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Abstract

In this study, we investigate the protonation effects on the structure, relative stability

and basicity of complexes formed by the interaction of monomers and dimers of

BeX2 and MgX2 (X = H, F) with NH3, CH2NH, HCN, and NC5H5 bases. Calculations

were performed using the M06-2X/aug-cc-pVTZ formalism, along with QTAIM, ELF and

NCI methods for electron density analysis and MBIE and LMO-EDA energy decomposi-

tion analyses for interaction enthalpies. The protonation of the MH2– and M2H4–Base

complexes occurs at the negatively charged hydrogen atoms of the MH2 and M2H4 moi-

eties through typical hydride abstraction reactions, while protonation at the N atom of

the base is systematically less exothermic. The preference for the hydride transfer mech-

anism is directly associated with the significant exothermicity of H2 formation through

the interaction between H� and H+, and the high hydride donor ability of these com-

plexes. The basicity of both, MH2 and M2H4 compounds increases enormously upon

association with the corresponding bases, with the increase exceeding 40 orders of

magnitude in terms of ionization constants. Due to the smaller exothermicity of HF for-

mation, the basicity of fluorides is lower than that of hydrides. In Be complexes, the pro-

tonation at the N atom of the base dominates over the fluoride abstraction mechanism.

However, for the Mg complexes the fluoride abstraction mechanism is energetically the

most favorable process, reflecting the greater facility of Mg complexes to lose F�.

K E YWORD S

DFT calculations, fluoride abstraction, hydride abstraction, intrinsic basicity, Mg and Be clusters,
nitrogen bases

1 | INTRODUCTION

A fundamental characteristic of electron-deficient systems is their

behavior as strong Lewis acids. This ability to accept electron density

transferred from a Lewis base inevitably enhances the intrinsic acidity

of the base. This phenomenon is well-documented experimentally and

theoretically, particularly for phosphineboranes, which exhibit an

increase in acidity by 16–18 orders of magnitude compared to their

corresponding phosphines, as measured by ionization constants.1,2 Sub-

sequent studies have shown that replacing boron with other elements

in the same group results in similarly substantial acidity enhancements

in complexes between triels and various electron-deficient compoundsDedicated to Prof. Hans Lischka on the occasion of his 80th birthday.
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with different bases,3–9 including also some oxyacids.10 In specific

cases, these acidity enhancements can lead to spontaneous proton

transfer11 or loss of H2.
12

In a recent paper, we investigated the capacity of clusters of

Be and Mg derivatives to substantially enhance the acidity of typical

nitrogen bases.13 Our findings indicate that this enhancement

increases with the size of the cluster, from monomers to trimers. It

is also evident that the intrinsic basicity of the Lewis acid is likely to

be altered to some extent. This prompted us to investigate the pro-

tonation effects on the structure, relative stability, and basicity of

the same set of complexes, formed when the monomers and dimers

of BeX₂ and MgX₂ (X = H, F) interact with ammonia, methaneimine,

hydrogen cyanide, and pyridine. Our study extended beyond mono-

mers because our previous research showed13 that the effects of

these interactions on acidity vary with the size of the Be and Mg

clusters involved. All monomers and dimers of MX2 (M = Be, Mg;

X = H, F) exist in the gas phase, but the information about

their intrinsic thermodynamic properties is rather scarce. To date,

their gas-phase basicity has never been reported, and the gas-phase

acidity is known only for the two hydrides.14 Mg2F4 is formed

by equilibrium vaporization of MgF2 in the temperature range

1200–1540 K,15 whereas Be2H4 and Mg2H4 have been synthesized

by the reaction of laser-ablated Be and Mg atoms, respectively, with

molecular hydrogen.16,17

1.1 | Computational details

The protonation of the complexes MX2–Base and M2X4–Base

(M = Be, Mg; X = H, F; Base = ammonia, methaneimine, hydrogen

cyanide, and pyridine) was analyzed using the M06-2X DFT approach

associated with an aug-cc-pVTZ basis set. This theoretical model

accounts for dispersion effects18 and yields enthalpies and free

energies in good agreement with the G4 theory,19 particularly when

dealing with electron-deficient compounds.13,20,21

The bonding characteristics of the neutral and protonated

complexes were analyzed using the quantum theory of Atoms in

Molecules (QTAIM) approach.22 This method involves a topological

analysis of the molecular electron density, ρ(r), to locate and charac-

terize its critical points, namely bond-, ring-, and cage-critical points.

The electron density and its Laplacian at the bond critical points

(BCPs) provide information about the strength and covalency of the

chemical linkage and permit to define the molecular graph that

provides important structural information. These calculations were

performed using the AIMAll (Version 19.10.12) code.23

A complementary view of the electron density distribution within

the complex can be obtained using the electron localization function

(ELF) method.24 This approach locates areas with a low value of the

excess local kinetic energy associated with highly localized electrons,

allowing the definition of monosynaptic basins (typically associated

with core and electron lone pairs) and disynaptic (or polysynaptic)

basins (associated with two-center or multi-center bonding interac-

tions). Polysynaptic basins, particularly trisynaptic ones, are common

in electron-deficient compounds, which are prone to form three-

center two-electron (3c, 2e) bonds, such as those stabilizing diborane.

As we will discuss in the following sections, many of the com-

plexes investigated are stabilized by weak intermolecular interactions,

where the van der Waals component significantly contributes to the

strength of these interactions. These weak interactions are often

overlooked when using AIM or ELF formalisms but can be detected

with the NCIPLOT approach,25 which identifies regions of low

reduced density gradients and low electron density values, which are

typically associated with such interactions.

The analysis of the stability trends of the complexes investigated

was facilitated by two different energy decomposition methods: the

many-body interaction energy (MBIE) formalism,26,27 and the localized

molecular orbital energy decomposition analysis LMO-EDA.28 The

MBIE method decomposes the total binding energy of the molecular

systems into one-, two-, three-center, or n-center (n > 3) terms as

indicated in Equations (2)–(4), respectively, providing a detailed under-

standing of the interactions within the complexes.

ΔE¼ E ABCð Þ�
XC

i¼A

Em ið Þ¼
XC

i¼A

ER ið Þþ
XB

i¼A

XC

j> i

Δ2E i, jð ÞþΔ3E ABCð Þ

ð1Þ

ER ið Þ¼ E ið Þ�Em ið Þ ð2Þ

Δ2E ijð Þ¼ E ijð Þ� E ið Þ�E jð Þ½ � ð3Þ

Δ3E ABCð Þ¼ E ABCð Þ� E Að ÞþE Bð ÞþE Cð Þ½ �
� Δ2E ABð ÞþΔ2E ACð ÞþΔ2E BCð Þ� � ð4Þ

The one-center terms, ER(i), represent the energetic cost of dis-

torting each monomer within the cluster. This is calculated as the dif-

ference between Em(i), the energy of the i-monomer in its equilibrium

geometry, and E(i), the energy of the i-monomer within the geometry

of the ABC complex. The two- and three-body interaction energies,

Δ2E(ij) and Δ3E(ABC) computed at the corresponding geometries in

the complex, quantify the stabilization (or destabilization) associated

with these interactions in the ABC system.

In the LMO-EDA28 procedure, the interaction energy is given by

the equation:

Eint ¼ EelecþEexcþErepþEpolþEdisp ð5Þ

The first term, Eelec, describes the classical coulombic interac-

tion between the occupied orbitals of the monomers. The second

and third terms, Eexc and Erep, represent the exchange and repulsive

components associated with the Pauli exclusion principle. The

fourth term, Epol, accounts for polarization effects, and fifth term,

Edisp, accounts for dispersion effects. Unlike the MBIE method, the

LMO-EDA interaction energy, based on the generalized Kohn-Sham

(GKS) approach, does not include the distortion energy. These

LMO-EDA calculations were carried out using the GAMESS code

(version 2012-R1).29
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2 | RESULTS AND DISCUSSION

2.1 | MH2-base complexes (M = Be, Mg)

We will start our discussion by analyzing the results obtained for the

MH2–Base complexes (M = Be, Mg: Base = NH3, CH2NH, HCN,

C5NH5). According to the molecular electrostatic potential (MEP) of

MH2 compounds (see Figure 1), the π-hole is distributed as a belt

around the H–M–H axis, while the areas favorable to electrophilic

attacks are associated with the hydrogen atoms.

Consistently, the protonation of these compounds occurs at

the negatively charged hydrogen atoms through a typical hydride

abstraction reaction. Accordingly, the protonated species can be

seen as the interaction between an MH+ closed-shell cation and a

hydrogen molecule (see Figure 2).

Hydride abstraction reactions are not uncommon in chemistry,

particularly in processes involving transition-metal cations and anions,

as well as neutral systems.30–33 These hydride abstraction mecha-

nisms play significant roles in organic synthesis,34,35 in catalysis,36–38

and in biochemical processes.39 Many studies have attempted to

quantify the hydride donor ability of various species.40–42 Our work

focuses on processes in the gas phase, whereas most previous studies

mentioned above have been conducted in solution. In our case, the

hydride abstraction follows a proton attack.

When analyzing the MH2–NH3 cluster, the most significant

change in the MEP (see Figure 1) is the position of the π-holes, now

associated with the hydrogens of NH3. The electrophilic areas remain

associated with the hydrogens of the BeH2 moiety but are more

attractive than in the isolated compound. Thus, a possible mechanism

for the protonation of the MH2–Base complex is again a hydride

abstraction reaction, resulting in the formation of a H2 molecule.

Hence, the protonated species results from the interaction between a

[MH–Base]+ closed-shell cation and H2 (structure A in Figure 2). A

second protonation process, which involves protonation at the N of

F IGURE 1 Molecular electrostatic potential
for BeH2 and its complex with NH3. The black
dots denote the existence of π-holes, which in
BeH2 form a belt around the H–Be–H axis and in
the BeH2–NH3 complex are associated with the
hydrogens of NH3. Red areas are favorable for
electrophilic attacks.

F IGURE 2 Structures and molecular graphs for protonated forms of BeH2, MgH2, and their complexes with NH3. The structures of the
transition states (TS-AB) connecting forms A and B are also provided. Electron densities at the BCPs are in a.u.
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the base, is also possible. In this case, the final protonated form is a

complex between MH2 and the protonated base, BaseH+, stabilized

by the formation of a dihydrogen bond (DHB)43–45 (structure B in

Figure 2). Both protonated forms are illustrated in the second row

of Figure 2, using the complex with ammonia as a suitable example.

The structures for the other bases are shown in Figure S1.

The conversion from isomer A to isomer B through the transi-

tion state TS-AB (see Figure 2) involves high activation barriers,

as shown in Table S1, which also includes the geometries of the

transition states for the other bases. The proton affinities (PA) of

the isolated MH2 compounds and their complexes with NH3,

CH2NH, HCN, and NC5H5, yielding structures A and B are given

in Table 1.

The first outstanding finding is that, for both Be and Mg

complexes, the protonation of the MH2–Base at the metal yielding

[MH–Base]+��� H2 is energetically more favorable than protonation at

the N atom of the base, which yields [MH2–BaseH]
+. This can be

understood through thermodynamic cycles that outline the different

steps leading from the initial complex to the two different final

products. These cycles, illustrated using the BeH2–NH3 complex as an

example, are shown in Figure 3. In Figure S2, an alternative view of the

energetics of both possible processes is provided.

For the process yielding [BeH–Base]+���H2, the first step involves

the loss of H�, which is a rather endothermic process, resulting in a

[BeH–Base]+ closed-shell cation. This is followed by the protonation

of H� to form an H2 molecule in a highly exothermic reaction. The

final step is the interaction between H2 and the [BeH–Base]+ closed-

shell cation, leading to the final product with slight exothermicity.

In the second process, in which the [BeH2–BaseH]+ species is the

final product, the first step is the dissociation of the initial BeH2–Base

cluster, which is endothermic by 95 kJ�mol�1. This is followed by the

protonation of NH3, defining the proton affinity of this base. Finally,

the interaction between the BeH2 and NH4
+ yields the final product,

[BeH2–NH4]
+.

An analysis of both thermodynamic cycles reveals that the mech-

anism leading to [BeH–Base]+���H2 as the final product is the most

exothermic due to the significant exothermicity of forming the H2

molecule through the protonation of H�. Thus, although the loss of

H� is quite endothermic (813 kJ�mol�1), the overall process of forming

[MH–Base]+ + H2 is more exothermic (�853 kJ�mol�1) than the pro-

tonation of NH3 (�837 kJ�mol�1). This energetic difference becomes

even more pronounced when considering that the dissociation of the

initial complex is endothermic by 95 kJ�mol�1.

The second important finding is the spectacular increase in the

intrinsic basicity of the MH2 hydride after its attachment to the differ-

ent bases (see Table 1). For example, in the BeH2–NH3 complex

shown in Figure 2, the basicity of the BeH2 compound increases by

230 kJ�mol�1 upon attachment to NH3, which translates to an

increase of more than 40 orders of magnitude in terms of the

TABLE 1 Proton affinities (PA) and proton affinity enhancements
(ΔPA) of MH2 and MH2–Base complexes. All values are in kJ�mol�1.

M = Be M = Mg

Compound A B ΔPA A B ΔPA

MH2 641.2 – 0.0 802.3 0.0

MH2–NH3 871.6 780.3 230.4 929.2 833.6 126.8

MH2–NHCH2 887.5 783.8 246.3 937.6 836.9 135.2

MH2–NCH 868.1 704.9 226.9 939.1 –a 136.8

MH2–NC5H5 914.9 825.9 273.7 957.4 874.8 155.0

Note: The PAs of NH3, NHCH2, HCN and NC5H5 are: 837, 855, 698 and

918 kJ�mol�1, respectively. Values in bold refer to the most basic isomer.
aOnly structure A is a minimum.

F IGURE 3 Thermodynamic cycles
corresponding to the formation of
[BeH–NH3]

+���H2 and [BeH2–NH4]
+

protonated species of the BeH2–NH3

complex. Enthalpies are in kJ�mol�1.
Blue and magenta values correspond
to exothermic and endothermic
processes, respectively. The enthalpy of
the whole process is in red.
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ionization constants. This makes BeH2–NH3 complex 34 kJ�mol�1

more basic than ammonia, indicating that a typical Lewis acid like

BeH2, when attached to ammonia, becomes more basic than

ammonia itself. However, when examining the changes in the

basicity of the N-base, the opposite trend is observed: the basicity

of ammonia decreases by 57 kJ�mol�1 when it is attached to BeH2.

The same behavior is observed for the other bases investigated,

with the decrease in basicity being more pronounced the higher

the intrinsic basicity of the base. For example, when attached to

BeH2, methaneimine and pyridine exhibit decreases in basicity of

71 kJ�mol�1 (from 885 to 754 kJ�mol�1) and 92 kJ�mol�1 (from

918 to 826 kJ�mol�1), respectively (See Table 1), whereas for

HCN—a much weaker N-base than the others—a slight increase of

7 kJ�mol�1 (from 698 to 705 kJ�mol�1), rather than a decrease (see

Table 1) is predicted. This peculiar behavior of HCN, stemming

from its low basicity will be found again in following sections.

The increase in the basicity of the MH2 moiety is directly linked

to a corresponding enhancement in its hydride donor ability (HDA)

(see Table 2), defined by the enthalpy of the reaction:

MH2 –Base à MH–Base½ �þ þH� ð6Þ

This reaction highlights the significant stabilization provided

by the base, which enhances the overall basicity and hydride donor

ability of the complex. Indeed, as illustrated in Figure S3, there is a

good linear correlation between the calculated PAs and HDAs. The

substantial increase in the HDA of the MH2–Base complexes arises

from the significant electron density transfer from the base to the

MH2 moiety. This transfer enhances the electron density at the H

atoms, thereby increasing the HDA of the complex. This finding is

further corroborated by the good correlation between the

changes in HDA (ΔHDA) and PA (ΔPA) for the different bases

(see Figure S4). The largest increase is observed for the pyridine

complex, while the smallest one is seen for the HCN complex. In

the case of pyridine, the positive charge at the [BeH–pyridine]+ is

easily delocalized within the aromatic ring, leading to enhanced

stabilization of the closed-shell cation, a delocalization that is not

possible for the [BeH–HCN]+ cation. This correlation underscores

the influence of electron density transfer on the hydride donor

ability and proton affinity of the MH₂–Base complexes.

2.2 | MF2–Base complexes (M = Be, Mg)

The proton affinities of the MF2–Base complexes are summarized

in Table 3, and the structures of their protonated forms in Figure 4.

Similar to the corresponding hydrides, protonation of MF2–Base com-

plexes can proceed either via a fluoride abstraction reaction, yielding

as final product a [MF-Base]+���FH complex (structures A in Figure 4) or

via direct protonation of the base, yielding a [MF2-HBase]
+ protonated

form (structures B in Figure 4).

However, unlike the hydrides, protonation at the N atom of the

base yielding structure B is energetically more favorable for the

fluorides, with the only exception of the HCN complex. This differ-

ent behavior between hydrides and fluorides can be explained

using similar thermodynamic cycles, as shown in Figure 3.

There are two main differences compared to the hydrides. The

first difference is related to the fluoride donor ability (FDA), defined

by the enthalpy of the process:

MF2 –Base à MF–Base½ �þ þF� ð7Þ

as compared with the HDA of the corresponding hydride. Taken the

BeF2–NH3 complex as an example, Figures S5 and S6 show that form-

ing F� from BeF2–NH3 is more endothermic than the removing H�

from BeH2–NH3.

The second difference concerns the formation of the HF mole-

cule via protonation of F�, which is less exothermic (�1547 kJ�mol�1)

than the formation of H2 by protonation of H� (�1666 kJ�mol�1)

(Figures 3 and S5).

Importantly, for the fluoride complexes, the enhancement in

basicity relative to the isolated MF2 compounds remains significantly

high. Nevertheless, although the basicity of the MF2–Base complex is

much greater than that of the isolated MF2 molecule, it is generally

smaller than that of the isolated base. A similar enhancement is

observed in the fluoride donor ability (see Table S2).

TABLE 2 Hydride donor ability (HDA) of MH2–Base complexes
(M = Be, Mg, Base = NH3, CH2NH, HCN, NC5H5) and its increase
(ΔHDA) relative to the isolated MH2 compound. All values in
kJ�mol�1.

M = Be M = Mg

HDAa ΔHDA HDAa ΔHDA

MH2 1120.9 0.0 904.0 0.0

MH2–NH3 813.0 �307.9 757.4 �146.6

MH2–NHCH2 802.6 �318.3 750.4 �153.6

MH2–NCH 822.7 �298.2 748.2 �155.8

MH2–NC5H5 765.2 �355.6 727.8 �176.2

aNote that, as with intrinsic acidities, the lower the HDA value, the better

the system is as a H� donor.

TABLE 3 Proton affinities (PA) and proton affinity enhancements
(ΔPA) of MF2 and MF2–Base complexes (M = Be, Mg, Base = NH3,
CH2NH, HCN, NC5H5). All values are in kJ�mol�1.

M = Be M = Mg

Compound A B ΔPA A B ΔPA

MF2 531.5 – 0.0 676.9 – 0.0

MF2–NH3 722.4 765.3 233.8 783.8 818.1 141.2

MF2–NHCH2 738.9 769.5 238.0 786.4 814.1 137.2

MF2–NCH 725.8 708.4 194.3 766.5 795.3 118.4

MF2–NC5H5 759.9 806.9 275.5 807.6 848.3 171.4

Note: Values in bold refer to the most basic isomer.
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It is notable that the HCN complex exhibits unique behavior,

making isomer A more stable than isomer B. This stability differ-

ence is due to the low intrinsic basicity of HCN compared to the

other bases in our survey. As illustrated in Figures S5 and S6, which

compares the energetics of the processes leading to isomers A and

B for NH3 and HCN, it is evident that the differences in fluoride

abstraction leading to structure A are minimal. This similarity arises

because both compounds have comparable FDAs (953 and

952 kJ�mol�1, respectively; see Table S2) and similar interaction

energies between the corresponding closed-shell cations and HF

(�128 and �131 kJ�mol�1, respectively; see Figure S5). The same

applies to the various steps associated with the formation of struc-

ture B, with the notable exception of the PA of the base. For HCN,

the PA is 139 kJ�mol�1 lower than for NH3, resulting in the forma-

tion of structure B being 23 kJ�mol�1 less exothermic than the for-

mation of structure A.

2.3 | M2H4-base complexes (M = Be, Mg)

The scenario changes significantly when moving from MH2 mono-

mers to M2H4 dimers, which have several conformations.13 The

MEP of the two more stable conformers13 1 and 2 (see first row of

Figure 5) show again that the π-holes are on top of the Be atoms,

whereas the most attractive electrophilic areas are associated

with the terminal hydrogen atoms. The hydrogen atoms participat-

ing in the (3c,2e) bonds are much less attractive. Hence, proton-

ation is expected to occur at these terminal MH groups, leading to

a typical hydride abstraction process. For the neutral conformer 1,

this process yields conformer A (see Figure 5). The neutral

conformer 2 have two possible sites for hydride abstraction,

resulting in two different conformers, C and D (Figure 5). As

with the monomers, protonation at the N center of the base leads

to a local minimum B, stabilized through a DHB between the

protonated base and the M2H4 moiety. Finally, for ammonia and

methaneimine, minima of type E are also possible through the for-

mation of two DHBs.

The PAs of this set of compounds are summarized in Table 4.

Systematically, the most stable protonated form results from a

hydride abstraction reaction. Curiously, for Be hydrides, the most

stable protonated form is A, whereas for Mg hydrides, it is the

C isomer the most stable. Protonation at the N atom of the base is

always much less exothermic, with the least stable forms being the

E-type conformers.

Given that the dominant protonation processes involve hydride

abstraction reactions, a direct correlation between the calculated PAs

and the corresponding HDAs would be expected, as was the case for

the monomers. However, this is not observed. As shown in Table 5,

F IGURE 4 Structures of the protonated forms of BeF2, MgF2, and their complexes with NH3, CH2NH, HCN, and NC5H5.
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for both Be and Mg complexes, the highest HDA is found for con-

former C. Accordingly, conformer C should be the most basic, which

holds true for Mg complexes but not for Be ones.

Since the closed-shell cations in the protonated conformers C are

more stable than in A, the interaction with H2 in A must be stronger

than in C. This is illustrated in Figure S7 for complexes with NH3 and

CH2NH taken as suitable examples. For NH3 and CH2NH, the [M2H3–

Base]+ cation in A is 14.5 and 21.9 kJ�mol�1 less stable, respectively,

than in C. However, the interactions of these cations with H2 are 49.5

and 50.6 kJ�mol�1 more stabilizing for A than for C. As a result, the

PAs of A are 34.9 (Base = NH3) and 28.7 (Base = CH2NH) kJ�mol�1

greater than the PAs of C. The question to be answered is what makes

the interaction of the cation A with H2 stronger than with cation C. A

clear clue can be obtained through a MBIE analysis (see Table 6).

The first important difference is observed for the monomer dis-

tortion energies, which for the central Be atom are more than 70%

larger in A than in C. This is so because, in A, the central Be atom

changes its hybridization from sp2 to sp3. However, this effect is more

than compensated by the possibility of forming three (3c,2e) Be–H–

Be bonds in A. As a result, the two-center and three-center stabiliza-

tion interactions in A are 9% and 98% greater, respectively, than in C.

The same effects are observed for the Mg complexes, but the

differences are smaller because the absolute values are also smaller.

The rehybridization of Mg, being a second-row element, is less

costly than for Be, resulting in a monomer distortion energy for Mg

(105 kJ�mol�1) that is much smaller than for Be (233 kJ�mol�1). Thus,

while for Be the one-center terms in A are 150 kJ�mol�1 greater than

in C, for Mg this difference reduces to 46 kJ�mol�1. The same applies

to the two-center and three-center stabilizing interactions, making

C more stable than A for Mg complexes.

What is more important in the context of this study, the basicity

enhancement observed for the MH2–Base complexes increases

when the MH2 monomer in the complex is replaced by the M2H4

dimer. The basicity of the isolated dimer is significantly higher than

that of the monomer, as evidenced by their HDA values (see

Tables 2 and 5), with the dimer's HDA exceeding that of the mono-

mer by 86 kJ�mol�1. This is also consistent with the changes

observed in the corresponding MEPs, which show that the electro-

philic potential is greater in the dimer (�62 vs. �48 kJ�mol�1) (see

Figure S8). Interestingly, a similar behavior was observed for their

intrinsic acidities.13

2.4 | M2F4–base complexes (M = Be, Mg)

For M2F4–Base protonated complexes, the possible conformers are

entirely similar to set A–E in Figure 5 for the hydrides. The only dif-

ferences are that in conformers A, C, and D, the molecule interact-

ing with the [M2F3–Base]
+ is HF instead of H2 and that complexes

F IGURE 5 Molecular electrostatic potentials for the two most stable conformers of Be2H4–NH3 and structures found to be local minima
after protonation of M2H4–Base complexes.

TABLE 4 Proton affinities (PA) and proton affinity enhancements
(ΔPA) of M2H4 and M2H4–Base complexes (M = Be, Mg,
Base = NH3, CH2NH, HCN, NC5H5). All values are in kJ�mol�1.

A B C D E ΔPA

Be2H4 712.0 0.0

Base

NH3 915.5 767.6 880.8 743.4 203.6

NHCH2 920.3 769.1 891.6 891.6 744.9 208.3

NCH 910.0 697.3 880.5 873.3 632.2 98.0

NC5H5 944.8 814.2 922.4 926.5 232.8

Mg2H4 832.5

Base

NH3 887.7 834.0 946.5 938.8 818.7 114.0

NHCH2 893.1 837.0 951.2 943.8 816.8 118.6

NCH 892.2 a 949.4 941.1 a 116.9

NC5H5 903.4 877.5 973.9 968.4 a 141.4

Note: Values in bold refer to the most basic isomer.
aThis structure does not exist.
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B and E are stabilized through F���H HBs rather than dihydrogen

bonds.

The trend in the PAs of Be2F4–Base complexes (see Table 7) is

similar to that found for the corresponding BeF2–Base complexes (see

Table 3) for similar reasons. Thus, conformer B is the most basic, with

the sole exception of the HCN complex. However, this trend is

reversed in the Mg2F4–Base complexes series (see Table 7), where

conformer A becomes the most stable. This change results from sub-

tle differences in the energetics of the various contributing terms. The

thermodynamic cycles in Figure S9 and the energetics diagrams in

Figure S10 show that for the MgF2–NH3 complex, the formation of

isomer B is more favorable than isomer A (818 vs. 784 kJ�mol�1).

When moving to the Mg2F4–NH3 dimer complex, the basicity of

B increases slightly (from 818 to 834 kJ�mol�1) due to the slightly

stronger interaction of the NH4
+ cation with the dimer Mg2F4 com-

pared to the monomer (118 vs. 100 kJ�mol�1). However, the increase

in the basicity of A from the monomer to the dimer is more significant

(from 784 to 854 kJ�mol�1). This is primarily due to the notable

decrease in the fluoride donor ability (FDA) of the dimer compared to

the monomer (801 vs. 878 kJ, mol�1, see Tables S2 and S3), indicating

that the dimer is a better fluoride donor. The final result is, that

although the stability of both isomers A and B increases when moving

from MgF2 to Mg2F4 complexes, the increase for A is much larger,

reversing the relative stability order.

The exceptional behavior observed for the HCN complex has

the same origin as the one discussed above for the corresponding

monomer.

TABLE 5 Hydride donor ability
(HDA) of M2H4–Base complexes
(M = Be, Mg, Base = NH3, CH2NH,
HCN, NC5H5). All values are in kJ�mol�1.

A C ΔHDA Base A C ΔHDA

Be2H4 1034.1 – 0.0 Mg2H4 867.1 – 0.0

Base

NH3 827.0 812.4 �221.7 NH3 806.6 736.9 �130.2

NHCH2 822.0 800.0 �234.1 NHCH2 801.0 731.6 �135.5

NCH 833.2 819.8 - 214.3 NCH 801.8 734.5 �132.6

NC5H5 795.2 762.3 �271.9 NC5H5 789.6 706.5 �160.5

Note: Values in bold refer to the isomers with lower HDA.

TABLE 6 MBIE analysis of [M2H3 –Base]
+���H2 complexes (M = Be, Mg; Base = NH3, CH2NH). All values are in kJ�mol�1.

Er(1) Er(2) Er(3) ΔE2(12) ΔE2(13) ΔE2(23) ΔE3(123) Eb

[Be2H3 –NH3]
+���H2

A 34.4 233.0 0.4 �494.5 �40.9 �211.2 �86.5 �565.5

C 52.4 64.1 0.5 �303.0 �348.4 10.6 �1.6 �525.5

[Be2H3–CH2NH]+���H2

A 31.0 227.5 2.2 �484.9 �46.0 �222.8 �83.6 �576.5

C 51.5 61.6 2.2 �299.2 �371.6 10.7 1.7 �543.0

[Mg2H3 –NH3]
+���H2

A 8.4 105 0.3 �267.8 �23.1 �118.2 �34.2 �329.7

C 22.7 46.5 0. 6 �235.0 �219.4 3.9 �7.3 �388.0

[Mg2H3–CH2NH]+���H2

A 8.25 95.4 1.1 �262.7 �27.7 �120.5 �35.0 �341.2

C 21.82 45.4 1.2 �232.8 �231.9 4.2 �8.8 �400.9

Note: The numbering of the centers is M(1)-M(2)-N(3).

TABLE 7 Proton affinities (PA) and proton affinity enhancements
(ΔPA) for M2F4 and M2F4–Base complexes (M = Be, Mg,
Base = NH3, CH2NH, HCN, NC5H5). All values are in kJ�mol�1.

A B C D E ΔPA

Be2F4 507.2 – 582.4 – – 0.0

Base

NH3 698.4 778.4 724.9 722.5 739.0 196.1

NHCH2 702.4 779.2 734.3 742.4 740.7 196.8

NCH 694.3 718.3 728.8 718.5 – 146.4

NC5H5 724.8 797.1 762.8 765.6 – 238.6

Mg2F4 767.7 – 710.2 – – 0.0

Base

NH3 852.8 834.7 798.1 803.2 849.2 85.1

NHCH2 854.5 830.1 803.0 810.1 840.7 86.8

NCH 860.7 787.0 808.7 814.6 – 93.0

NC5H5 869.5a 870.0a 824.5 837.9 – 102.3

Note: Values in bold refer to the most basic isomer.
aFor pyridine isomers A and B are practically degenerate.
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2.5 | Fluorides versus hydrides

The electron density redistributions in the complexes under study differ

significantly between hydrides and fluorides, leading to distinct geometric

distortions and variations in the strength of intermolecular interactions

during hydride and fluoride abstraction reactions. These differences are

evident when examining the molecular graphs of complexes, such as com-

plex A with ammonia (see first row in Figure 6). In hydrides, three hydro-

gen atoms are simultaneously connected to both Be (or Mg) atoms,

forming typical (3c, 2e) bonds. These bonds are characterized by low posi-

tive values for the Laplacian of the density at the corresponding

bond critical points (BCPs) (see Figure S11). In contrast, while fluorides

exhibit a similar connectivity pattern, the Laplacian at their BCPs is signifi-

cantly more positive—approximately three times higher—indicating bonds

with a much higher degree of ionicity (see Figure S11). This description

aligns with the observations from the electron localization function (ELF)

plots (see second row in Figure 6). In hydrides, the ELF indicates that the

basins associated with the three bridging hydrogens are trisynaptic with a

population of two electrons. Conversely, in fluorides, no (3c, 2e) bonds

are formed, and the interaction is dominated by electrostatic contribu-

tions. The bridging F atoms exhibit a monosynaptic basin with a popula-

tion close to six electrons, corresponding to its three electron pairs, and a

disynaptic basin with one Be atom, populated by a single electron.

The second important difference concerns the interaction of the

[MH–Base]+ and [M2H3–Base]
+ cations with the H2 molecule

compared to the interaction between the [MF–Base]+ and [M2F3–

Base]+ cations and HF molecule. The strength of these interactions is

very similar for the different bases, the [M2H3–Base]
+���H2 interactions

F IGURE 6 Molecular graphs and ELF plots for the conformers A and C of the Be2X4–NH3 (X = H, F) complexes. In the ELF plots, all basins
involving H atoms are in yellow. Monosynaptic basins are in red, disynaptic basins are in green. Their populations are in e. The electron densities
at the BCPs are in a.u.

TABLE 8 LMO-EDA analysis for the [BeH–Base]+���H2, [Be2H3–
Base]+���H2, [BeF–Base]

+���HF and [Be2F3–Base]
+���HF complexes.

All values are in kJ�mol�1.

Hydrides: Interaction with H2 molecule

Component
[BeH–
NH3]

+ A
[Be2H3–
NH3]

+ A
[Be2H3–
NH3]

+ C

Electrostatic �42.6 �31.9 �41.9

Exchange �60.9 �30.9 �57.1

Repulsion 173.4 105.2 166.1

Polarization �84.5 �95.4 �80.6

Dispersion �34.2 �37.6 �44.1

Fluorides: Interaction with HF molecule

Component
[BeF–
NH3]

+ A
[Be2F3–
NH3]

+ A
[Be2F3–
NH3]

+ C

Electrostatic �154.7 �130.7 �131.6

Exchange �63.1 �37.9 �57.4

Repulsion 223.5 164.0 204.1

Polarization �118.4 �124.2 �101.8

Dispersion �47.0 �42.9 �52.2
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being around 20 kJ�mol�1 and [M2F3–Base]
+���HF interactions being

around 130 kJ�mol�1. This is consistent with the electron densities at

the BCPs in Figure 6 and the results obtained through the LMO-EDA

formalism (see Table 8) for the complexes with NH3. Similar trends

are observed for other complexes, as demonstrated by the examples

provided in Table S4.

Regarding the stabilizing terms, for hydrides, polarization and

dispersion are the dominant contributions over the electrostatic com-

ponent, aside from exchange interactions. Conversely, for fluorides,

the electrostatic component is more than three times larger than for

hydrides, and polarization is about 1.5 times larger. These differences

indicate that for fluorides, the binding of the closed-shell cation with

HF is a typical ion-dipole interaction dominated by electrostatic and

polarization contributions. In contrast, this is not the case for interac-

tions with H2, a nonpolar molecule, where polarization and dispersion

are the primary stabilizing factors. This is consistent with the NCI

plots for the most stable protonated forms of the Be2H4, Mg2H4, and

Mg2F4 complexes with NH3 (see Figure 7), which show that the non-

covalent interactions (NCI) between the closed-shell cation and H2

are weaker than those with HF but stronger for the Be-containing

complexes compared to the Mg-containing ones.

Finally, we examined the stability trends of the protonated forms

of (MCl2)n–NH3 (n = 1, 2; M = Be, Mg) complexes to determine if

they are similar to those of the corresponding fluorides. Our findings,

illustrated in Figure S12, confirm that they are indeed similar.

3 | CONCLUSIONS

The gas-phase protonation of MH2–Base and M2H4–Base (M = Be,

Mg; Base = ammonia, methaneimine, hydrogen cyanide, pyridine)

occurs at the negatively charged hydrogen atoms through typical

hydride abstraction reactions. Surprisingly, in all cases, the proton-

ation at the N atom of the base is systematically less exothermic. The

preference for the hydride transfer mechanism is directly associated

to the significant exothermicity of the reaction in which H2 molecule

is formed through the interaction between H� and H+. The basicity of

both, MH2 or M2H4, increases enormously upon association of the

corresponding Lewis acid with the different bases, to the point that

for the hydrides basicity of the metal center is larger than the basicity

of the base attached to it. In other words, typical Lewis acids become

more basic than typical nitrogen bases. In terms of the ionization con-

stants, the increase is above 40 orders of magnitude. Conversely, the

basicity of the N–Base decreases when it is attached to a MH2 or

M2H4 Lewis acid, the decrease being greater the higher the basicity of

the N–Base.

In general, the basicity of fluorides is smaller than for hydrides, and

for Be complexes, the protonation at the N atom of the base domi-

nates. This is because, on the one hand, the loss of F� from the fluoride

complexes is more endothermic than the loss of H� for the hydrides

and, on the other hand, because the formation of the HF is less exo-

thermic than the formation of H2. Nevertheless, for the Mg complexes,

the protonation process involving a fluoride abstraction mechanism is

energetically the most favorable process, reflecting the greater facility

of Mg complexes to lose F�, due to the weaker Mg–F bonds.
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