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Abstract

Context: A chemical reaction can be described, from a physicochemical perspective, as a
redistribution of electron density. Additionally, non-covalent interactions locally modify the
electron density distribution. This study aims to characterize the modification of reactivity
caused by the presence of non-covalent interactions such as hydrogen bonds, in a reaction
involving the formation of two bonds and the breaking of two others: CH;COOH + NH.CHs —
CH;CONHCHs.

Methods: In this work, we will follow the how a reaction mechanism involving the formation
of two chemical bonds and the breaking of two other chemical bonds is affected by non-
covalent interaction. To this end, the reaction force will be used to define the region of the
reagents, the region of the transition state, and the region of the products. We will analyze the
redistributions of electron density and electron pairs in each of the regions of the reaction
mechanisms, using QTAIM and ELF ' topological analyses, respectively, for the reaction
between methylamine and acetic acid, in the presence of 0 to 4 water molecules. DFT
calculations were carried out at the LC-oPBE/6-311++G(d,p) + GD3BJ level along the intrinsic
reaction coordinate of the one-step reaction leading to the formation of methylacetamide.
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L. Introduction

A growing chemical diversity is being evidenced in interstellar clouds with the help of the most
powerful telescopes. Generally, two families of processes are considered to explain the
synthesis of these molecules in extremely cold and dilute environments: [1-4] i) solid-phase
processes on the surface of ice grains that could significantly lower energy barriers, and ii) gas-
phase processes. Despite numerous studies on the subject, we are still far from explaining the
entire chemical diversity evidenced by the telescopes. Among others, the reactions leading to
the formation of molecules containing the 4 C, H, O and N atoms essential for life as we know
it are the subject of numerous laboratory studies, to determine whether such molecules could
be formed under interstellar conditions. In particular, the Strecker synthesis has been
extensively studied: the first stages of this reaction lead to the formation of an aminoalcohol R-
CH(OH)-NH2 from ammonia and an aldehyde; then the dehydration of the thus formed
aminoalcohol lead to the formation of an imine RCHNH (Reactionl): [5]

NHs + R-C(O)H > R-CH(OH)-NH; (1)

It has been shown [6] that the presence of a few water molecules can significantly lower the
energy barrier associated with this reaction, whether the water molecules act as an active or
passive catalyst. Without the presence of a water molecule, the energy barrier for the reaction
between CH>=0 and NHzs is 140 kJ/mol, whereas the addition of a single water molecule as a
passive catalyst lowers the energy barrier by around 20 kJ/mol. When a water molecule is added
as an active catalyst, the energy barrier is lowered by around 80 kJ/mol.

The role of a few explicit water molecules in the mechanisms leading to the formation of
peptide-type bonds (amide bonds) has also been extensively studied in the context of the
chemistry of the interstellar medium. Without a molecule of water, the formation of formamide
HC(O)-NH: by reaction between acetic acid and ammonia can proceed according to two types
of mechanism: a concerted, one-step mechanism, and a two-step mechanism with the formation
of a diol as a reaction intermediate (Reaction 2). [7] The energy barriers associated with this
reaction are of 33.1 and 32.2 kcal/mol (138.1 and 133.9 in kJ/mol respectively) for the first and
second steps of the two-step mechanism, respectively, and 34.9 kcal/mol (142.2 kJ/mol) for the
one-step mechanism. [7]

NH3 + CH2COOH > NH2-C(O)H + H,0 )

The role of a few explicit water molecules as a catalyst in this peptide bond formation reaction
has been demonstrated in particular in the dimerisation process of glycine (Reaction 3) when
one to nine water molecules are added: the reaction is favoured by an increasing number of
water molecules; this has been attributed to the stabilisation of the product by non-covalent
interactions with the water molecules. [8]

2 NH2-CH2-C(O)OH = NH,- CH,-C(O )-NH- CH2-C(O)OH + H;0 (3)

The role of water as a catalyst in the reaction to form a peptide-type bond has also been
demonstrated in the case of the reaction to form acetamide from nitriles (Reaction4):

R-CN + H20 — HC(OH)NH — HC(O)NH; (4)



The energetic barrier associated with this reaction is strongly lowered in the presence of an
acidic water cluster (H20)s2(H30)". [9] It has also been shown that the role of water as a catalyst
in these reactions can be demonstrated as soon as one or two molecules of water are taken into
account, as in the case of the comparative study of the reaction of HCN and HNC with the OH
radical, in the presence of 0 to 6 molecules of water. [10]

The effect of an amorphous solid water (ASW) surface on the reaction energetics was also
thoroughly investigated. It has thus been shown that ice water dust mantles activate Strecker-
type reactions, [11] as well as the reaction for the formation of aminoacetonitrile, [12] among
others. Recently, ab initio molecular dynamics calculations have been used to identify catalytic
sites on ASW in the case of the synthesis of aminoethanol. [13] Several studies have
investigated different reaction pathways for the formation of formamide on realistic ASW
surfaces. [14,15]

From a more fundamental point of view, any chemical reaction involves a redistribution of
electron density leading to the breaking of some bonds and/or the formation of others. Among
others, the following tools have been developed to describe this electronic redistribution:

« reaction force to define the region of reactants, transition states, and products along the
reaction coordinate, [16-17-18]

e geometric analysis to characterize the evolution of different chemical bonds along the
reaction path,

« topological analysis of the electron density using the Quantum Theory of Atoms in
Molecules (QTAIM) approach to characterize electronic redistribution along the
reaction path, [19-21]

« topological analysis of the Electron Localization Function (ELF) for an interpretation
in terms of electron pairs and Lewis structures at key points along the reaction path. [22-
24]

It is these approaches that will be used here to study how the presence of 1 to 4 water molecules
modifies the electronic redistribution, and therefore the formation and breaking of bonds, in the
case of the formation of methylacetamide, CH3-C(O)-NH-CHsz from acetic acid and
methylamine. The reactants herein considered have all been detected in the SJRB2 cloud: acetic
acid CHsCOOH, methylamine NH.CHs, and water. [25-27]The one step reaction CH;COOH +
NH2CHs — CHsCONHCHs is chosen here as a prototype for this work because it involves the
concomitant formation of bonds and breaking of two other bonds, allowing the tracking of the
electronic redistributions that occur (scheme 1).

o}
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H—N—H + H,0

CH3

Scheme 1 : Formation of methylacetamide from acetic acid and methylamine in a one-step reaction.



L. Computational details

Geometry optimizations, frequency calculations, and calculations along the intrinsic reaction

All the calculations were performed using Gaussianl6 revision C.01 software. [28] Density
functional theory was used here. In coherence with a similar study reported in the literature on
the same reaction, [29] we selected the hybrid functional LC-owPBE [30-32] and the Pople
triple-& basis set 6-311++G(d,p). The D3 version of Grimme’s dispersion with Becke-Johnson
damping was further used.[33] It has been shown in the literature that this level of calculation
(LC-0PBE + D3) provides an accurate description of this type of molecules. [34] The .wfn and
.wifx cube files necessary for ELF and QTAIM topological analyses were generated at this stage.
From the transition states already reported in the literature, calculations were performed along
the intrinsic reaction coordinate. Energy, geometric, and topological analyses were then carried
out on the various structures obtained along this intrinsic reaction coordinate. Reaction paths
were followed by integrating the intrinsic reaction coordinate using the HPC algorithm. [35-
37]

The energies of the stationary points have been calculated with reference to those of all the
reactants taken separately (n(H20) + CH3COOH + NH2CH3).

III. Theoretical framework
a. Reaction force

In the 2000s, A. Toro-Labbé et al. proposed the concept of reaction force to provide a
framework for studying reaction mechanisms. [10-12; 38, 39] By analogy with physics, the
reaction force is calculated as the negative derivative of the potential energy. This quantity
defines three regions along the intrinsic reaction coordinate:

- the region of reactants, where pre-complexes can form through long-distance
interactions between reactants. This region extends from the reactants to the intrinsic
reaction coordinate at which the reaction force reaches its minimum value;

- the region of the transition state, where most of the electron density redistribution
between reactants and products occurs. This region extends from the intrinsic reaction
coordinate at which the reaction force reaches its minimum value to the intrinsic
reaction coordinate at which the reaction force reaches its maximum value;

- and the region of products, mainly characterized by the relaxation of the formed species;
This region extends from the intrinsic reaction coordinate at which the reaction force
reaches its maximum value to the products.

The derivatives of the potential energies along the intrinsic reaction coordinate were calculated

2
manually. Second derivatives were also calculated to determine the stability (ZTf > 0) or

instability (ZZTS < 0) of the system. [40] The primary objective of this analysis was to define the

different regions of the reaction pathway for a geometric and topological analysis of the various
bonds of interest in each region.



b. Topological analysis

QTAIM : [19-21] The QTAIM method was used to have information about the forming and the
breaking of the different bonds that are evolving during the reaction. It is possible to do this
type of analysis by investigating the electron density and the Laplacian of the electron density
at the bond critical point (BCP). A bond critical point is a point when the gradient of the electron
density vanishes. We'll use the sign of the Laplacian of the electron density as a marker of
whether a bond is covalent (V2p < 0) or non-covalent (V?p > 0). The AIMALL software (version
19.10.12, [41]) was used for this analysis.

ELF :[22-24] Another tool that we used is based on the electron pairs: this method is called
ELF for Electron Localization Function. This method can allow us to have information about
the basin which can be core or valence basins whether they correspond to non-bonding or
bonding doublets. [42] Valence basins V(X) are called monosynaptic basins and represent free
electron pairs; and they are colored in orange. The valence basins V(X,Y) are called disynaptic
basins: they represent the electron doublets of a bond, and they are colored in green. Basins
colored in cyan are called monosynaptic protonated basins and include a hydrogen atom. [43]
The core and valence basins may or may not be separated depending on the cutoff values that
we used. In this paper, the ELF value was set at 0.89. These analyses were carried out with the
TopChem2 software [44,45].

The approach combining reaction force analysis and topological analysis, will help us
understand the driving force of the reaction and the role of microhydration on it. Two types of
microhydration will be considered here: the microhydration of one of the reactants, and the
most energetically favorable microhydration identified, which corresponds to a stabilization of
the transition state by water molecules. [46]

Since the microhydration of acetic acid is energetically more favorable than that of
methylamine, it is the microhydrated acetic acid that will react with methylamine in the case of
a reaction between two partners. The stabilization of the transition state by microhydration leads
to water molecules placed between acetic acid and methylamine. After identifying the structure
of the microhydrated reagents and/or those of the transition states, an intrinsic reaction
coordinates (IRC) calculation is carried out to identify the entire reaction path. Mechanisms
involving proton relays by water molecules preferentially lead to two-step mechanisms,
involving a diol as a reaction intermediate, and these mechanisms will not be discussed here.

First, we will analyze the reaction mechanism without water molecules. Then, we will study
the influence of microhydration on acetic acid. Finally, we will study the influence of
microhydration on the transition state.

IV. Results
a. Geometric analysis

The evolution of interatomic distances dA-B corresponding to the two bonds formed (dC-N,
dO-H) and the two bonds broken (dN-H, dC-O) was determined along the reaction pathway.
Additionally, and similar to the analysis of energy, we examined its derivative of the interatomic
distances along the intrinsic reaction coordinate: (0(dA-B))/oC, allowing for a better
characterization of the changes in geometric distances. We consider the absolute value of this
distance variation between points (n-1) and (n+1) along the intrinsic reaction coordinate.



b. Study of the Reaction Pathway in a Single Step without Water Molecule

The terms o-holes and n-holes were introduced by Politzer et al. to characterize electrophilic
regions located along the axis of a bond (c-hole) or perpendicular to this axis (m-hole),
respectively. [47-49] Thus, there is a n-hole at the carbonyl carbon atom of acetic acid, and o-
holes at the hydrogen atoms of the amine and carboxylic acid groups (see Supplementary
Materials). The single-step reaction involves the formation of a non-covalent complex between
the w-hole of the carbonyl carbon atom of acetic acid and the non-bonding pair of the nitrogen
atom in methylamine (Figure 1A). The transition state allows for the formation of the C-N bond,
the loss of the hydroxyl group, and the transfer of a proton from the transient structure to the
hydroxyl group for the elimination of the water molecule (Fig. 1A). The IRC calculation
confirms that this is a single-step process, characterized by the reactant region (-5.2 < { < -
0.47), the transition state region (-0.47 < { < 0.44), and the product region (0.44 < { < 5.2).
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Figure 1: Analysis of the reaction mechanism CHsCOOH + NHCHs - CH3CONHCHs in one step without water
molecule. Variations, along the intrinsic reaction coordinate, of :A: energy, reaction force and second derivative
of energy; B: interatomic distances, C: derivatives of interatomic distances, and D: electron densities at BCP
points of bonds. The vertical grey lines divide the reaction path into three regions as defined by the minima and
maxima of the reaction force: the regions of the reactants, the transition state and the products, respectively.

The overall evolution of the four interatomic distances of interest (C-O, N-H, C-N, and O-H) is
presented in Figure 1B. It is observed that the C-N distance changes significantly in the reactant
region. This bond evolves the most in this region, and the C-N distance appears to stabilize in



the transition state region to reach a plateau in the product region. The O-H interatomic distance
also begins to decrease in the reactant region. This approach of the O and H atoms intensifies
in the transition state region to reach a plateau in the transition state region, corresponding to
the formation of the O-H bond. The C-O interatomic distance is initially quite stable in the
reactant region and begins to increase towards the end of the reactant region. This increase in
the C-O distance, corresponding to the bond breakage, continues in the transition state region
and then in the product region. The N-H interatomic distance is very stable in the reactant
region. It starts to increase in the transition state region and continues to increase in the product
region, corresponding to the rupture of the N-H bond. The study of the derivatives of these
interatomic distances along the intrinsic reaction coordinate is quite interesting for highlighting

these changes (Figure 1C) —=X gvolves significantly in the reactant reglon Z —=2 also evolves

in this region and contlnues its evolution in the transition state region. In contrast, the
derivatives of the O-H and N-H interatomic distances mainly evolve in the transition state
region.

The evolution of the electronic density at the BCPs of these different bonds fully confirms these
changes (Fig 1 D), with the formation of the C-N bond characterized by an increase in electronic
density at the corresponding BCP. These interactions between the C and N atoms increase
significantly in both the reactant and transition state regions, reaching a plateau in the product
region. Conversely, the electronic density at the BCP of the C-O bond decreases significantly
in the reactant and transition state regions, leading to the rupture of this interaction in the
product region. The evolution of the N-H and O-H interactions clearly occurs in the transition
state region, with an N-H bond that is stable in the reactant region and breaks in the transition
state region, and conversely, an O-H bond that is non-existent in the reactant region, forming
in the transition state region and leading to the elimination of the water molecule in the product
region.

To complement these analyses, we studied the variations of the Laplacians of the electronic
densities at the BCPs of these 4 bonds to identify bond formations and breakages: covalent
interactions become non-covalent when the Laplacian of the electronic density changes from
negative to positive values, and vice versa. These variations in the Laplacians of the electronic
densities are presented in Figure 2, along with the normalized second derivative of the energy

s E The superposition of these different curves shows that the formation of the C-N bond is

characterized by the transition from a zero to a positive value of z—;. This formation of the C-
N bond clearly occurs in the reactant region. For an intrinsic reaction coordinate value of -1.6,
the second derlvatlve — changes sign and becomes negative, corresponding to the entry into

the transition state reglon. This point also corresponds to the breaking of the C-O bond at the
level of acetic acid. Then, the formation of the O-H bond and the breaking of the N-H bond
occur in the transition state region. The formation of the C-N bond thus appears to be the starting
point of the reaction, occurring even before the transition state region, suggesting that the non-
bonding pair on the nitrogen atom attacks the n-hole of the carbonyl group very early in the
reaction mechanism.
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Intrinsic reaction coordinate (§)

Figure 2: Analysis of the CHsCOOH + NH2CHs - CH3CONHCHs one-step reaction mechanism without water
molecule. Variations, along the intrinsic reaction coordinate, of the Laplacians of the electron density at the BCP
points of the two bonds that form (C-N and O-H) and the two bonds that break (C-O and N-H). The second
derivative of the normalized energy is also superimposed on this graph in orange. The vertical grey lines divide
the reaction path into three regions as defined by the minima and maxima of the reaction force: the regions of
the reactants, the transition state and the products, respectively.

The ELF analysis is very useful for confirming this interpretation, as this approach allows for
the characterization of electronic pairs, particularly disynaptic valence basins corresponding to
covalent bonds, and monosynaptic valence basins corresponding to non-bonding pairs. Figure
3 confirms that the non-bonding pair on the nitrogen atom attacks the n-hole of the carbonyl
group to form the C-N bond in the reactant region. The proton transfer from the transient
structure to the hydroxyl group occurs in the transition state region.

It is worth underlying that the C=0 bond remains virtually unchanged throughout the reaction.
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Figure 3: Evolution of the core and valence basins as defined by ELF analysis at the characteristic points of the
reaction, for the one-step formation of methylacetamide in the absence of a water molecule, and interpretation
in terms of Lewis structures. Basins colored in orange, green and cyan represent monosynaptic V(X)
basins, disynaptic V(X,Y) basins, and monosynaptic protonated basins, respectively.

c. Effect of the addition of water molecules

All the reaction paths discussed in the following are shown in Figure 4.
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Figure 4: Identification of the different reaction profiles for the one-step formation of methylacetamide from methylamine and acetic acid in the presence of 1, 2, 3 and 4
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The “net energy barriers” required to reach the transition state from the complex formed from
the isolated reactants are given in Table 1, as a function of the number of water molecules of
hydration and the type of microhydration (microhydration of reactants versus microhydration
of TS). Among others, it is worth mentioning that microhydration of the reactant does not lower
the barrier, but it lowers the TS energy by approximately 40 kJ/mol.

Number IVIiCFO-hyd ration Ecomplex Etransition_State Eproducts AE =
of water of (kJ/moI) (kJ/moI) (kJ/moI) Etransition_State - Ecomplex

molecules (kJ/mol)

0 -14 147 -56 161

1 Acetic acid -53 110 -88 163

Transition State -33 97 -71 130

) Acetic acid -94 69 -63 163

Transition State -78 36 -118 114

3 Acetic acid -132 24 -175 156

Transition State -94 -6 -153 88

4 Acetic acid -167 -11 -210 156

Transition State -135 -32 -209 103

Table 1: “Net energy barriers” required to reach the transition state from the complex formed from the isolated
reactants for reaction paths shown in Figure 4.

All the corresponding Cartesian Coordinates of the optimized structures are given in
Supplementary Materials.

i. Reaction between micro-hydrated acetic acid and methylamine

The influence of micro-hydration on the reaction force is shown in Figure 5A, corresponding
to the reaction mechanisms involving micro-hydrated acetic acid (mechanism shown in red in
Figure 4).
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Figure 5: Influence of microhydration of acetic acid prior to its one-step reactif with methylamine. Variations,
along the intrinsic reaction coordinate, of: A: reaction force, B: second derivative of energy; C: interatomic
distances, D: derivatives of interatomic distances, E: electron densities at the BCP points of the 4 bonds of
interest, and F: Laplacian of the electron density at the BCP points of the 4 bonds of interest. The vertical grey
marks divide the reaction path into three regions as defined by the minima and maxima of the reaction force:
the regions of the reactants, the transition state and the products, respectively. The different regions are shown
in the case of the reaction mechanism without water molecules. The exact positions of these limits, depending
on the number of water molecules, are given in Table 2.

Overall, the presence of a single water molecule hydrating acetic acid prior to its reaction with
methylamine strongly shortens the region of the reactants, and lengthens the region of the
transition state. On the other hand, the variation in reaction force along the intrinsic reaction
coordinate is little affected when further water molecules are added. (Table 2).
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Region of the Region of the Region of the

n e

reactants transition state products
0 {<-182 -1.82<{<0.68 0.68<(
1 (<-0.42 -0.42 <{<0.53 0.53 <(
2 {<-0.42 -0.42 <{<0.53 0.53<(
3 {<-0.52 -0.52<({<0.42 042<¢(
4 {<-0.52 -0.52<(<0.31 0.31<(

Table 2: Division of the reaction paths into three regions as defined by the minima and maxima of the reaction
force, depending on the number n of water molecules, in the case of the reaction mechanisms shown in red,
Figure 4.

As more water molecules are added, the increase in the C-O distance is delayed and occurs
primarily in the transition state region rather than in the product region. Other interatomic
distances are little affected by the presence of water molecules (Figure 5C). This variation is
clearly visible in the curves showing the derivative of the interatomic distance (Figure 5D),
with the delay of the C-O breaking bond. The study of the variations in electronic density and
its Laplacian at the 4 BCPs of the bonds of interest confirms this (Figure 5E, F):

- the formation of the C-N bond always occurs first, in the reactant region, as observed
without water molecules,

- the presence of water molecules delays the breaking of the C-O bond, which no longer
occurs in the reactant region but in the transition state region, starting with the presence
of just one water molecule,

- the presence of water molecules does not affect the evolution of the N-H and O-H bonds,
which are broken and formed, respectively, in the transition state region.

The delay in breaking the C-O bond is also highlighted by ELF analysis (Figure 6):

- without a water molecule, the disynaptic valence pool corresponding to the C-O bond
had disappeared at the transition state,

- in the presence of a single water molecule, this pool still exists at maximum reaction
force, i.e. right up to the product region.
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Figure 6: Evolution of the core and valence basins as defined by ELF analysis at the characteristic points of the
reaction, for the one-step formation of methylacetamide in the presence of a molecule of water of hydration on
acetic acid prior to its reaction, and interpretation in terms of Lewis structures. Basins colored in orange, green
and cyan represent monosynaptic V(X) basins, disynaptic V(X,Y) basins, and monosynaptic protonated basins,
respectively.
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il. Stabilizing the transition state with water molecules

When water molecules are placed to maximize the stabilization of the transition state, the
lowering of the reaction potential energy is more significant, approximately 15, 30, 30, and 20
kJ/mol with the presence of 1, 2, 3, and 4 water molecules, respectively, compared to micro-
hydration of acetic acid. This micro-hydration, which maximally stabilizes the transition state
and thus further lowers the energy barrier, corresponds to positioning water molecules between
the carbonyl group of acetic acid and the amine group of methylamine. Such micro-hydration
naturally disrupts the formation and breaking of the 4 bonds of interest since they involve atoms
from the carbonyl group of acetic acid and/or atoms from the amine group of methylamine.
This is evident in Figure 7 :

- the C-N bond forms even earlier in the reactant region,

- the C-O bond is broken earlier, in the reactant region, but still after the formation of the
C-N bond,

- the proton transfer from the amine to the hydroxyl group still occurs in the transition
state region.

The presence of just one water molecule is sufficient for these modifications, and adding
additional water molecules has a lesser effect on the reaction mechanism. In terms of force and
second derivative of the energy, the presence of one water molecule results in the following
position of the region of the reactants, transition state and products: -8.8 < { < -3.5 for the
reagents, -3.5 < { < 1.9 for the transition state and 1.9 < { < 8.6 for the products, respectively
(Table 3). On the other hand, the presence of 2 to 4 water molecules will slightly displace these
regions and looks similar (reactant region for -9.5 < { < -2.6, transition state region for -2.6 < {
< 1.4, and product region 1.4 < (< 9.2).

Region of the Region of the Region of the

n .

reactants transition state products
0 £<-1.82 -1.82<({<0.68 0.68 <
1 {<-351 -3.51<(<1.94 1.94 <(
2 (<-2.92 -2.92 <(<2.33 2.33<(
3 {<-2.36 -2.36<(<2.16 2.16 <(
4 {<-2.65 -2.65<(<1.23 1.23<¢

Table 3: Division of the reaction paths into three regions as defined by the minima and maxima of the reaction
force, depending on the number n of water molecules, in the case of the reaction mechanisms shown in blue,
Figure 4.

ELF analysis at the relevant points along the reaction pathway in the presence of a water
molecule of hydration of the transition state is presented in Supplementary Material. In terms
of ELF basins, this analysis is not very different from that obtained without water molecules,
with the C-N bond formed at the minimum of the reaction force, the C-O bond broken for the
transition state, and the proton transfer observed at the maximum of the reaction force.
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Figure 7: Influence of micro-hydration on the transition state for the CH3COOH + NH2CH3 -> CH3CONHCH3s one-
step reaction mechanism. Variations, along the intrinsic reaction coordinate, of : A: reaction force, B : second

derivative of energy; C: interatomic distances; D: electron densities at BCP points of the 4 bonds of interest, and

E and F: Laplacian of electron density at BCP points of the 4 bonds of interest. . The vertical grey marks divide the

reaction path into three regions as defined by the minima and maxima of the reaction force: the regions of the

reactants, the transition state and the products, respectively. The different regions are shown in the case of the

reaction mechanism with one water molecules. The exact positions of these limits, depending on the number of

water molecules, are given in Table 3.
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V. Conclusion and perspectives

The evolution of the system’s energy, interatomic distances, as well as electronic densities and
their derivatives throughout the reaction, are key quantities for studying reaction mechanisms.
Their joint study allows for describing bond formations and breakages in terms of electronic
redistributions within the system.

In this work, we compared the effects of two micro-hydration patterns on a single-step reaction
involving the formation of two bonds and the breaking of two bonds: the formation of
methylacetamide from methylamine and acetic acid, considering either the micro-hydration of
acetic acid prior to its reaction or the micro-hydration at the transition state.

Without water molecules, the C-N bond forms very early in the reaction process, in the
transition state region. Then, the C-O bond is broken. Finally, the proton migration from the
amine group to the hydroxyl group occurs in the transition state region.

Micro-hydration of acetic acid prior to its reactivity lowers the overall reaction potential energy.
It appears to have little effect on the formation of the C-N bond. However, it delays the breaking
of the C-O bond, which occurs in the transition state region, similar to the proton migration
from the amine group to the hydroxyl group.

Micro-hydration of the transition state allows for a further decrease in the overall reaction
potential energy. Electronic redistribution is also more significantly affected by this micro-
hydration, leading to earlier formation of the C-N bond and earlier breaking of the C-O bond,
in the reactant region.

This approach, based on the joint study of different energetic, geometric, and topological
quantities, as well as their derivatives, seems highly relevant for describing the influence of
non-covalent interactions on the reactivity of chemical species. Furthermore, introducing new
derivatives by analogy with classical physics approaches, such as the reaction force introduced
by A. Torro Labbé et al. in the 2000s, or the derivative of interatomic distances, appears quite
pertinent for describing the influence of non-covalent interactions on reactivity. The
methodology implemented here could certainly be applied to other reaction processes, such as
in interstellar media or atmospheric chemistry. Notably, it will be very interesting to determine
whether non-covalent interactions leading to shifted electronic redistributions in the reactant
region are systematically associated with a greater lowering of reaction enthalpies or not.
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