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Abstract

Beryllium bonding is actually a subclass of secondary bonding. Similar to the case of halogen
bonding, the o- and m-holes on the Be atom of the monomers give in zeroth-approximation
the direction of electrophilic attack favorable to the formation of beryllium bonds. The nature
of beryllium bonding is purely electrostatic so that the SAPT energy decomposition perfectly
explains the relevance of the polarization- and dispersion-contribution on the formation of the
beryllium bond.
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1. Introduction

Beryllium is the smallest metal atom of the periodic table. It has been known since 1798 and
was synthetized in its metallic form in 1828. [1] Its alloys are widely used in the space industry.
The Be?" cation is known as one of the hardest Lewis acids. However, research on beryllium
chemistry is the least investigated and actually inhibited on the experimental side because of
the extreme toxicity of Be metals, Be-containing salts and compounds. [2, 3] Although the
number of compounds containing Be recorded in the Cambridge Structural Database is very
limited compared to those of Mg and Al,[2] it should be emphasized that major advances have
been made in the area of organometallic chemistry of Be in the recent two decades both from
experimental and theoretical modeling perspective. [1, 2, 4]

Beryllium Bonds were first defined and characterized in 2009 by Yéanez, M6 and coworkers
who considered the complexes between BeX,, (X = H, F, Cl, OH) with different Lewis bases. [5]
They underlined that although beryllium bonds are in general stronger than hydrogen bonds,
they share many common features. Like the case of hydrogen bonds, [6, 7] cooperativity is
also an important characteristic of beryllium bonds.[3] For instance, it has been shown that
a weak noncovalent interaction, such as halogen- and hydrogen-bond, is reinforced through
cooperativity with beryllium bonds. [8-10]

Unlike the beryllium bonds in which the Be atom is usually in its +2 formal oxidation state
and forms very stable complexes with Lewis bases, [11, 12] Frenking and coworkers introduced
a new class of beryllium containing compounds in which a neutral zero-valent Be® atom is sta-
bilized by a strongly o-donating and a good m-acidic cyclic (alky)(amino) carbene (cAAC).[13]
Recently, Braunschweig and coworkers synthetized and characterized a dicoordinated Bel®
complex [Be(cAACM®),]. [14]

Concerning the question of nomenclature, we note two great families of thought that each of
them expresses and evokes precise information. First, researchers who prefer to continue with
a nomenclature related to the chemical families of the periodic table, [15] second, researchers
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who prefer to use a collective name that already coined by Alcock: ”secondary bond”. [16-18]
I willingly belong to the second family of thought.

The reactivity of various simple aldehydes towards beryllium halides was published in 2019.
[19] Beryllium chemistry has become an interesting topic for researchers. In order to go fur-
ther in understanding the nature of beryllium binding, we propose in this paper a new look
to the Be(II)-Ligand bonding obtained from energetic decomposition, molecular electrostatic
properties, and electron localization function topology.

2. Computational details

The calculations were carried out with the Gaussian 09 program. [20] Geometrical opti-
mization and vibrational frequency calculation were done at two levels of theory:

e the coupled cluster single-double and perturbative triple excitations CCSD(T) [21-27]
with triple-¢ correlated consisting basis set of Dunning aug-cc-pVTZ [28]

e the popular three parameters functional B3LYP [29] including in addition the GD3BJ
correction for dispersion contributions [30] with the Ahlrichs basis sets Def2-TZVPP
(31, 32]

In this paper, unless explicitly stated, geometric optimization has been done at the B3LYP-
GD3BJ/Def2-TZVPP computational level.

Energy decomposition from wavefunction-based Symmetry Adapted Perturbation Theory
(SAPT) was carried out on the optimized geometry at SAPT2+-3 level [33, 34] in conjunction
with Aug-cc-pVDZ basis set using the Psi4 program. [35, 36]

Molecular electrostatic potential surfaces (MEP) mapped on the 0.001 a.u. electron density
for the isolated monomers were calculated at the BSLYP-GD3BJ/Def2VTZPP computational
level. MEP surfaces have been generated using the ”wifx” files by AIMALL software.[37] Max-
ima and minima of the MEP on the isodensity surface were found using Multiwfn program. [38]
Let me emphasize that in this article we express the MEP in energy units (kcal/mol) rather
than units of potential (volts). When we give the MEP value at r in energy, this means that
the MEP corresponds to the interaction energy with a +1 point charge located at r.

The topology of the electron density provide a unique definition of atoms in molecules:
Quantum Theory of Atoms In Molecules (QTAIM). [39, 40] The interaction of two atoms
at any separation results in the formation of critical point (CP) in the electron density, a
point where its gradient Vp(r) vanishes. A bond critical point (BCP) is a CP with the two
negative curvatures. Two bonded atoms are characterized by the existence of a BCP. QTAIM
calculations have been performed using the AIMALL program [37].

The electron localization function (ELF) [41] has been used to partitioning the molecular
space in core and valence basins. The topological valence basin properties have been analysed
within the ELF topology using the TopMod program. [42] The ELF function, as defined by
Silvi and Savin, [43] obeys the following equality relation: 0 < 1 < 1.0 and a value of the ELF —
noted as 77 — close to one corresponds to a region of the space where there is a high probability
of finding electron localization, whereas an ELF value close to 0.5 corresponds to a region of
electron gas-like behaviour.

3. Results and discussion

In order to illustrate o- and m-hole properties, interaction between one or two bases and
Be(II) containing molecules — namely BeNH presenting a o-hole on Be atom, and BeCl, with
a m-hole — have been investigated in this paper.



3.1. o- and m-holes on the monomers

To identify the electrophilic regions (o- and m-holes), the MEP and ELF basins of both
BeNH and BeCl, are illustrated in Figure 1, with BeNH in the frist row and BeCl, in the
second one.
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Figure 1: MESP isosurfaces on the 0.001 au electron density isosurface (left column), MEP critical points (second
column), and ELF isolines (right column) for the isolated monomers, calculated at the B3LYP-GD3BJ/Def2-
TZVPP computational level. At local maxima and minima, the electrostatic potential values are in kcal.mol™!.

The MEPs on the 0.001 a.u. electron density isosurface are displayed in the left column where
red and blue regions indicate negative and positive potentials, respectively. The potential value
(in keal.mol™) at the critical points of the MEP isosurface are reported in the central column
in Figure 1. The electrostatic potential (ESP) value at the o-hole of BeNH is particularly high,
390.0 kcal.mol! while the ESP maximum on the BeCl, is only 32.2 kcal.mol and forms a
belt around the beryllium atom (7-hole). However, we should note that we found a region of
positive electrostatic potential (1.2 kcal.mol!) located on the chlorine atom on the extension
of Be—Cl bond which naturally corresponds to the Cl o-hole (Fig. 2).

We note also two other distinct regions on the MEP of BeNH molecule which correspond to
the lone-pair of nitrogen (Vs(N) = -35.7 kcal.mol™) and to the o-hole on the H atom (Vs(H)
= 9.5 kcal.mol ). The critical point at the N lone-pair forms an angle equal to 80° with N-H
bond. In BeCl,, the Cl lone-pair (Vs(Cl) = -4.3 kcal.mol™!) forms an angle of 111° with Be—Cl
bond.

The ELF basins are depicted in the right column, for the n = 0.85 isosurfaces and n €
[0.5 — 1.0] isolines. The BeNH and BeCl, are characterized by two and four irreducible local-
ization domains, respectively. We remember that a f-localization domain is an isosurface with
the restriction that each point satisfies ELF(r) > f. Two irreducible localization domains
within BeNH, V(Be, N) and V(N, H), correspond to the Be-N and N-H bonds. Nevertheless,
a closer look to the isolines surrounding the N and H atoms for ELF = 0.5 clearly indictates
that V(Be, N) valence basin with a population of 5.68 e~ is actually the ELF basin of the
N lone-pair. Furthermore, the ELF population of the NH electron withdrawing fragment was
calculated to be N(NH) = 9.93¢~ with a variance 0> = 0.17. These considerations illustrate
that the formal oxidation state of Be is 42 within free BeNH molecule. The shape of the ELF
localization domain of the NH fragment obviously shows electrophilic region away from Be-N
bond. For the case of BeCl,, a toroidal region around the beryllium atom where even the
n = 0.5 isolines are absent illustrates an electrophilic region from the ELF analysis.
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Figure 2: MESP isosurfaces over very close range on the 0.001 au electron density isosurface of free BeCl,,
calculated at the B3LYP-GD3BJ/Def2-TZVPP computational level.

Evidently, the MEP topography and the ELF topology provide complementary information
to characterize the molecular electrophilic sites. [44]

3.2. Strong Beryllium o-hole: attractive interaction between noble gases and BeNH

Thanks to their completely filled valence electronic configuration, the noble gases (Ngs) are
the least reactive elements in the periodic table compared to the other elements. As a result,
Ngs atoms hardly react as Lewis acids or Lewis bases. Energetically favourable intermolecular
interactions between the covalently bonded Ngs atoms and the Lewis base centres were reported
in the literature. Ng—XY interaction is known as ”aerogen bonds”, when the noble gas centre
behaves as a Lewis acid in interaction with a Lewis base. [45-47]

Here, our study focuses on interactions between an Ng atom and o-hole of BeNH. Opti-
mization and vibrational frequency calculations have been done at the CCSD(T)/Aug-cc-pVTZ
level of theory. Five interactions studied here belong to the Cy, group. In Table 1 are gathered
energetic, geometrical properties as well as harmonic vibrational frequencies. For the lighter
noble gases complexed with BeNH, our theoretical results are very close to those published
previously at the CCSD(T) level also but with a smaller basis set, 6-311G(d,p). [48]

Complex 1r(Be-N) r(Be-Ng) Dy A(AG) v vs
Free BeNH  1.364 1557
He—BeNH  1.366 1.494 -5.2 -6.7 1571 552
Ne—BeNH  1.365 1.798 -4.6 -7.5 1569 259
Ar—BeNH  1.369 2.069 -11.6  -15.0 1561 285
Kr—BeNH  1.371 2.190  -15.2  -19.2 1555 265
Xe—BeNH  1.373 2.357 -18.4  -22.9 1545 253

Table 1: CCSD(T) binding energy (D), free-energy change (A (AG)) in kcal.mol™!, optimized bond length (A),
and harmonic vibrational frequencies (cm™) of the singlet ground state Ng—BeNH.

Compared to the Be-N bond length in free BeNH, this distance slightly increases to a
thousandth of angstrom upon complexation. The Be-Ng interatomic distance increases with
the Ngs atomic radii. Binding energy corrected for the zero-point energy (referred to as Dy)
decreases in going from He—BeNH to Ne—BeNH, and then steadily increases up to Xe—BeNH.



However, as expected, the greater the polarizability of Ng, the higher the energetic stabilityof
Ng—BeNH. It is interesting to note that all the five molecules are exergonic with A (AG) < 0.

Surprisingly, the v, normal mode frequency variation does not follow that of Be—N bond
length. We assigned this normal mode using potential enegy distribution (PED) analysis of
all the fundamental vibration modes by the use of the VEDA 4 program. [49, 50] The Q5
normal coordinate (corresponding to the v, normal mode) was defined by a linear combination
between three internal coordinates, namely s; = Be— H, sy = Be— N, and s3 = Be— Ng. The
PED analysis has clearly shown that the 15 normal mode corresponds exclusively to the vg._n
stretching mode in the case of BeNH molecule, while the vp._y and vg._n, stretching modes
are coupled in v, for Ng—BeNH. In the latter case, the contribution of vg._ N stretching mode
is close to 95%. In other words, the apparent inconsistency between the Be—N bond length
variation and the v frequency evolution upon complexation with different Ng atoms can be
explained by the fact that the vy frequency reported in Table 1 does not correspond only to
the vg._ N stretching mode, but rather to a linear combination of two stretching modes.

On the ground of qualitative arguments supported by the topology of Atoms In Molecules
theory, [52] Frenking and co-workers [51] and later Borocci and co-workers [53] clearly pointed
out that the Be—He interaction in both He—BeO and H;BOBe—He is essentially electrostatic,
since the charge transfer from helium to beryllium is practically negligible, if any, and the
Laplacian of the electron density at the Be—He bond critical point is large and positive. Are
these features common to the case of Ng—BeNH complex? In order to answer this question, we
will present below our results obtained by two approaches: i) qualitative analysis of the ELF
valence basins, and ii) quantitative analysis of energy decomposition in the frame of the SAPT
theory.

ELF contour line and isosurface diagrams are illustrated in Figure 3. This figure is composed
of two columns and three rows. In the first row are depicted He—BeNH and Ne—BeNH. In the
second row are displayed Ar—BeNH and Kr—BeNH. The ELF contour line (2D) and isosurface
(3D) diagram of Xe—BeNH are presented in the third row. A careful look at the ELF diagram
reveals that the localization domain of Ng is no longer spherical, but indicates a net deformation
in front of the Be atom. Inspection of the contour lines in Figure 3, however, suggests that
the valence electron localization domain of the Ng atom is polarized toward the Be atom.
Furthermore, a closer look at the valence contour lines (2D) reveals an increasing polarization
of the valence basin of the Ng atom toward BeNH when going from He to Xe. Interestingly, the
ELF valence basin is a single irreducible localization domain in the case of lighter noble gases
(i.e. He-, Ne-, and Ar—BeNH), but it appears three new irreducible localization domains with
n = 0.80 in the case of Kr-, and Xe—BeNH. These domains are indicated by a red ”+” symbol
and labelled as LP1(Ng), LP2(Ng), and LP3(Ng) for n = 0.80 in Figure 3. As illustrated by
the figure reported in the last column and last row, the first region located between Ng and
Be actually reflects a disynaptic valence basin of the noble gas atom shared by two Ng and
Be nuclei, whereas two external 2D regions — labelled as LP2(Ng) and LP3(Ng) — correspond
to a toroidal valence basin of the Noble gas (i.e. V(Kr) and V(Xe)). The average population
of the shared valence basin is slightly greater than 2 e~ 2.11 e~ and 2.16 e~ for Kr and Xe,
respectively. However, it should be pointed out that appearance of the LP1(Ng) valence basin,
although shared, is a consequence of the strong polarization of the valence sphere of Kr and Xe
induced by the electric field of HNBe characterized by the o-hole of Be. Accordingly, the ELF
features mirror the coulombic interaction between the strong o-hole on the beryllium atom and
the electronic cloud of noble gas atom.

It is evident from above discussion that the polarization of each partner upon interaction
must be taken into account to properly describe the coulombic interaction between a noble gas
atom and the beryllium o-hole. Consequently, in order to provide a quantified analysis we used
"SAPT2+3” level which includes many-body treatment of the intramolecular correlation po-



LP2(Kr)
LP1(Kr) n= 0.80

HNBe:Xe (2D) ' HNBe:Xe (2D/3D 1, = 0.80)

Figure 3: ELF n € [0.5 — 1.0] isolines and 7 = 0.80 isosurface of Ng—BeNH('X). The most external isoline
corresponds to n = 0.50

tentials and higher-order terms. [33] One powerful feature of SAPT is that it provides a decom-
position of the inter-molecular interaction energy in terms of physically intuitive electrostatic,
exchange, induction, and dispersion components. Partitioning of the inter-monomer interaction
energy (E;,) at the CCSD(T) optimized geometry includes short-range exchange-repulsion
(Eee), electrostatics (Fep, e.g. charge—charge, charge-dipole, dipole-dipole, etc.), induction
polarization (Ej,q4, e.g. dipole/induced-dipole) and London dispersion forces (Egsp, €.9. in-
stantaneous dipole/induced dipole). We must always have in mind that the g = Eee + Fee
term representing the electrostatic interaction between the unperturbed molecules only cor-
responds to a part of the total electrostatic (or coulombic) interaction. Mutual polarization
and dispersion are two inherent components of total electrostatic energy. [54, 55] It should
be noted that the deformation energy, which reflects the change in energy originating from
the deformation of the monomers upon the formation of the complex, was not included in the
inter-monomer interaction energy. It is therefore expected that the SAPT FEj,; is slightly dif-
ferent from the binding energy (D,) since the latter is calculated with respect to free subunits
in their optimized geometries. In Table 2 are reported SAPT2+43/Aug-cc-pVDZ decomposition
of the interaction energy (in kcal.mol?) at the CCSD(T)/Aug-cc-pVTZ optimized geometry.
The different energetic contributions satisfy the following relation:

Eint = Eelst + Eind + Edisp

As expected, the SAPT2+3 decomposition shows that electrostatics contribution between
a noble gas atom and a polar molecule is actually negligible, whereas the exchange repulsion
is high compared to the interaction energy (Fin(sapt2+3)). We note also the polarization
contribution is nearly four times larger than the dispersion one, and in absolute value two
times larger than the exchange-repulsion term. Accordingly, in all the Ng—BeNH complexes,
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Contribution He—BeNH Ne—BeNH Ar—BeNH Kr—BeNH OC—-BeNH

Eore 0.35 -0.04 -0.03 -0.04 248
E.. 4.19 5.63 11.12 12.64 30.1
Eas = Eue + Ee 454 5.59 11.09 12.60 5.3

Eing -7.91 -8.26 -17.0 -20.11 34.7
Eisp -1.69 -1.87 441 -5.33 8.4
Ein(sapt2+3) -5.06 -4.54 -10.32 -12. 84 -37.8

Table 2: SAPT2+3 energetic contributions (kcal.mol!) at CCSD(T) minimum for various studied complexes.

the dominant term is by far the induction (polarization) energy, while dispersion plays a minor
role.

To further the discussion, we optimized the complex formed between CO and BeNH when
the Be o-hole interacts favorably with the carbon lone-pair of CO. The binding energy of such
an interaction was found to be -43.1 kcal.mol !, calculated at the computational CCSD (T) /
Aug-cc-pVTZ level. The SAPT decomposition, reported in the last column of Table 2, shows
that the electrostatic contribution alone almost cancels the exchange-repulsion term. Here
again, the polarization contribution is nearly four times larger than the dispersion. Unlike
the Ng—BeNH, only the dispersion contribution is sufficient to overcome the repulsion due to
E.y = Eee+ E.. and stabilize the complex. It is therefore evident that the mutual polarization
of each partner is intrinsic to the Ng—Be interaction.

3.3. Beryllium m-hole: mono- and di-ligated complexes with BeCl,

Nowadays, density functional theory is widely used to study the different properties of
chemical compounds. Here, we use the popular three parameters BSLYP functional to optimize
and calculate the harmonic vibrational frequencies for several chemical systems containing the
BeCl, group. Calculations were carried out with the BSLYP functional corrected for dispersion
contribution using the empiric Grimme GD3 dispersion with Becke-Johnson damping (referred
to as "B3LYP-GD3BJ”). [30]

In order to test the reliability of this DF'T method for calculating geometrical and energetic
properties, two complexes, Kr—BeCl, and OC—BeCl, were investigated at the CCSD(T)/Aug-
cc-pVTZ level which is considered as an approach with a high accuracy. Optimized geometry

parameters as well as the binding energy are reported in Figure 4 for both Kr—BeCl, and

R =1.938 (1.892) A
r; =1.127 (1.118)A
r, = 1.853 (1.855) A
B =108.0 (108.0)°

R=3.578 (3.587) &
r =1.808 (1.804) &
B =90.8(90.8)°

1A1(Cyy)
De =-1.3 (-1.2) kcal/mol De = -8.1 (-7.2) kcal/mol

Figure 4: CCSD(T) and B3LYP-GD3BJ (reported in parentheses) as well as the binding energy for both
KrgeCl, and OC—BeCl, in the ' 4; electronic ground state.

For two rather weak noncovalent complexes, the agreement between geometrical parameters
at the equilibrium geometry predicted by both methods is very nice. The Kr—BeCl, binding
energy is predicted to be much smaller than the OC—BeCl, one. However, B3LYP-GD3BJ
gives a binding energy very close to that calculated with CCSD(T).

In Table 3 are reported some relevant harmonic vibrational frequencies calculated with both
CCSD(T)/aug-ce-pVTZ and B3LYP-GD3BJ/Def2-TZVPP methods.

7



Compound Method Vc-o VBecl VBeCt

Free CO ESLS\]()}E-TC);D?)BJ géﬁ (77)

Free BeCl, gg}?\?fgmm ggg (0) ﬂg? (449)
OC—BeCl, ESS%ED?,BJ g;?g (161) gig (90) gzg (332)
Kr—BeCl, pors dgs 1127 (422)

Table 3: Some relevant vibrational frequencies (in cm™!) calculated at both CCSD(T)/aug-cc-pVTZ and
B3LYP-GD3BJ/Def2-TZVPP levels. In parentheses are given the absolute infrared intensities in km/mole.

The B3LYP-GD3BJ harmonic vibrational frequency shifts, calculated with respect to free
monomers, are also very close to those obtained with CCSD(T) method. For Kr—BeCl,, three
most intense modes, C-O stretch and Be-Cl symmetric and asymmetric stretching, shifted by
-64, +164, and -154 cm™ at the BSLYP-GD3BJ computational level are in good agreement with
the CCSD(T) results, -84, +154, and -146 cm™. The Be-Cl asymmetric stretching frequency
shift is found to be very small (+2 cm™), as expected for the very weak Kr—BeCl, complex.

We can therefor conclude that the BSLYP functional corrected for the dispersion contribu-
tion, BSLYP-GD3BJ, in combination with a basis set of triple-( quality, Def2-TZVPP, is fully
adequate to study the BeCl, containing molecular complexes.

As shown in Figures 1 and 2, the maximum obtained on the MEP surface of BeCl, sur-
rounding as a belt the beryllium atom with an ESP value of 32.2 kcal.mol™! illustrates the
m-hole on the BeCl, molecule. This electrophilic region can interact favorably with negative
regions on another molecule, such as Cl,, NH;, and DMF (dimethylformamide). Minimum
values of the ESP found at the BSLYP-GD3BJ/Def2-TZVPP optimized geometry are —3.5,
—38.7, and -43.4 kcal.mol™* for Cl,, NH;, and DMF, respectively. It is interesting to note that
the position of these minima determine the angular attack with respect to the m-hole. In the
case of NH;, the minimum on the MEP is on the (5 axis passing through N atom. In the
case of Cl,, the critical point (CP) corresponding to the minimum on the MEP is found to be

the Cl—Cl off-axis with an angle around C'P “Cl—Cl = 96°. For DMF, the critical point
corresponding to the minimum on the MEP is localized on the carbonyl oxygen with an O—C
off-axis angle of CP—0 - C = 156°

As shown in Figure 5, the optimized geometry of HsN—BeCl, fully agrees with the predicted
angular attack: Be—N coincides with the local NH; C5 and BeCl, C; axes, while we note a

—

small deviation for two other complexes. The angle C'l — Cl — Be in the Cl,—BeCl, equilib-

rium geometry is larger than the predicted C'P ~ci-cl by +20°. This deviation could be
attributed to the repulsion between two electron rich regions on the free Cl atom of Cl, and
a BeCl, Chlorine (r(Cl---Cl) = 3.819 A). The angular deviation is the largest in the case

of DMF—BeCl, which rises to —32°. The decrease of the Be ~o-cC angle with respect to

CP— 0= C one is in fact due to the presence of an H-bond between Cl of BeCl, and H of
DMF (r(H---Cl) = 2.634 A).

The binding energy calculated with respect to free BeCl,, Cl,, NH;, and DMF are -5.1, -31.8,
and -33.9 kcal.mol! for Cl,—BeCl,, NH;—BeCl,, and DMF—BeCl, complexes, respectively.

The SAPT decomposition (Table 4) clearly shows that the F contribution corresponding
to the electrostatic interaction between the electronically unperturbed monomers is too high
in the case of Cl,—BeCl, which contains a non-polar molecule, while it is nearly negligible for
the other two complexes. However, the total interaction energy (labelled as FEj,;(sapt2+3) in



Figure 5: In first row are given the ELF isoline curves of three monoligated BeCl, complexes for n € [0.4 — 1.0].
The electron rich valence basins (nucleophilic region) of ligand interacting with the m-hole of BeCl, are indicted
by a blue arrow. The most relevant geometrical parameters (distance in Aand angles in degree) are depicted in
second line.

Contribution Cl,—BeCl, NH;—BeCl, DMF-BeCl,
E.. -18.9 -70.1 -70.0
E.. 38.8 71.7 73.2
Eog = Fee + Eee 19.9 1.6 3.2

Eina -18.2 -37.0 -37.0
Eaisp -9.6 -10.8 -10.8
Eini(sapt2+3) -7.9 -46.3 -46.3

D, -5.1 -31.8 -38.7

Table 4: SAPT2+3 energetic contributions (kcal.mol™!) at the equilibrium geometries.

Table 4) is enough stabilizing thanks to the Ej,q + Egs, contributions. Like the complexes
studied in the §3.2, we note that the dispersion contribution does not exceed the half of the
polarization one. We also notice that the binding energy is always higher than the SAPT
interaction energies. This difference is essentially due to the deformation energy of the partners
taken in their geometries of the equilibrium complex, and also to the use of different level of
theory.

The most relevant geometrical change upon the formation of the complex concerns the BeCl,

molecule: it bends away from the second molecule (C’Z/Be\C’l =152, 13, and 131°), so that the
bending angle lowers as the binding energy increases. As for the ligand, we note an increase in
Cl—Cl and C=0 bond distances of 0.01 and 0.04 A compared to free ligands.

Beryllium dichloride is soluble in many N-donor and O-donor solvents. This leads usually
to the pseudo-tetrahedral coordinated di-ligated adducts. [1, 12, 19, 56] Just to illustrate this
point, we present di-ligated (DMF'),—BeCl, in Figure 6.

In Figure 6, we specially highlighted two groups of BCPs. The first one, labelled as BCP1,
corresponds to the O—Be bond, while the second one (labelled as BCP2) stands for the H- - - CI
hydroegn-bond. The Laplacian of the electron density was found to be positive at both BCP1
and BCP2, indicating the presence of a closed-shell interaction between related atoms. The
electron density which is usually used as a measure of the bond-strength [44, 57-59] is found
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Figure 6: Pseudo-tetrahedral di-ligated (DMF),—BeCl, compared to the mono-ligated DMF—BeCl, adduct.
Small balls represent the bond critical point (green) and the ring critical point (red).

to be 0.014 a.u. at the BCP2 for both mono- and di-ligated adducts. In both adducts, the
electron density at the BCP1(O—Be) is at least four times larger than that of BCP2. At
our computational level, the electron density at BCP1 was found to be 0.074 a.u. for mono-
ligated adduct, and 0.062 a.u. for di-ligated one. These topological changes are coherent with
the change of the binding energy. The binding energy per ligand changes as follows: -33.9
kcal.molt for DMF—BeCl, and -27.3 kcal.mol! for (DMF),—BeCl,. Finally, it is interesting
to note that beryllium dichloride bends even more throughout the addition of a second ligand
(i.e. from 131 to 118°).

3.4. Cooperativity induced by polarization

Cooperativity has been considered as the characteristic feature of secondary interactions
in the literature. [6, 810, 60-67] That is, the intermolecular distance decreases as the in-
termolecular binding energy increases when the number of molecules involved in the complex
increases.

Recently, Yanez and co-workers investigated from theoretical point of view the cooperativity
effect in several compounds containing the beryllium bonds. [8-10, 60, 61] They showed that the
mutual influence between beryllium bonds and intermolecular halogen-bond [10] (or hydrogen-
bond [8]) enables us to modulate the strength of halogen (or hydrogen) bonds. They explained
this properties in terms of the changes in the atomic energy components calculated within the
QTAIM framework and also in terms of the charge transfer using the natural bond orbital
(NBO) method.

In order to explore the cooperative effects withing the molecular electrostatic topography;,
we present in this paragraph the case of a complex involving imidazole (C3H,N, noted as Im
in the following), cyanogen chloride (CICN), and beryllium imide (BeNH).

Some most relevant geometrical as well as energetic properties are displayed in Figure 7.

When we scrutinize the binding energy, we note that the relative binding energies of the
ternary complex with respect to both binary adducts (-9.9 and -58.5 kcal.mol™') are more neg-
ative than the binding energy of the binary complexes (-6.2 and -54.8 kcal.mol!) for Im—CICN
and CICN—BeNH, respectively). That is, the energetic stability of the halogen bond Im—CICN
and the beryllium bond CICN—BeNH increase when the CICN interacts simultaneously with
Im and BeNH.

The MEP topography provides a simple and straightforward explanation for the bond-
strengthening in ternary adduct.

As shown in Figure 8, the halogen-bond in the Im—CICN binary complex is due to the
interaction between the ESP minimum at Im and the ESP maximum at CICN, i.e. -43 and
+37 kcal.mol ™, while the same halogen-bond in the Im—(CICN—BeNH) ternary complex is due
to the interaction between the ESP minimum at Im and the ESP maximum at CICN—BeNH,
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i.e. -43 and +55 kcal.mol!. That means that the adding CICN to BeNH leads to the formation
of the beryllium bond and the strengthening of the o-hole on the terminal Cl atom, 55 vs. 437
kcal.molt. Consequently, the halogen bond between Im and CICN—BeNH is stronger than that
between Im and CICN.

Similarly, we expect the interaction between Im—CICN and BeNH to be stronger than
that between CICN and BeNH. That is, the o-hole of BeNH (4390 kcal.mol!) interacts more
favorably with the EPS minimum of Im—CICN (-41 kcal.mol!) than with that of CICN (-32
kcal.mol ™).

Accordingly, a simplified means of understanding the cooperativity when we transform a
binary adduct to a ternary one relies on consideration of how the formation of the dimer affects
the minima and maxima EPS values.

The SAPT decomposition provides some insight into the participation of three energy com-
ponents in the cooperativity, and indeed complements the aforementioned electrostatic analysis.

In Table 5 are reported SAPT2+43/Aug-cc-pVDZ decomposition of the interaction energy (in
kcal.mol ™) at the BSLYP-GD3BJ/Def2-TZVPP optimized geometries. For the Im—CICN—BeNH
ternary complex, the SAPT decomposition has been carried out in two ways: it has been
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Contribution CICN—BeNH (Im—CICN)—BeNH Im—CICN Im—(CICN—BeNH)

Eote 739.2 444 9.1 15.6
E.. 35.1 35.6 9.8 14.7
Eas = Eee + Fec 4.1 8.8 0.7 0.9
Eina -35.4 -36.0 2.8 5.3
Eisp 8.2 8.3 3.4 4.2
Eint(sapt2+3) A7.7 -53.1 5.5 -10.4

Table 5: SAPT2+3 energetic contributions (kcal.mol!) at the BSLYP-GD3BJ/Def2-TZVPP optimized geome-
tries.

considered as a binary complex once composed of (Im—CICN) and BeNH, and a second
time of Im and (CICN—BeNH). Thus, we have been able to compare the ternary complex
with both CICN—BeNH and Im—CICN binary complexes. A closer look at the different
SAPT2+4+3 components reveals that the electrostatic change on the unperturbed interacting
subunits alone explains the strengthening of the Be-N bond when we go from CICN—BeNH
to (Im—CICN)—BeNH. While the simultaneous variation of the three components (FEes, Eing,
and Ey;s,) contributes to the strengthening of the bond Im-Cl when we compare Im—CICN to
Im—(CICN—BeNH). Note however that it is the polarization that changes much more than
the other two components.

4. Conclusion

The term ”Beryllium-bond” was proposed ten years ago by Yanez and co-workers to design
the interaction between the Be atom of BeX, (X = H, F, Cl, OH) and the nucleophilic region of
a base. Our work showed that the electrostatic model (including polarization and dispersion) is
central to describing the nature of interaction and the bonding motifs involved in the beryllium
bonds. Simple MEP based concepts, such as maxima (o- and 7-holes) and minima (nucleophilic
regions), enable us to predict the preferred direction leading to the formation of secondary in-
teraction. The formation of a beryllium bond in turn produces considerable changes due to
the polarization effect in the MEP properties of the new compound. That is, some critical
points disappear, and others become stronger (or weaker) leading to a new MEP diagram. The
sequential tracking of the critical points observed on the MEP surface allows us to explain
very simply the bond strengthening due to cooperativity. However, the SAPT decomposition
provides a clear explanation for subtle differences on the role of three energetic components
(Eeists Eina, and Ey;gp,) in tuning the secondary interaction. In summary, the molecular electro-
static potential approach complemented with SAPT decomposition provide a valuable tool to
analyse, understand, predict, and modulate secondary interaction.
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