically-relevant reactions, 5-9 the formation of prebiotic 

molecules in hot-cores, hot-corinos10 and in complex environments, 11-16 as well as to contribute to 

more fundamental studies on reactivity17. 

Besides, several methodological approaches have been proposed to theoretically identify 

microhydrated isomers. Table 1 presents three types of approaches, all of which are commonly 

applied today:  

 a phenomenological approach, mainly based on the identification of complementary reaction 

sites from the fundamental equations of quantum chemistry, 

 a stochastic approach derived from semi-classical calculations, 

 an approach based on similarity of interactions for given functional groups. 

Regarding the phenomenological approach, different chemical reactivity descriptors have been 

developed to rationalize the reaction mechanisms and the propensity of different chemical species 

to interact and react. Approaches based on the study of electrostatic potentials allow the 

identification of electrophilic and nucleophilic sites. These approaches are particularly relevant for 

the study of processes under charge control. In a complementary way, the descriptors of the 

conceptual DFT have been developed since the end of the 1980s to describe and understand the 

propensity of chemical species to react or interact. 18   Among the descriptors of the conceptual DFT, 

the Fukui functions allow to evaluate the influence of the addition or the cession of an electron on a 

chemical system, from an orbital viewpoint.19, 20 
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Types of approach Exemple of development or of application 

Phenomenological 

Politzer et al.: interactions between the most electrophilic and 

the most nucleophilic sites 
21-27

 

Gadre et al.: Electrostatic Potential for Intermolecular 

Complexation model 
28-32

 

Conceptual DFT: Parr, Yang, Toro-Labbé, Ayers, De Proft, 

Geerlings, Morell et al.
18-20,33-35 

Stochastic Bouchoux,
4
 Bacchus

36
 et al.  

Similarity of interactions for given 

functional groups 
Alonso,

37
 Blanco,

38
 Schnell

39
 et al. 

Table 1: Comparison of three types of approaches used to theoretically search for microhydrated 

complexes. 

 

It should be noticed that it is always difficult to identify the most relevant reaction paths. Also, it is 

always tricky, in the search for non-covalent complexes, to identify with certainty the most stable 

structures. Moreover, investigating the formation of covalent bonds and weak, non-covalent bonds 

in the same study represents an additional methodological challenge.  A unified methodology for 

the investigation of the reaction path and microhydration would be a major step ahead.  

All these aspects will be presented in the present study. For this purpose, we have selected a 

particularly simple prototype reaction: the formation of a peptide-like bond between acetic acid and 

methylamine, in the presence of 0 to 5 molecules of water (Scheme 1).  

 

Scheme 1: Reactions of the peptide bond formation between a carboxylic acid and an amine.  

The formation of such a peptide-like bond was experimentally observed between ionized acetic acid 

and methylamine taken separately and close to their fundamental state.40 Because of the prebiotic 

and exobiological interest of this reaction,41,42,43 it seems necessary to deepen the research on this 

kind of reaction, starting from neutral or ionized reagents, especially by determining the role that 

some water molecules could play on the reaction. Water plays indeed a major role in the chemistry 

of the interstellar medium.44,45,46 The aim of this work is to identify theoretically the reaction 

pathways associated with the formation of a peptide-like bond between acetic acid and 

methylamine, in the presence of some explicit water molecules. 

 

Our methodological approach is based on the identification of complementary sites of interaction 

on partners, and on the maximization of interactions between complementary sites. This approach is 

in line with the studies of Politzer and Muray: 47 the anisotropy of electron distribution around some 
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atoms can be determined by calculating the electrostatic potential V(r) generated at any point in the 

space by electrons and nuclei: 

        
  

                  
      

         
    (1) 

The contributions of the nuclei are gathered in the first term of the equation, with    beingthe 

charge of nucleus A located in   . The second term takes into account the total charge distribution 

of the electrons, and the term ρ(r) represents the electron density of the molecule. 

 V(r) is usually plotted on a "surface" of the molecule. This is referred to as molecular electrostatic 

potential (MESP).  Following Bader's suggestion, the MESP is usually computed on an isosurface with 

an electron density of 0.001e.bohr-3. This isosurface is considered to generally encompass more than 

95% of the charge of the system, and to fit with the surface of the molecule,48 and is often 

considered as the surface of the molecule.48 The MESP plotted on this surface would thus 

correspond to the electrostatic potential experienced by the surrounding species. 

The relevance of using MESP for the identification of interactions between polar molecules has been 

demonstrated many times in literature.21-27 However, it should be noticed that some debates are still 

going on in the literature regarding the relevance of using MESP for interactions of a dispersive 

nature (in particular benzene dimer, or halide anion and water molecule).49,50 

Gadre and Pundlik  28-32  recommend the use of topological analysis of V(r) to identify the formation 

of non-covalent complexes while avoiding geometry optimization calculations: in their model 

(Electrostatic Potential for Intermolecular Complexation, EPIC), the optimal geometry of a complex 

as well as the interaction energy are determined from the isolated partners.  

Alternatively, and in line with the work of Clark, Politzer and Murray, several teams rely on a detailed 

analysis of the MESP to interpret the non-covalent interactions formed in between two (or more) 

partners. A Quantitative structure-activity relationship (QSAR) approach based on MESP analysis has 

also been developed. 53-55 

In this work, we will show how the analysis of the MESPs of isolated partners allows the identification 

of a complex that may constitute a preliminary step in the reaction of peptide-like bond formation 

between CH3COOH and NH2CH3. We will then present how a similar methodological approach 

allows the identification of reaction pathways in the presence of one to five water molecules. Finally, 

the influence of one to five water molecules on reactivity will be studied. 

For comparative purposes, the use of Fukui functions and the Dual Descriptor from the conceptual 

DFT will also be considered. 

 

Method 

All the calculations were performed with the Gaussain09 software (revision D.01).56  

The reaction paths investigated in this paper involve the formation of non-covalent interactions. The 

level of calculation should therefore be carefully chosen to correctly describe these interactions. 

Moreover, this study requires considering many stationary points as well as intrinsic reaction 

coordinates (IRC) calculations. This is why we have chosen the DFT with the range separated LC-

ωPBE 57-59  functional, in combination with the empirical correction GD3BJ proposed by Becke and 
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Johnson, and formalized by Grimme60, and with the triple ζ Pople basis 6-311++G(d,p).61 The 

relevance of such a level of calculation for the type of complexes herein considered has been 

previously benchmarked by Grimme et al. and Dilabio et al.62,63  

A ultrafine integration grid was used together with a tight convergence criterion for geometry 

optimizations. For all the structures herein considered, the total geometry optimizations were 

systematically completed by frequency calculations, in order to identify the transition states of the 

reaction intermediates. IRC calculations (forward and reverse) were performed on all structures 

identified as transition states.  

The "wfn" files needed for topological characterization were generated during this step. All the 

MESPs were obtained by plotting the total electrostatic potential on an electronic isodensity surface 

of 0.001 e-bohr-3, using the AIMAll package. Furthermore, for optimized complexes and transition 

states, a topological characterization of the non-covalent interactions based on the QTAIM 

approach64
  was performed using the AIMAll package. 

In this work, QTAIM analysis will be mainly used to identify non-covalent interactions (in particular 

hydrogen bonding interactions between water molecules and a polar molecule: acetic acid, 

methylamine, methylacetamide) via the presence of critical bonding points. Although based on a 

fundamental quantity of quantum physics, namely the electron density, the analysis of BCP to 

investigate some non-covalent interactions has been criticized in the literature. In some cases, these 

BCPs are found to be the consequence of artifacts or of the Poincaré-Hopf relationship. 65,66,67 

 However, it should be noticed that in the case of "simple" hydrogen bonding interactions, such as 

those studied in the present article, the BCP allow to highlight non-covalent interactions.68-79 

DFT calculations still remain the most appropriate approach when searching for reaction paths 

involving multiple non-covalent interactions between multiple partners. The choice of the level of 

calculation is crucial to the quality of the results obtained. The choice of the LC-ωPBE/6-31++G(d,p) 

in combination with the GD3BJ Grimme empirical correction was previously validated on rotational 

constants and IR spectra for the identification of microhydrated complexes with R2CO, (CH3)3NO and 

CH3COCOCOCH3.  

For the identification of non-covalent complexes and reaction pathways by quantum chemistry 

calculations, selection of starting points remain critical to the quality of the results obtained. For this 

preliminary step, an approach based on the interpretative tools of quantum chemistry was chosen: 

the relative orientation of each partner should be such that interactions between complementary 

sites are maximized. We have applied this approach to identify both non-covalent complexes and 

reaction pathways. 

All the relative energies mentioned were calculated with respect to all the reagents taken separately, 

which means E(CH3COOH) + E(NH2CH3) +n E(H2O). 

In all cases, the energies include the ZPE correction ("Sum of electronic and Zero-Point Energies"). 

Reaction without any water molecules 

Caracterization of the isolated reagents 

Based on the assumption that reagents approach each other to maximize interactions between 

complementary sites, it is natural to study the molecular electrostatic potentials (MESPs) of isolated 
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reagents to look at their reaction. 35;80-84 However, this approach is quite unusual according to 

literature, and this is what we are trying to implement in the present work.  

The MESP analysis of acetic acid leads to the identification of three electrophilic sites and two 

nucleophilic sites; the MESP analysis of methylamine leads to the identification of two electrophilic 

sites and one nucleophilic site (Table 2). 

 

 Electrophilic sites Nucleophilic sites 

Acetic acid 
 

CH3COOH 

  

Methylamine 
 

NH2CH3 

 
 

Table 2: Identification of electrophilic (eφ) and nucleophilic (nφ) sites from the MESP analysis of the 

acetic acid and the methylamine. 

In order of decreasing electrophilicity, the sites identified are as follows (Figure 1):  

 the most electrophilic site, noted eφ_1, is identified on acetic acid, close to the hydrogen 

atom of the carboxylic acid function, with a molecular electrostatic potential of 0.081 a.u., 

 the most electrophilic site identified on methylamine, eφ_2, is located close to the hydrogen 

atoms of the amine functions, with a molecular electrostatic potential of 0.040 a.u., 

 another electrophilic site, eφ_3, is identified near the hydrogen atoms of the methyl function 

of acetic acid, with a molecular electrostatic potential of 0.032 a.u., 

 a fourth electrophilic site, eφ_4, is identified near the hydrogen atoms of the methyl function 

of methylamine, with a molecular electrostatic potential of 0.031 a.u., 

 a fifth electrophilic site, eφ_5, is identified in the vicinity of the sp2 hybridized carbon atom 

perpendicular to the plane of the molecule (above and below this plane). Such electrophilic 

sites are often identified close to chemical unsaturation, especially in the case of C=C and 

C=O multiple bonds, and are referred to as 'π-holes'. 

  

Veφ_1 = 0.081 a.u.

Veφ_5 = 0.026 a.u.

Veφ_3 = 0.032 a.u.

Vnφ_3 = -0.029 a.u.

Vnφ_2 = -0.056 a.u.

Veφ_4 = 0.031 a.u.

Veφ_2 = 0.040 a.u.

Vnφ_1  = -0.062 a.u.
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Electrophilic sites Nucleophilic sites 

  

Figure 1: Classification of the electrophilic and nucleophilic sites available on the reagents. 

 

In decreasing order of nucleophilicity, the sites identified are as follows:  

 the most nucleophilic site, noted nφ_1, is identified on methylamine, near the nitrogen atom, 

with a molecular electrostatic potential of -0.062 a.u., 

 the most nucleophilic site identified on acetic acid, noted nφ_2, is located near the oxygen 

atom of the carbonyl function, with a molecular electrostatic potential of -0.056 a.u., 

 another nucleophilic site, noted nφ_2, is identified on the acetic acid, noted nφ_2, is located 

close to the oxygen atom of the OH group, with a molecular electrostatic potential of -0.029 

a.u. 

Furthermore, for comparative purposes, the f+ and f- Fukui functions as well as the f2 Dual Descriptor 

were also calculated for both reagents. As these descriptors are calculated on atoms, the minimum 

ESP_MIN and maximum ESP_MAX atomic values of the electrostatic potential were also determined. 

Figure 2 shows the values obtained for the C, O and N atoms of the reagents. As in the previous 

analysis, the nucleophilic character of the nitrogen atom of methylamine is clearly highlighted by 

these descriptors, with a high f- value, a negative f2 value, and a high ESP_MIN in absolute value. The 

nucleophilic character of the oxygen atom of the C=O group of acetic acid is also clearly 

demonstrated with a high f- value, a negative f2 value, and a high ESP_MIN in absolute value. In 

contrast, the π-hole of the carbonyl group of acetic acid is not clearly evidenced by these 

descriptors. Given its importance in the reaction of interest, these descriptors seem less relevant 

than the MESP approach presented in Table 2 and Figure 1, in this particular case. This is consistent 

with the very local and directional aspect of electrostatic interactions involving π-holes. This is why 

only the MESP approach will be considered in the rest of this study.  

 

CH3COOH : H acide 

CH3COOH : H méthyles 

CH3COOH : π-hole

NH2CH3 : H amines

NH2CH3 : H méthyles 

0.020

0.040

0.060

0.080

CH3COOH : H acide 

CH3COOH : H méthyles 

CH3COOH : π-hole

NH2CH3 : H amines

NH2CH3 : H méthyles 

MESP (a.u.)

CH3COOH: acidic H

NH2CH3: H of the amine group

CH3COOH: H of the methyl group

NH2CH3: H of the methyl group

CH3COOH: π-hole

MESP (a.u.)
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-0.080
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-0.040
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0.000
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a. 

 

b. 

 

Figure 2: Values of the minimum ESP_MIN and maximum ESP_MAX atomic values of the electrostatic 

potential , the f
+
 and f

-
 Fukui functions as well as the f

2
 Dual Descriptor for a. methylamine and b. acetic 

acid.  

In order to further identify non-covalent complexes that may form between acetic acid and 

methylamine, initial structures are built up such as to maximize interactions between electrophilic 

sites of one partner and nucleophilic sites of the other partner, following an already reported 

methodological approach. After geometry optimization, six non-covalent complexes are thus 

obtained, and are presented in Supporting Information. For the sake of clarity, the complexes were 

classified in the order of their relative stabilities, and they were named Cplex1-6, from the most stable 

one (Cplex1) to the less stable one (Cplex6). 

The intermolecular interactions in these non-covalent (CH3COOH):(NH2CH3) complexes were 

investigated in order to search for possible links between the properties of the isolated partners and 

the complexes formed. This work carries on studies of the Quantitative Structure Activity 

Relationship (QSAR) type, particularly used in organic chemistry to link the intrinsic properties of 

isolated molecules to their reactivity. The underlying idea is to search for quantitative descriptors 

derived from the topological analysis of isolated molecules to help identify non-covalent complexes. 

In order to do this,, we have plotted for each intermolecular interaction identified in the complexes, 

the variations of the MESP difference between the electrophilic site and the nucleophilic site of the 

isolated partners, as a function of the product of the electron density at the BCP point and the 

internuclear distance, of the interaction formed in the complex (Figure 3). 

ESP_MAX: 2.02 × 10-2

ESP_MIN: -6.31 × 10-2

f +: 0.14 f -: 0.77 f 2: -0.63

ESP_MAX: 1.89 × 10-2

ESP_MIN: -3.20 × 10-2

f +: 0.05 f -: 0.06 f 2: -0.01

ESP_MAX: 2.37 × 10-2

ESP_MIN: -5.60 × 10-2

f+: 0.09 f-: 0.73 f2: -0.54

ESP_MAX: 2.62 × 10-2

ESP_MIN: -3.33 × 10-3

f+: 0.02 f-: 0.03 f2: -0.01

ESP_MAX: 4.81 × 10-2

ESP_MIN: -2.95 × 10-2

f+: 0.22 f-: 0.13 f2: 0.09

ESP_MAX: 2.57 × 10-2

ESP_MIN: -8.42 × 10-3

f+: 0.07 f-: 0.08 f2: -0.01
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Figure 3 : Identification of a relationship between the intrinsic properties of the two partners and the 

complexes (CH3COOH)(NH2CH3) formed. The interaction between the two nucleophilic sites of the 

Cplex6 complex was not taken into account. 

 

Potential energy surface of the peptide-like bond-forming reaction in the absence of additional 

water molecules  

Among the non-covalent complexes identified between acetic acid and methylamine, the Cplex6 

complex shown in Figure 4 represents a good candidate as a preliminary step in the formation of the 

peptide-like bond between acetic acid and methylamine: this complex is obtained by seeking to 

maximize the interaction between the nucleophilic site located near the nitrogen atom of 

methylamine and the electrophilic site located near the carbon atom bearing the carboxylic acid 

function of acetic acid. Although this is not the most stable non-covalent complex between acetic 

acid and methylamine, the interaction energy associated with the formation of this complex is 

substantial (ΔE =-14.22 kJ/mol). 

a. Direction of approach 

 

 

 

 

b. Cplex6 c. Transition State TS1 

 

 

 

ΔE =-14.22 kJ/mol ΔE = 147.5 kJ/mol 

Figure 4: Identification of the preferential direction of approach of both partners based on the MESP 

analysis(a), Identification of a non-covalent complex (b)  and a transition state (c) for the formation of 

the peptide-like bond. 

The TS1 transition state was obtained by considering the same direction of approach as that leading 

to the identification of the Cplex6 complex (Table 4). The IRC analysis confirms that the TS1 and 

y = 0.9784x + 0.0688
R² = 0.9107
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Cplex6 structures do indeed constitute two stationary points on the same potential energy surface. 

Moreover, the IRC analysis also shows that this reaction can occur in a single step (Figure 5), and the 

energy barrier associated with this reaction is calculated as being 147.5 kJ/mol. This is consistent 

with literature,1,3 and shows that this reaction cannot occur spontaneously  

 

Figure 5:  Energy profile for the peptide-like bond formation reaction between CH3COOH and NH2CH3 

without any water molecule. 

 

Microhyration of the reagents and of the product 

The next step was to determine the influence of a small number of water molecules on the reaction 

profile presented in Figure 5.  

In order to do this, the structures of the most stable micro-hydrate complexes for the reagents were 

identified by applying the same principle of maximizing interactions between complementary sites. 

This methodology leads to the identification of the same structures as those already reported in 

literature, by Lv et al.85 and Krishnakumar et al.,86 respectively. This verification is relevant. Indeed 

Krishnakumar studied the microhydration of acetic acid in a very comprehensive way at the 

calculation levels of ωB97XD/aug-cc-pVDZ and CCSD(T)/6-311++G(d,p). Lv used the BH algorithm, 

combining the Metropolis sampling technique and local optimizations to identify the global minima 

on the potential energy surfaces of complexes (NH2CH3)(H2O)1-7, at the PW91/6-311++G(3df,3pd) 

computation level. Their studies can thus be used as references. The fact that the global minima 

predicted by the approach used here are the same as those reported in the literature makes it 

possible to validate the use of MESP analysis and the definition of preferred directions of 

approaches by maximizing interactions between complementary sites.  All the Cartesian Coordinates 

are presented in Supplementary Information. 

+
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Additionally, the most stable structures for microhydrated dimethylacetamide complexes were also 

investigated. One of the most recent reference studies on the topic was done by Kang et al. 87  In this 

study, microhydrated complexes involving between 1 and 3 molecules of water were studied in 

CCSD(T), MP2 and DFT.  

Our methodology leads to the identification of the same most stable complexes. An almost iso-

energetic structure (ΔE = 0.5 kJ/mol) is obtained for the dihydrated complex. This structure and 

those of complexes involving more water molecules are presented in Supplementary Information. 

 

Reaction pathways win the presence of one to five water molecules 

With regard to the methodology used, which consists in maximizing interactions between 

complementary sites of the partners, one of the difficulties in this case is to make a relevant choice 

of partners. We focused on two strategies: the study of the microhydration of the transition state 

identified in the case of the reaction without a water molecule, and the study of the microhydration 

of the reagents before the formation of a pre-reagent complex. Why does both approaches appear 

to be particularly relevant? 

 First of all, the study of the microhydration of the transition state should lead, a priori, to the 

reaction paths associated with the lowest energy barriers. Indeed, the MESP analysis of the 

transition state of the reaction pathway without water molecule will allow to identify the 

most electrophilic and nucleophilic sites, and their optimal interaction with water molecules 

should lead, a priori, to a decrease of the energy barrier. It Therefore , it seems essential to 

determine whether reaction pathways that could involve these "stabilized transition states" 

could exist, and if so, to identify them. 

 Alternatively, the study of the microhydration of reagents also seems unavoidable within the 

framework of the search for reaction paths in the presence of water molecules. Indeed, from 

a mechanistic point of view, the water molecules could form complexes with the reagents, 

which could be more stable than those that could be identified by the first approach. 

Thus, the study of the microhydration of the transition state identified without a water molecule 

could lead to the identification of the reaction pathways associated with the lowest energy barrier 

compared to all the reagents taken in isolation. Alternatively, the study of the microhydration of the 

isolated reagents should lead to the identification of the reaction pathways involving the most 

stable pre-reagent complexes. It should be noted that the study of the microhydration of the pre-

reagent complex identified without water molecule leads to the identification of the same reaction 

pathways. 

The results obtained using these different strategies will be presented and analyzed, before being 

outlined with respect to previous studies reported in literature. 

To keep the discussion as clear as possible, the structures discussed will be named according to the 

approach used, and according to their relative stability: 

 in the case of structures identified from the microhydration of TS, the most stable TS 

obtained in the presence of n water molecules will be referred to as TS1
Wn_A. For each most 

stable TS identified for a given number of water molecules, the complete reaction path has 
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been investigated. The pre-reactive complex and the final state corresponding to TS1
Wn_A will 

be referred to as Cplex1
Wn_A and Final1

Wn_A, respectively, 

 in the case of structures identified from the microhydration of the reagents, the most stable 

(CH3COOH)(NH2CH3)(H2O)n complex identified as a first step in the reaction of the peptide-

like bond formation in the presence of n water molecules will be referred to as Cplex1
Wn_B. For 

each of the Cplex1
Wn_B identified for a given n number of water molecules, the complete 

reaction path was investigated. The TS and the final state corresponding to the Cplex1
Wn_B, 

will be named TS1
Wn_B and Final1

Wn_B, respectively. 

Microhydration of the transition state  

Let's assume two hypotheses: 

 the presence of a few water molecules facilitates the reaction to form the peptide-like bond,  

 microhydration does not dramatically alter the reaction pathway associated with the 

formation of the peptide-like bond. 

 
 

Figure 6: Identification of an electrophilic site and two nucleophilic sites on the non-hydrated transition 

state TS1.  

 

Within the framework of these two hypotheses, it is relevant to characterize the MESP of the 

transition state of the reaction without water molecule, and to identify the preferred approach 

directions of water molecules to best interact with the available electrophilic and nucleophilic sites. 

The MESP analysis of the transition state (Figure 6) leads to the identification of three significant 

sites of interaction. 

An electrophilic site is identified near the hydrogen atom of the amine function which is not 

impacted by the reaction. Two nucleophilic sites are identified near each of the oxygen atoms. From 

this analysis, different directions of approach can be identified, as shown in Table 3 in the case of a 

single water molecule interacting with TS1. 

  

Veφ_1 = 0.083 a.u.
Vnφ_1 = -0.069 a.u.

Vnφ_2 = -0.068 a.u.
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Considered direction of approach on the basis on the 

MESP analysis 

Structures and energies of the optimized 

microhydrated transition states 

 

 

ΔE = 96.93 kJ/mol.   TS1
W1_A

  TS0_Imene_W1_3  

 
 

ΔE = 110.04 kJ/mol.   TS2
W1_A

  TS1_article 

 

 

ΔE = 122.34 kJ/mol.     TS3
W1_A

  TS0_Imene_W1_amine  

Table 3: Microhydration of TS1 with one water molecule: Identification of possible directions of 

approaches from the MESP, and structures and energies of the optimized microhydrated transition 

states. 

In the first structure obtained by order of stability, TS1
W1_A, the water molecule acts both as a 

hydrogen bond donor with respect to the oxygen atom leading to the loss of the water molecule, 

and as a hydrogen bond acceptor with respect to the hydrogen atom of the amine function which is 

not a priori directly involved in the reaction. This is the most stable structure obtained for the 

transition state; this structure is located 96.93 kJ/mol above the separated partners. 

In the second structure obtained in order of stability, TS2
W1_A, the water molecule acts both as a 

hydrogen bond donor with respect to the oxygen atom of the C=O group and as a hydrogen bond 
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acceptor with respect to the alcohol function of the acetic acid. This struture is located 110.04 kJ/mol 

above the separated partners. 

In the third structure obtained in order of stability, TS3
W1_A, the water molecule interacts as a 

hydrogen bond acceptor with the hydrogen atom of the amine function which is not directly 

involved in the reaction. This struture is located 122.34 kJ/mol above the separated partners. 

Finally, the most favourable reaction path with a water molecule of hydration leads to the transition 

state in which the water molecule interacts simultaneously as a hydrogen bond donor with the OH 

group of the acetic acid, and as a hydrogen bond acceptor with the amine function(TS1
W1_A). This 

reaction leads to the formation of water dimer interacting with the dimethylacetamide (Figure 7). 

 

Figure 7: Energy profile for the peptide-like bond formation reaction involving the most stable 

monyhydrated transition state identified. 

 

Two preferential directions of approaches are identified from the MESP analysis from the dimer to 

the transition state (Table 4).  
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Considered direction of approach on the basis on the 

MESP analysis 

Structures and energies of the optimized 

microhydrated transition states 

 

 

ΔE = 36.14 kJ/mol.   TS1
W2_A

 TS0_Imene_W2_1 

 

 

ΔE = 70.02 kJ/mol.    TS2
W2_A

  TS0_Imene_W2_2  

 
 

ΔE = 73.73 kJ/mol. TS3
W2_A

   TS0_Imene_W1_W1_2 

 

 

ΔE = 74.88 kJ/mol. TS4
W2_A

     TS0_Imene_W1_W1freq 

Table 4: Microhydration of TS1 with two water molecules: Identification of possible directions of 

approaches from the MESP, and structures and energies (ΔE, in kJ/mol) of the optimized microhydrated 

transition states. 

 

Interacting
with H methyl
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In the most stable isomer, TS1
W2_A, the water dimer interacts as a hydrogen bond donor to the OH 

group of the acetic acid. At the same time, the water dimer interacts as a hydrogen bond acceptor 

with respect to the hydrogen atom of the amine function which is not a priori directly involved in the 

reaction. This transition state is 36.14 kJ/mol above the isolated partners (i.e. two isolated water 

molecules, the acetic acid and the methylamine).  

A second structure, TS2
W2_A, corresponds to the water dimer interacting with the carboxylic acid 

group: the water dimer simultaneously acts as a hydrogen bond donor with respect to the C=O 

group and as a hydrogen bond acceptor with respect to the OH group of the acetic acid. This 

structure is 70.02 kJ/mol above the isolated partners, which means that it is much less favorable than 

the TS1
W2_A transition state. 

In the case of the reaction occurring with two water molecules, it is of course necessary to compare 

the energies of the structures obtained when considering a dimer interacting with the TS, with the 

energies of the strutures obtained when considering two water molecules interacting separately with 

the TS. It has indeed been previously reported that : 

 in the case of apolar solutes, the interaction of water clusters is often energetically more 

favourable than the interaction of isolated water molecules. A term has been introduced to 

name this privileged interaction of water clusters with a solute: "segregation of water 

molecules",36,88,89 

 on the contrary, in the presence of polar solutes, it has been shown in some cases that the 

interaction of isolated water molecules could be energetically more favourable than the 

interaction of a unique water cluster.90  

Thus, for the reaction involving n water molecules, the interactions of (H2O)n clusters, n isolated 

water molecules and all combinations of small (H2O)x and (H2O)y aggregates such that x+y=n, were 

studied. 91  

In the case of the TS interacting with two water molecules, we sought to identify the preferred 

directions of approaches of two separate water molecules. In this case, one of the water molecules 

can interact simultaneously with one of the hydrogen atoms of the methyl group and with the 

oxygen atom of the OH group, in a similar way to what has been found in the TS1
W1_A. The second 

water molecule can interact with the oxygen atom of the carbonyl group, and either with one of the 

hydrogen atoms of the methyl group or with the hydrogen atom of the OH group. The structures 

obtained after geometry optimization for both  these cases are located 73.73 and 74.88 kJ/mol 

above the isolated partners, respectively. These structures in which both water molecules interact 

separately with the TS are thus energetically much less favorable than the TS1
W2_A transition state 

(Table 4). 

Finally, with only two molecules of water present in the gas phase, the energy barrier associated with 

the formation of methylacetamide from methylamine and acetic acid is lowered by about 110 

kJ/mol, from 147.49 kJ/mol to 36.15 kJ/mol (Figure 8). The product formed consists of a 

dimethylacetamide molecule interacting with three molecules of water. These three water molecules 

correspond to an open form of the water trimer: one of the water molecules acts as a hydrogen 

bond donor to the nitrogen atom, another water molecule acts as a hydrogen bond acceptor to the 

hydrogen atom of the acetamide function, and the third water molecule interacts with the other two 

water molecules. 
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Figure 8: Energy profile for the peptide-like bond formation reaction involving the most stable 

dihydrated transition state identified.  

 

The directions of approach of three water molecules toward TS1 and leading to the most stable 

structures are shown in Table 5. The interaction of a water trimer simultaneously with the most 

electrophilic site and one of the most nucleophilic sites of the solute leads to the most stable 

structure: TS1
W3_A. As has been observed with other solutes, the cyclic structure of the water trimer 

opens during the optimization, so that only the water molecule that does not interact with the 

solute forms hydrogen bonds with the other two water molecules. One of the water molecules acts 

as a hydrogen bond donor to the OH group of the solute, and the other water molecule interacts as 

a hydrogen bond acceptor to the hydrogen atom of the amine function which is not a priori directly 

involved in the reaction. This structure is located 5.64kJ/mol below the separated partners, which 

means that no energy barrier would be associated with its formation. 

The approach of the water trimer on the other side of the solute leads to the TS2
W3_A structure. In this 

structure, the cyclic form of the water trimer is conserved, and the water trimer interacts both as a 

hydrogen bond donor with the C=O function of the solute, as a hydrogen bond acceptor with the 

O-H function of the solute, and with one of the methyl groups. This structure is significantly less 

energy favorable than the previous one, and is 44.75 kJ.mol above the separated partners. 

Alternatively, the TS3
W3_A structure corresponds to the separate interaction of a dimer and a water 

molecule.  Four hydrogen bond type interactions are identified in the resulting structure: one 

interaction with the nitrogen atom of the amine function, two interactions with the carboxylic acid 

group, and a hydrogen bond between the two water molecules. Finally, this structure is located 

48.47 kJ.mol above the isolated partners. 
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Considered direction of approach on the basis on the 

MESP analysis 

Structures and energies of the optimized 

microhydrated transition states 

 
 

ΔE = -5.64 kJ/mol.   TS1
W3_A

   TS0_Imene_W3_5 

 

 

ΔE = 44.75 kJ/mol. TS2
W3_A

  TS0_Imene_W3_4 

 

 

ΔE = 48.47 kJ/mol. TS3
W3_A

  TS0_Imene_W3_1  

Table 5: Microhydration of TS1 with three water molecules: Identification of possible directions of 

approaches from the MESP, and structures and energies of the optimized microhydrated transition 

states. 

The most energetically favorable reaction pathway thus identified involves the formation of a non-

covalent complex in which an opened form of water trimer interacts simultaneously with 

methylamine and acetic acid. This complex is located 121.61 below the separated partners. 

The transition state can be understood as the formation of a hydrogen bond bridge between the 

hydrogen atom which is a priori not directly involved in the reaction, from the amine function to the 

oxygen atom of the OH group of the acetic acid. This TS leads to the formation of 
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dimethylacetamine, in interaction with a chain of four water molecules linked together by a network 

of hydrogen bonds (Figure 9). 

 

Figure 9: Energy profile for the peptide-like bond formation reaction involving the most stable 

transition state identified with three water molecules (TS1
W3_A

). 

 

The directions of approach of four water molecules toward TS1 and leading to the most stable 

structures are shown in Table 6.  

The most stable water tetramer consists of a cyclic structure characterized by alternating electophilic 

and nucleophilic sites. On the other hand, the solute is characterized by an electrophilic site and a 

nucleophilic site located on either side of the C-N bond which is formed during the reaction.  

Considered direction of approach on the basis on the 

MESP analysis 

Structures and energies of the optimized 

microhydrated transition states 
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ΔE = -31.74 kJ/mol.      TS1
W4_A

    

 

 
ΔE = -23.75 kJ/mol.   TS2

W4_A
   TS0_Imene_W4_190520 

  
ΔE = -21.36 kJ/mol.   TS3

W4_A
      TS0_Imene_W4_2  

 

 
ΔE = -20.78 kJ/mol.  TS4

W4_A
       TS0_Imene_2W2_1 

 

 
ΔE = -3.42 kJ/mol. TS5

W4_A
   TS0_Imene_W4_1  

Table 6: Microhydration of TS1 with four water molecules: Identification of possible directions of 

approaches from the MESP, and structures and energies of the optimized microhydrated transition 

states. 
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Therefore, it seems particularly relevant in this case to focus on the interaction of smaller clusters of 

water with the solute. Thus, the most stable TS, TS1
W4_A, is obtained by the simultaneous interaction: 

 of the water trimer in the same way that led to the structure of the most stable trihydrated 

TS, 

 and of an isolated water molecule on the carboxylic acid group side. 

This transition state is 31.74 kJ/mol below the six isolated partners (i.e both reagents, and the four 

water molecules taken separately). The corresponding reaction path is shown in Figure 10. 

 

Figure 10: Energy profile for the peptide-like bond formation reaction involving the most stable 

transition state identified with four water molecules  for the C-N bond formation reaction, TS1
W4_A

. 

 

The interaction of the water tetramer with the most electrophilic site and one of the most 

nucleophilic sites of the solute leads to the identification of the TS1
W4_A structure: one of the water 

molecules acts as a hydrogen bond donor with the OH group and another water molecule acts as a 

hydrogen bond acceptor with the NH group. Secondary interactions are also identified with one of 

the methyl groups. One of the water molecules does not interact at all with the solute. This TS is 

located 23.75 kJ/mol below the isolated partners, and the corresponding reaction path is shown in 

Figure 11. 
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Figure 11: Energy profile for the peptide-like bond formation reaction involving involving an 

alternative TS2
W4_A

  transition state in which the water tetramer interact with TS1.  

 

Thus the TS associated with this reaction mechanism is energetically less stable than the one 

identified with the TS1
W4_A structure. However, it is interesting to note that both reaction mechanisms 

occur without any energy barrier with respect to the different partners taken separately. 

Furthermore, the formation of the pre-reactant complex is energetically more favourable in the case 

of the tetramer interacting with the reagents, compared to the separate interaction with a water 

trimer and a water molecule  (Figure 10). 

Another structure similar to TS2
W4_A with the water tetramer interacting with the methyl group, the 

OH group and the amine group is located 21.36 kJ/mol below the isolated partners (TS3
W4_A). The 

structure in which the tetramer interacts exclusively with the carboxylic acid function of the solute is 

energetically less favorable (TS5
W4_A): it lies 3.42 kJ/mol below the separate partners. 

The transition state involving the simultaneous interaction of two separate water dimers  with the 

solute is calculated as being quasi-isoenergetic with the TS2
W4_A structure: this is the TS4

W4_A 

structure, calculated as being 20.78 kJ/mol below the partners taken separately. The reaction path 

identified from this TS is shown in Figure 12: it involves the formation of a complex consisting of two 

water dimers interacting simultaneously with the two partners. The stabilization energy associated 

with the formation of this complex is -113.62 kJ/mol. The product obtained consists of a chain of 

five water molecules interacting with the dimethylacetamide.        
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Figure 12: Energy profile for the peptide-like bond formation reaction involving an alternative TS4
W4_A

 

transition state in which two separate water dimer interact with TS1.  

 

The directions of approach of five water molecules towards TS1 and leading to the most stable 

structures are shown in Table 7.  

Two structures are obtained from the interaction of the most stable water pentamer with the solute: 

TS1
W5_A  and TS3

W5_A . In the previous cases, interactions with several smaller water clusters were also 

investigated, and the most stable one consists of a water dimer and a water trimer interacting with 

TS1 (structure TS2
W5_A).  

The TS1
W5_A structure is the most stable one obtained and it is characterized by a strong deformation 

of the flat structure of the water pentamer. This structure lies 81.72 kJ/mol below the five water 

molecules and the reagents taken separately.  

In the TS3
W5_A structure, the water pentamer is less distorted, but the water-solute interactions are 

weaker and as a result this structure is about 20 kJ/mol less stable than the first one, at 62.07 kJ/mol 

below the isolated partners. 

Alternatively, the separate interaction of a water dimer and a water trimer with the non-hydrated TS 

leads to the TS2
W5_A  structure:  

 a water dimer interacts with the oxygen atom of the carbonyl group and with the hydrogen 

atom of the OH group, 
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 simultaneously a water trimer interacts with the oxygen atom of the OH group and with the 

hydrogen atom of the amine group. 

It is interesting to note that this TS2
W5_A structure is located 63.90 kJ/mol below the isolated partners, 

and is almost isoenergetic with the TS3
W5_A structure. 

Considered direction of approach on the basis on the 

MESP analysis 

Structures and energies of the optimized 

microhydrated transition states 

 
 

ΔE = -81.72 kJ/mol.      TS1
W5_A

     

 

 

ΔE = -63.90 kJ/mol. TS2
W5_A

    TS0_Imene_W2_2_W3_5 

 
 

ΔE = -62.07 kJ/mol.  TS3
W5_A

  TS0_Imene_W5_1 

Table 7: Microhydration of the TS1 with five water molecule: Identification of possible directions of 

approaches from the MESP, and structures and energies of the optimized microhydrated transition 

states. 
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The reaction path associated with the most stable TS (TS1
W5_A) is shown in Figure 13. As in the most 

energically favorable reaction mechanisms obtained with fewer water molecules, the interaction 

between water and TS leads to the formation of two particularly important hydrogen bondings, 

involving the hydrogen atom of the amine function, which is a priori not directly involved in the 

reaction, and the oxygen atom leading to the loss of the water molecule. A network of hydrogen 

bonding is created between these two sites via the water cluster. 

 

Figure 13: Energy profile for the peptide-like bond formation reaction involving the most stable 

transition state with five water molecules identified (TS1
W5_A

). 

 

It is worth mentioning that in all the cases presented below, the motion associated with the 

imaginary frequency of the TS has been identified as indeed corresponding to the reaction process, 

and all the reaction paths have been obtained by performing IRC calculations from the identified 

transition states. 

 

Microhydration of one of the reagents prior to the formation of a 

(CH3COOH)(CH3NH2)(H2O)n complex 

Alternatively, the second approach we have considered is to search for possible reaction pathways 

from the most stable microhydrated complexes.  

It is worth mentioning that all the studies reported in the literature use this type of approach: the 

search for the most stable pre-reactive complexes, followed by the identification of the associated 

reaction pathways. Since this type of approach is widely used, we only  present here the main steps 
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and specific features of our study, and all the structures identified are presented in Supporting 

Information. 

Two partners, either (CH3COOH)(H2O)n and (CH3NH2), or (CH3COOH) and (CH3NH2)(H2O)n, or 

(CH3COOH)(H2O)x and (CH3NH2)(H2O)y, with x + y = n, can be obtained. The MESP analyses of these 

couples of partners allow to identify preferential approaches that may lead to the maximization of 

interactions between their complementary sites. The most favorable microhydrated complexes 

(CH3COOH)(CH3NH2)(H2O)n, for 1 ≤ n ≤ 5 have thus been identified, and the potential energy 

surfaces obtained are presented in Supporting Information. An example is shown in Figure 14, in the 

case of the (CH3COOH):(H2O) complex interacting with methylamine. 

  

 

Figure 14: MESP analysis of the (CH3COOH):(H2O) complex, and identification of a preferential direction 

of approach of the methylamine that may lead to the formation of the peptide-like bond.  

In the most stable monohydrated complex, the water molecule acts as a hydrogen bond 

donor with the oxygen atom of the C=O functional group and as a hydrogen bond acceptor, with 

the hydrogen atom of the OH functional group of acetic acid. The corresponding non-covalent 

(NH2CH3):(CH3COOH):(H2O) complex is located 52.61 kJ/mol below the three partners taken 

separately. The transition state subsequently obtained leads to the formation of a water dimer 

interacting with the product. The transition state corresponds to the migration of one hydrogen 

atom of the amine towards the oxygen atom of the OH group, with the concomitant formation of 

the C-N bond and the rupture of the C--O bond.  The energy barrier associated with this transition 

state is 110.08 kJ/mo (Figure 15).  

 

Veφ_2 = 0.068 u.a.

Veφ_1 = 0.089 a.u.

Veφ_3 = 0.029 u.a.
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Figure 15: Energy profile for the peptide-like bond formation reaction involving the most stable pre-

reactive monohydrated complex identified. 

 

This pre-reactive non-covalent complex (NH2CH3):(CH3COOH):(H2O) is approximately 20 kJ/mol 

more stable than the one involved in the reaction mechanism shown in Figure 7 (ΔE of -52.61 kJ/mol 

and -33.09 kJ/mol, respectively). On the other hand, the energy barrier that has to be overcome to 

lead to the formation of (CH3CONHCH3):(H2O)2 is approximately 15 kJ/mol higher (ΔE of +110.08 

/mol and +96.93 kJ/mol, respectively). 

 

Finally, the potential energy surfaces thus obtained in the presence of one to five water molecules 

are presented in Supplementary Information. It is worth emphasizing that the energy barriers 

associated with these reaction pathways are systematically higher than those obtained from the 

microhydration of the transition state.  

 

Discussion  

The diagram shown in Figure 16 allows to compare the energy barriers of the reaction pathways 

obtained by both approaches, as a function of the number of microhydration water molecules. It can 

be seen that the microhydration of the transition state obtained in the case of the reaction without 

water molecules systematically leads to the most favourable reaction pathways from an energy point 

of view. Furthermore, from three water molecules, a barrierless reaction is identifief for the formation 

of the peptide-like bond between CH3COOH and NH2CH3. 
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Figure 16: Comparison of the energy barriers of the reaction pathways obtained by studying either the 

microhydration of the reagents (in red) or the microhydration of the transition state (in blue), as a 

function of the number of water molecules. 

 

As we already mentioned, other studies in literature have focused on the influence of 

microhydration on the reaction of such compounds, amines, carboxylic acids, amides or ketones. In 

particular, G. Bouchoux et al. 4 showed that, in the case of Strecker synthesis from ammonia and 

formaldehyde, water molecules could play either an "active catalyst" or a "passive catalyst" role: 

 the water molecules acting as an "active catalyst" are directly involved in the proton transfer 

process between the two reactants, via the formation of a "chain of hydrogen bonds" along 

which the proton transfer propagates, 

 water molecules acting as a "passive catalyst" form hydrogen bond interactions without 

being directly involved in hydrogen atom transfer. 

In the case of the formation of a peptide-like bond between acetic acid and methylamine, it seems 

that the formation of a hydrogen bond network between the hydrogen atom of the methylamine 

that is not directly involved in the reaction and the oxygen atom leading to the loss of the water 

molecule promotes the reaction. 

Conclusion  

The MESP study of methylamine and acetic acid allowed the identification of preferential directions 

of approach of the two partners and different non-covalent complexes were identified. One of these 

complexes, having a complexation energy of 14.22 kJ/mol, may correspond to a preliminary step in 

the reaction leading to the formation of the peptide-like bond. The energy barrier associated with 
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this reaction is calculated as being 147.49 kJ/mol. therefore , this reaction cannot take place 

spontaneously.  

The formation of microhydrated complexes was then studied, from the MESP analysis, by identifying 

preferential directions of approach of water molecules with respect to the reagents, or with respect 

to the transition state, by maximizing interactions between complementary sites. In each case, it was 

possible to identify a microhydrated (NH2CH3):(CH3COOH):(H2O)1≤n≤5 complex as a preliminary step 

toward the reaction. The transition states associated with these reactions of peptide-like bond 

formation in the presence of microhydration were identified. It was found that water molecules 

could: 

 either interact with the carboxylic acid group of acetic acid: this type of structure 

corresponds to the formation of the most stable pre-reactive (NH2CH3):(CH3COOH):(H2O)1≤n≤5 

complexes and they are obtained by seeking to maximize the interactions between the 

reagents and the water molecules,  

 or form a network of hydrogen bonds linking one of the hydrogen atoms of the amine 

function with the oxygen atom involved in the loss of the water molecule: this type of 

structure corresponds to the reaction mechanisms associated with the lowest energy 

barriers, and is obtained by seeking to maximize interactions between water molecules and 

the transition state identified for the reaction without any water molecules.   

To conclude, this work suggests that, in the gas phase, the combined MESP study, the maximization 

of interactions between complementary sites, geometry optimizations and IRC calculations, and the 

QTAIM analysis of the structures obtained, constitutes an interesting approach to characterize at the 

same time non-covalent complexes, transition states and reaction pathways. This work also suggests 

that a C-N bound could be formed from acetic acid and methylamine taken in their fundamental 

states, in the presence of a small number of water molecules. Following a preliminary study using a 

mass spectrometer coupled with the synchrotron radiations,92 we will further investigate this aspect 

from an experimental point of view.  
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