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ABSTRACT: A systematic theoretical study was conducted on
the triel bonds (TrBs) within the TrX;---Be(CO); complexes (Tr =
B, Al, Ga, In, Tl; X = H, F, Cl, Br, I). The interaction energies of
these systems range between 4 and 38 kcal/mol. The TrB weakens
as X becomes more electronegative in the B and Al systems, while
the opposite pattern of stronger bonds is observed in the In and T1
analogues. The dominant component of the TrB is polarization
energy, which arises from charge transfer from Be(CO); to TrX.
The source of the density is a confluence of CO 7-bonding orbitals
at the Be center that resembles a Be lone pair, and which makes the
molecular electrostatic potential above the Be somewhat negative.
This z-lump is paired with the highly positive z-hole above the Tr,
and a large amount of charge is transferred to the empty p, orbital
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of Tr. These factors, when considered in conjunction with large AIM measures, confer on this TrB a certain degree of covalency.

B INTRODUCTION

As a fundamental concept in the field of supramolecular
chemistry, noncovalent interactions have long been a focus of
research, due to their important applications in crystal
materials, catalysis, biomolecular functional regulation, molec-
ular recognition, molecular assembly, and other fields.'~* The
noncovalent interaction formed between the Lewis acid center
of a Group 13 atom and an electron donor is termed a triel
bond (TrB). Due to its unique molecular structure and wide
strength range, the TrB has broad applications in asymmetric
catalysis, material construction, dyes, molecular recognition,
hydrogen storage, and other fields.>™” Due to the electron
deficient nature of the Group 13 atomic p, orbital within the
context of planar sp* hybridization, there exist positive
electrostatic potential re§ions above the plane, which are
referred to as a m-hole.” This region is attractive toward
nucleophiles and can interact with the electron donor’s rich
electric region to form a TrB.

As early as the 1960s, TrB complexes had already appeared
in people’s vision, but the concept of the TrB was not widely
disseminated. Grotewold et al. believed that this interaction
can serve as a transition state for the Sy2 reaction between
BH,-CO complex and N(CH,CH;).” When studying the
mixture of ethylene/propylene and BF; using infrared
spectroscopy, the existence of 1:1 van der Waals complexes
was confirmed, in which electron deficient BF; attached itself
to the C=C double bond."’ Subsequent studies found similar
interactions between BF; and other electron donors (NH;,
HCN, PhCN, and N(CH,);)."'™"* The Fourier transform
microwave spectroscopy study of the CH;CN---BF; complex
found that the N---B bond length is 2.011 A" which lies
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between the sum of their covalent radii'’ and the sum of their
van der Waals radii.'® Spectral and theoretical studies on X—
CH,CN-BF; (X = F, Cl, Br, and I) found that the
coordination bonds in the gas phase are very weak, and the
N---B distance in the solid phase is very short, indicating the
existence of an interaction between N and B.

In the theoretical study of the complex formed by BF;/AlF,
and electron donors, Grabowski found that the N atom in
HCN and N, interacts with B/Al in the direction
perpendicular to the BF;/AIF; plane to form a complex with
C;y symmetry.” In subsequent research, he defined this
interaction as a TrB.® Usually, this kind of interaction is very
strong, and its stability largely depends on the amount of
charge transfer. The properties of the electron donor center,
the electron withdrawing ability of the substituent, and the
feedback bonding effects are also closely related to the strength
of the interaction. Investigators have also studied the case of
other elements in the 13th group as Lewis acid centers. When
different Tr atoms act as Lewis acid centers, the system
exhibits different properties and strengths. For example, in
theoretical research on the formation of a TrB involving
pyrazine, it was found that a stable TrB can be formed between
N and Tr (Tr = B, Al and Ga), but the effect of halogen
substituents on the strength of the TrB varies with the Tr
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atom."” The order of change in the interaction energy of the
system where Al and Ga are located is consistent with the
electron withdrawing ability of halogen substituents on Tr
atoms, which is F > Cl > Br, while B is exactly the opposite,
which is Br > Cl > F.

Theoretical'® and experimental' results confirm that the
acidity of BX; (X = F, Cl, Br, and I) is BF; < BCl; < BBr; < B];
when interacting with electron donors. This order is surprising,
because it is opposite to the electronegativity pattern of
halogen substituents. This phenomenon has been attributed to
the back-bond effect.”” The uniqueness of boron trihalide
acidity can also be explained by the charge capacity or ligand
closed shell model*" which can be estimated from ionization
potential®” and electron affinity,” respectively. However, these
explanations are also controversial, with some studies
suggesting that the stronger interaction between BCl; and
electron donors is due to the fact that BCl; has a lower LUMO
orbital energy.”* In weaker interacting systems, the above
acidity rule does not hold, but rather F > Cl > Br > H.
Experimental results have shown that there are two types of
N--B distances in the complexes formed by some boron
trihalides with HCN and CH,CN.>*~** For the BF,--CH,;CN
complex, two configurations were discovered, with N---B
distances of 1.81 and 2.3 A, respectively, and corresponding
binding energies of —7.7 and —8.7 kcal/mol.’®*” The N---B
distances in the two configurations of BCl;---CH;CN are 1.60
and 2.69 A, respectively, corresponding to binding energies of
—12.0 and —4.9 kcal/mol*® At a shorter N---B distance,
CH;CN acts as a strong electron donor, and the acidity of BCl;
is stronger than that of BF;; at a longer N---B, CH;CN acts as a
weak electron donor, and the acidity of BCl; is weaker than
that of BF;.

The TrB strength of Group 13 atoms does not have a clear
order, as the interaction intensity is not only related to the Tr
atom, but also to the type of electron donor and the properties
of the substituents. The TrB strength changes in the Al > Ga >
In > T1 > B order, but in the TrF;---N, system, the positions of
Ga and In undergo a reversal.® Study of TrX;--N (Tr = B and
Al, X =H and Cl, N = NCH, N,, NH; and CI~) showed that in
a weak TrB system, the strength of AlX;-N, is stronger than
that of BX;-N,, while in a strong TrB system, the order of
strength is reversed; but there is an exception in that AICl;--
NCH is stronger than BClyNCH.” It appears certain that
the orbital interaction where B serves as Lewis acid is the
strongest when interacting with a strong electron donor. When
forming a strong TrB, the planar triangular molecule BX;
undergoes significant nonplanar deformation, accompanied by
a large deformation energy.””*' Significant charge transfer
between monomers is crucial in the formation of a TrB,
consistent with the strength of Br TrBs. A strong orbital effect
often accompanies the high covalency of the TrB. AIM analysis
shows that in a strong TrB, the values of the density Laplacian
and energy density at the critical bond point corresponding to
the TrB are usually positive and negative, respectively,
indicating that the TrB in this system has partial covalent
properties; when the orbital effect is further enhanced, both
become negative.'®*”*" The Laplacian and energy density at
the critical point of weak TrB bonds are usually positive,
indicating that such a TrB is a closed shell attraction.”

There are many types of electron donors that might
participate in a TrB, neutral lone pair electron systems being
the most common. Unlike transition metals, there are basically
no lone electron pairs in the main group metal atoms, so the

main group metal is not typically suitable as a TrB electron
donor. However, in some special circumstances, this
disadvantage can be eliminated. By shining a strong beam of
Nd: YAG laser (532 nm, 60 mj) onto the coating of NaBH,,
(NaBH;)~ can be generated, in which a Na:--BH; TrB is
present. Theoretical calculations indicate that the dissociation
energy of this complex is 17.8 kcal/mol, and Na:™---B is a pure
2c—2e o bond, as the density arises from a Na 2s lone electron
pair. The strength of this Na:™---B TrB is comparable to that of
strong hydrogen bonds and is a partially covalent interaction.’

Due to the two outermost 2s electrons, Be typically appears
as divalent, and the Be center usually exhibits Lewis acid
behavior.>> On the other hand, the presence of the empty 2p
orbital of Be makes it possible to coordinate with molecules
containing lone electron pairs. In theoretical research of
Be(CX);(X = O, S, Se, Te and Po), Be(NH;); and Be(PH;)5,
Ariyarathna and Miliordos found that with three ¢ bond
donating substituents, the lone electron pairs of the Be 2s
orbital can transfer to the 2p, orbital, and the remaining 2s,
2p,, and 2p, orbitals are hybridized to accept the lone electron
pairs of three ligands.”® The calculated dipole moment of the
molecule is in good agreement with experiment.”* The dipole
moment of Be(NHj); is 2.5 times that of Be(PH,);, indicating
that the Be(NH;); molecule has undergone greater polar-
ization.”> NBO results indicate that in addition to the three
interactions between the ligand molecule and the Be ¢ bond,
there is still a 7 feedback bond from p, (Be) to the ligand
molecule in Be(CX); and Be(PH,);, while there is no
backbond in Be(NHj,);, which is also the reason for its higher
polarization.” A similar interaction also exists between Ge and
Be(CX);.” A study on BH;--BeR; (R = CO, N-heterocyclic
carbene, and P(CH;);) reported a B--Be interaction, and the
B---Be bond distance is between 1.989 and 2.196 A. There is a
high degree of delocalization between the electrons on the p,
orbitals of the Be atom and the 7 electron orbitals of the
ligand.*

Although the B--Be interaction in which Be(CX),
participates has been observed in earlier theoretical studies,
there has been no systematic study on the nature, strength, and
factors influencing the properties of this interaction. In what
sort of environment must the electron-deficient Be atom find
itself in order to act as an electron donor within a triel bond?
What might the mechanism be for this transfer given the
absence of a lone pair on Be? Another intriguing aspect is
related to whether a Coulombic attraction serves as an
important component in the triel bonding of Be, as is typically
the case in similar bonds. So the issue arises as to whether the
electrostatic potential near the Be atom can be negative, and
under what circumstances? With regard to the triel-containing
molecule, the obvious question is related to how the TrB might
be affected by the identity of this Tr atom, as well as its
surrounding ligands. Is there a simple relationship, for example,
between Tr size and bond strength, and does the bond weaken
or strengthen uniformly as the substituents become more
electron-withdrawing?

The Be-containing molecule chosen for quantum chemical
study here is Be(CO); based in part on past work and because
the z-bonding orbitals of CO bear interesting influences on the
properties of this molecule. As shown in detail below, these
orbitals form the basis for the charge transfer essential to the
TrB, and the occurrence of a negative potential on the Be
center. The partner Lewis acids comprise the entire TrX;
series, with Tr = B, Al, Ga, In, and T1 and substituent X runs
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from H to F, Cl, Br, and I. Examination of this full set of 15
different Lewis acids allows a comprehensive understanding of
the bonding with Be(CO); and the influence of various factors.

B THEORETICAL METHODS

All calculations were performed using the Gaussian suite of
programs’’ at the B3LYP-D3(BJ)/aug-cc-pVTZ(PP)**™* level of
theory, using the basis set aug-cc-pVTZ-PP for In, T], I, and aug-cc-
pVTZ for the smaller atoms. All structures were fully optimized as
minima, confirmed by the absence of imaginary frequencies. The
interaction energy and binding energy were calculated using the
supermolecular method, and the basis set superposition error (BSSE)
correction was performed using the counterpoise method proposed
by Boys and Bernardi.*' The interaction energy takes as its reference
the energies of the monomers in their geometry within each dyad,
while fully optimized monomers are the reference for the binding
energy. The Multiwfn program* was used to perform topological
analysis of the bond critical point (BCP) electron density of the
complexes using atoms in molecules (AIM) theory.*’ The interaction
region indicator function (IRI) method* was used to visualize the
TrBs in the complexes. The orbital interactions in the complexes were
analyzed using the natural orbitals for chemical valence and the
extended transition state method (ETS-NOCV).* IRI and ETS-
NOCYV analyses also utilized the Multiwfn program.** The molecular
electrostatic potential (MEP) of the monomers on the 0.001 au
electron density isosurface were elucidated using the Multiwfn
program.”> Energy decomposition calculations were performed
using XEDA*® software combined with GKS-EDA* theory, and
XEDA input files were generated using the Mokit program.**

B RESULTS

Monomers. The molecular electrostatic potential (MEP)
surrounding each of the TrX; units is similar to that of BCl; on
the upper part of Figure 1, the principal feature of which is a

26.55 kcal/mol

' 120 kcal/mol

-6.59 kcal/mol

-120 kcal/mol

Figure 1. Molecular electrostatic potential (MEP) maps on the 0.001
au electron density isosurface of BCl; (upper) and Be(CO); (lower).
Red and blue regions represent positive and negative MEPs,
respectively.

red positive region directly above the central Tr atom as what
is commonly termed a 7-hole. The MEP of that point is 26.55
kcal/mol, which may be compared with V. for the other
TrX; units in Table 1. For any Tr atom, the z-hole is most
prominent for X = F, diminishing along with the electro-
negativity of the X atom: F > Cl > Br > L. V., for X = H lies

somewhere in this range, with its relative magnitude dependent

Table 1. Maximum MEP (V, ..., kcal/mol) on the 0.001 au
Electron Density Isosurface Directly above the Tr Atom of
TrX,

B Al Ga In Tl
H 41.35 73.06 59.18 57.18 47.31
F 53.3§ 112.04 89.70 92.01 75.56
Cl 26.55 70.01 60.33 70.13 60.35
Br 20.94 59.31 51.28 61.11 53.67
1 18.83 47.18 40.07 49.80 45.04

on Tr. The MEP maximum is the smallest for Tr = B, but is
somewhat erratic for the other Tr atoms. When X = F, for
example, V.. diminishes in the order Al > In > Ga > Tl > B,
but In takes the lead for X = I: In > Al > Tl > Ga > B. In
broader terms, the 7-hole is sufficiently deep that it ought to
sustain a stabilizing interaction with a negative region on the
MEP of a partner molecule.

Although the Be atom of Be(CO); does not contain a lone
electron pair, its surrounding MEP nonetheless contains a
negative region, a “z-lump”, directly above its central Be. The
minimum in this MEP is equal to —6.59 kcal/mol, large
enough in magnitude that it should be attracted to the positive
7-hole of any of the TrX; units. This accumulation of negative
potential is present despite an overall positive natural charge of
+1.14 on the Be center. As described in greater detail below,
the buildup of density above the Be is largely the result of a
confluence of C—O z-bonding orbitals of its three ligands.

Geometries and Energetics. The complexes formed
when each of the TrX; units is paired with Be(CO); is
exhibited in Figure 2 for AICl; which is emblematic of the

Figure 2. Optimized structure of AlCly-Be(CO); defining geo-

metrical parameters.

entire set. The two molecules approach one another in a
parallel stacked fashion with C;, symmetry, and the TrX,
becomes somewhat pyramidal. Its degree of nonplanarity can
be measured by the sum of the three equal a angles, and its
deviation from 360°, while any nonplanarity introduced into
the Be(CO); is measured by the sum of f angles. As described
in greater detail below, the latter remains very nearly planar
while the former becomes pyramidal. In most cases, the
planarity of TrX; diminishes as the X atom grows larger, with a
particularly large step between H and F. This same progression
from H to I also leads to a steady contraction of the
intermolecular separation R, listed in the first column of Table
2. With regard to the Tr series, R is shortest for B then grows
longer in an irregular pattern of Ga < Al < In ~ TL. One prime
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Table 2. Tr-Be Distance (R, A), Interaction Energy (E,, 25 -0.13x
kcal/mol), Binding Energy (Ey, kcal/mol), and Deformation (a) y=3.57¢ %
Energy (DE, kcal/mol) in TrX;Be(CO); Complexes 0L = . R2=0.911

R Eine E, DE
BH, 2264 —2026 —14.64 5.62
BF, 3.169 -3.96 -335 0.61
BCl, 2195 —26.60 —4.05 22.55
BBr, 2.044 —36.58 -9.53 27.05
BIL, 1.970 —42.25 ~16.15 26.10
AlH, 2.689 ~16.61 —14.16 245
AlF, 2.562 —-27.73 —20.20 7.53
AICI 2.541 —29.81 —20.67 9.14
AlBr, 2.536 —-30.53 —21.52 9.01
AlL 2.512 —30.54 —2227 827
GaH, 2.679 —16.31 —14.00 231
GaF, 2462 —36.66 —25.99 10.67
GaCl, 2.464 —34.56 2324 11.32
GaBr, 2.526 —29.72 —22.15 7.57
Gal, 2460 —31.87 —22.56 9.31
InH, 2.845 —15.33 —13.58 1.75
InF, 2.590 -38.13 -30.03 8.10
InCl, 2615 —3391 ~26.08 7.83
InBr, 2.626 —3222 —25.12 7.10
In, 2.643 —-29.59 —-23.61 5.98
TIH, 2.917 —13.52 —12.35 1.17
TICI, 2.593 —-36.48 —27.50 8.98
TIBr, 2.619 -33.15 -25.57 7.58
TIL, 2.659 —28.78 —2291 5.87

exception is BF; which has the longest separation of all at
3.169 A. It is worth noting that TIF; serves as another
exception in that this molecule does not engage in a triel-
bonded complex with Be(CO)s;.

The next three columns of Table 2 report the energetics of
these complexes. The interaction energy E;, compares the
complex with the sum of the monomers, both in the geometry
they adopt within the dyad, while binding energy Ej, takes the
optimized monomer geometries as its reference. As such, these
two quantities differ by the deformation energy DE which is
needed to distort each monomer to its internal structure within
the dimer.

The interaction energies are rather large, some in the
neighborhood of 40 kcal/mol, so can be categorized as strong
noncovalent bonds. These measures are brought down a bit
when the deformation energy is added, with —E, all less than
30 kcal/mol. Particularly large are the deformation energies of
the BX; units, some of which are nearly 30 kcal/mol. As one
might expect in most triel-bonded complexes,” DE bears a
strong relationship with the nonplanarity introduced into the
TrX; unit within the confines of the dyad, as exhibited in
Figure 3a. As a result, the binding energies of BX; are generally
rather small, 15 kcal/mol or less. The dependence of the
interaction energy on X is rather irregular. While this quantity
drops in the order F > Cl > Br > I for most of the Tr atoms,
this order reverses for Al and B where it is the heavier X atoms
that have the largest E;,. It might be noted finally that the
energetic patterns in Table 2 are quite distinct from the more
regular variation of V. in Table 1. One might regard this
distinction as a clue that the binding is not dominated by
electrostatic energy.

The details of the geometric changes that occur upon
complexation within both the Lewis acid and base molecules

DE(TrX;) (kcal/mol)
=

335 340 345 350 355 360

2o (deg)

6+(b) y=-0.023x>+15.76x-2712.24
_ R?=0.932
3T
g
= 4}
2
=3t
®)
S 2f
Q
m
=

ot -

348 350 352 354 356 358 360
2B (deg)

Figure 3. Relationship between (a) the sum of the three X—B—X
angles () a) and deformation energy of TrX; (DE(TrX;)) and (b)
the sum of three C—Be—C angles (}3) and deformation energy of
Be(CO); (DE(Be(CO)s).

are documented in Table S3. There are elongations of the Tr-X
bonds as well as Be—C, while the C=0 bonds suffer a small
contraction. Whereas the TrX; molecules become rather
pyramidal, there is little loss of planarity within the Be(CO),
unit where the sum of the three 8 angles varies very little from
360°. As a result, most of the total deformation energy is
associated with the Lewis acid unit, as may be seen by a
comparison between the last two columns of Table S3. The
manner in which the deformation energy of each unit scales
with the degree of pyramidal character is explicitly depicted in
Figure 3.

Analysis of Electronic Structure. AIM analysis of the
electron density topology shows a bond path between the Be
and Tr atoms. The principal features of the bond critical point
are displayed in Table S1 which are generally commensurate
with interaction energies in Table 2. The density lies in the
general range between 0.02 and 0.04 au, with some larger
values for Tr = B. As is commonly the case, p is closely related
to the intermolecular separation, as is plainly shown in Figure
4. Both the density Laplacian and total energy density H are
negative, suggestive of a certain degree of covalency within the
triel bonds, again consistent with the large interaction energies.
Cremer and Kraka®® had suggested as an important quantity

https://doi.org/10.1021/acs.inorgchem.4c02186
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0.08

210 22 24 2t6 2i8 3.0 32
R (A)

Figure 4. Exponential relationship between the Tr--Be distance (R,
A) and the electron density (p, au) at the Tr---Be BCP.

the ratio between potential and kinetic energy density V/G.
From the last column of Table S1, it is evident that the
absolute values of V/G are all greater than 1, which supports
the conclusion of some covalent character. The best
correlation with the interaction energy arises with p, with a
correlation coefficient R* of 0.69.

IRI analyses can add further insights into the nature of the
bonding in these complexes. Figure S1 contains the IRI plots,
where red denotes repulsion, blue indicates strong attractive
interactions, and green denotes weaker attraction. The BF;--
Be(CO), system has a green surface between the monomers,
which indicates a weak TrB in the system. For the AlH;, GaHj,
InHj;, and TIH; systems, the contours of the TrB are greenish-
blue, which suggests that the strength of their TrBs is similar to
that of hydrogen bonds of average strength. The equivalent
surfaces of the TrB for the other systems are dark blue,
indicating a very strong TrB. These blue surfaces are
sandwiched by red contours, which corresponds to repulsive
interactions and is associated with shorter interaction
distances.

Another point worth noting is that in most systems there are
also isosurfaces of different color depths between the three CO
ligands and the Tr-X bond, which suggests that the TrB in the
system is more than a simple Tr---Be interaction, and that the
three CO ligands play a role in stabilizing the complex, a point
which is further elaborated below. As the mass of the X atom
increases, these secondary interactions vary from absent to
present and from weak to strong. The presence of these
secondary interactions is also related to the size of Tr. As the
mass of the Tr atom decreases, the possibility of the existence
of these secondary interactions becomes greater and their
strength also increases.

As another window into the fundamental aspects of these
TrBs, the total interaction energy was decomposed into its
primary contributing factors. The electrostatic (E®), exchange
(E™), repulsive (E™P), polarization (EP®"), dispersive (E*F) and
electron correlation (E®") energies are listed in Table 3. The
large values of repulsive energies, some exceeding 300 kcal/
mol, are related to the short Tr---Be distance. The exchange
energy is the most negative of the four attractive energies, but
this term combines with the larger repulsion energy such that
their sum is a repulsive positive quantity. Turning to the
remaining purely attractive components, it is the polarization
energy that is most negative, in some cases rising up well above
100 kcal/mol. Second is E®¢, with dispersion/correlation a

Table 3. Exchange (E*), Repulsion (E*?), Electrostatic
(E®), Polarization (E*®'), Sum of Dispersion Energies and
Electron Correlation Energies (Edisp/cor) in the Complexes
with Be(CO);, all in kcal/mol

Eex Erep pele Epol pisp/core
BH, —74.78 137.19 —26.72 —42.97 —12.86
BF; —-13.75 25.28 -7.55 -3.43 —4.46
BCl, —110.19 215.27 —47.82 —75.58 —-8.09
BBr; —144.97 287.62 —62.99 —110.63 —5.40
BI; —172.99 342.05 —69.86 —135.51 -5.71
AlH; —45.87 85.92 —22.24 —27.42 —6.90
AlF, —40.77 80.72 —-27.39 —-37.21 —2.96
AICl, —64.60 125.61 —34.50 —50.28 -5.89
AlBr; —74.06 143.42 —37.76 —55.52 —6.46
All —86.27 165.75 —40.56 —61.40 —7.88
GaH; —=51.11 97.97 —27.68 —26.90 -8.49
GaF; —56.78 116.36 —41.39 —-53.74 -0.97
GaCly —-79.2§ 159.77 —47.50 —62.90 —4.52
GaBr; —82.14 162.82 —46.13 —57.09 —7.02
Gal, —98.28 195.02 —-52.22 —69.34 -7.11
InH;4 —45.19 83.38 —19.98 —25.76 —7.68
InF; —53.52 103.36 —-29.95 —58.19 0.30
InCly —68.47 1324 —33.52 —60.77 —-3.40
InBr; —74.24 143.00 —-35.05 —61.36 —4.42
Inl, —81.35 155.48 —-36.08 —61.09 —6.39
TIH, —43.51 80.42 —1891 —23.18 —-8.26
TICl, —77.67 152.96 —-37.13 —73.59 -0.89
TIBr; —80.58 157.88 —37.42 —70.1§ —-2.74
TII, —83.50 161.80 —-36.77 —64.45 -5.71

distant third. The only exception is BF;--Be(CO); which
differs from the other complexes in other ways as well.
Electron Density Shifts. Within the framework of a triel
bond, the primary receptor of electron density would typically
be the vacant p, orbital of the TrX; unit which adopts a planar
structure as a monomer. As this molecule becomes pyramidal
within the complex, the LUMO takes on the shape as
illustrated in Figure Sa for AICl, in its dyad with Be(CO),,
which has the topology of a Al lone pair orbital, albeit an
empty one. The Be atom of the partner has no lone pair per se,
as its three valence electrons are occupied in the three Be—C
o-bonds. However, the HOMO of Be(CO); is interesting in
that the three C—O #-bonding orbitals coalesce in such a
manner as to yield the orbital displayed in Figure Sa, centered
directly over the Be. The overlap between this occupied
HOMO and the LUMO of AICl; is obvious in Figure 5a, and
represents the heart of the bonding between the two subunits.
Besides the spatial overlap between these two orbitals,
another factor in the charge transfer is their energy difference.
A lower LUMO energy would come closer to the low-lying
HOMO energy of the Be(CO),, so ought to tend to a stronger
bonding interaction. The first column of Table 4 reports the
energy of the TrX; LUMO which tends toward a more
negative value for the larger Tr atoms, corresponding roughly
to the interaction energies. However, any correlation is
imperfect with R*> only equal to 0.40. The pyramidalization
of the TrX; has the benefit of shifting more density toward the
approaching Be atom, as opposed to the equal distributions on
both sides within the planar molecule. An added dividend is
that the deviation from planarity also lowers the LUMO
energy, bringing it into closer proximity to the Be(CO),
HOMO. Taking AICl; as an example, its LUMO energy is
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a : b

~ ’_ » j" 1(CO) —p*(B)

C

Figure 5. (a) HOMO of Be(CO); superposed with the LUMO of AlCl;, where purple and green indicate opposite sign of wave functions. Two
dots indicate the two electrons in the occupied HOMO. (b) Electron density shifts occurring as a result of complexation, blue and orange colors
signifying gain and loss; + 0.004 au. Black numbers show change of total density on each atom as assessed by natural atomic occupations, in me.
(c) NOCV pair density map of the 7(CO) — p*(B) in BH;~-Be(CO);. Green and blue colors indicate gain and loss of density, respectively.

Table 4. Energy of LUMO (€ ypo, au) and LP*(Tr) (au) of
TrX; Monomer, Charge Transferred (CT, e) to TrX; from
Be(CO); within Complex, NOCV Orbital Energies (Eyocy,
kcal/mol) of the Complexes, and the Difference of Tr—X
Bond Length (Ar(r,_x), A) between the Complex and the
Monomer

ELUMO LP*(TY) CT Enocv A"('n—x)
BH;, —0.083 0.553 0.660 —37.45 0.009
BF, —0.019 —0.053 0.049 —3.04 0.004
BCl, —0.073 0.893 —53.30 0.081
BBr; —0.086 1.089 —74.20 0.110
Bl —0.098 1.160 —89.71 0.120
AlH, —0.074 —0.041 0.448 —20.14 0.011
AlF; —0.078 0.024 0.482 —24.50 0.028
AICl, —0.068 —0.054 0.612 —32.85 0.050
AlBr; —0.074 —0.075 0.642 —36.13 0.057
All, —0.084 —0.096 0.658 —-39.9§ 0.061
GaH; —0.079 —0.056 0.469 -21.18 0.009
GaF; —0.111 —0.015 0.663 —35.73 0.044
GaCly —0.095 —0.074 0.754 —42.09 0.065
GaBr; —0.101 —0.089 0.697 —38.76 0.019
Galy —0.113 0 0.755 —46.11 0.073
InH; —0.082 —0.065 0.449 —20.08 0.007
InF; —0.149 —0.031 0.709 —3891 0.045
InCly —0.129 —0.076 0.756 —41.24 0.059
InBr; —0.128 —0.085 0.748 —41.55 0.060
Inl; —0.128 —0.096 0.713 —41.30 0.058
TIH, —0.080 —0.066 0.406 —18.70 0.003
TICl, —0.165 —0.062 0.830 —48.93 0.076
TIBr; —0.162 —0.072 0.795 —46.98 0.072
TH3 —0.157 —0.086 0.730 —43.66 0.064

lowered by 0.07 au when its planar geometry is deformed into
the pyramid within the dyad. The second column of Table 4
contains the energy of the NBO orbital that corresponds to the
unoccupied Tr p, orbital of the monomer. This energy is not a
good indicator of the interaction energy, with a correlation
coefficient R* of only 0.03. Nor does this orbital energy
correlate with the total charge transfer CT or polarization
energy in Table 3. One quantity which does correlate nicely
with CT is the stretch of the internal Tr—X bond in the Lewis
acid, with a correlation coefficient of 0.83.

The HOMO—-LUMO overlap and resulting charge transfer
is a major contributor to overall density displacements as the
two subunits are placed near one another, along with
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polarization effects. Such shifts are visualized in Figure 5b by
subtracting the sum of the densities of the two subunits from
that of the full complex. The large blue region between the Be
and Al atoms corresponds to a density buildup in this bonding
area. One can also see smaller orange density depletions on the
CO groups whose z-bonding regions participate in the
formation of the HOMO which is transferring charge to the
AICI;, with a small amount going to the peripheral Cl centers.

To better quantify these shifts, the black numbers in Figure
Sb indicate the change in natural occupation of each atom, in
units of me. The large buildup on the Al atom of 461 me is
complemented by 50 me increases on each Cl atom. Within
the Be(CO); unit, it is the set of three C atoms that lose the
largest density, each by 138 me. The smallness of the Be
density loss is consistent with the formulation of the HOMO
as the coalescence of three CO 7-bonding orbitals. The third
column of Table 4 contains the total charge transferred from
Be(CO); to TrXs, as the sum of natural atomic charges on the
individual subunits. These transfers are quite large, some even
exceeding le, leading to the idea that these bonds can be
thought of as at least partially a dative covalent bond. There is
a fairly strong relationship between CT and E;, with a
correlation coeflicient of 0.72. But more strikingly, CT
correlates quite strongly with the polarization energy, with R*
= 0.93.

Still another picture of the orbital interactions emerges from
a NOCV perspective. As another means of studying non-
covalent interactions, the ETS-NOCV method can accurately
calculate the energy of each orbital through detailed analysis of
the density difference between fragments, and it is also very
useful to understand the interaction mechanism. The NOCV
orbital energies corresponding to the 7(CO) — p*(Tr) orbital
shifts are listed in the penultimate column of Table 4. An
example of the NOCV pair density map is provided in Figure
Sc for BH;---Be(CO);, where density gain and loss are shown
respectively by green and blue colors. The similarity of these
NOCYV changes to those in Figure 5b of full density shifts is
evident despite the different TrX; units. For the B systems, the
NOCYV energy order is consistent with the BX; acidity as F >
H > CI > Br > L. H and F switch places for Tr = Al. For the Ga
system, the positions of Cl and Br are reversed compared to
the Al system, and for the In systems, the order of I and Br is
reversed compared to Al; for the TI systems, the order of
NOCYV energy is consistent with the electronegativity of X,
which is H > I > Br > ClL These NOCV energies are
particularly closely correlated with the polarization energy, as is
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clear from perusal of Figure 6. On the other hand, very poor
correlation, with R*> = 0.03, is noted between the interaction
energies and the local electron affinity maxima, listed in Table
S4.

-100
y=0.64x-2.53

_ _80}R*=0.987
©
=
= 60}
2
7 40t

2
=20t

0 1 1 ! 1 1 1 1
0 -20 -40 -60 -80 -100-120-140
EP! (kcal/mol)
Figure 6. Linear relationship between the polarization energy (EP*)

and NOCV orbital energy (Eyocy) in TrX;+-Be(CO)s, all in keal/
mol.

It is of some interest to consider how the various elements
that contribute to the binding vary over a range of
intermolecular separation. Figure S2a shows how the
interaction quickly becomes repulsive as the two subunits in
the BF;--Be(CO); complex are moved closer together. At the
same time, this closer approach would be favored by a growing
charge transfer and NOCV energy, as seen in Figure S2b,c.
The individual components of the energy decomposition are
illustrated in Figure S3, and shows that the electrostatic,
exchange, polarization, and dispersion/correlation energies all
become increasingly attractive as the two subunits are forced
closer together. The sole force that prevents such a collapse is
the very rapid rise of the repulsion energy, highlighted in
Figure S3c.

B DISCUSSION

Given its electron-deficient character, Be usually behaves as a
Lewis acid in the context of noncovalent interactions. But its
coordination by three CO ligands with their extensive 7-
electron bonding, can lead to what is a sort of effective Be lone
pair, capable of being donated to a Lewis acid unit. A
noncovalent bond interpretation is further buttressed by the
appearance of a negative MEP directly above the Be atom, a
sort of z-lump, albeit not a strong one. One consequence of
this weak z-lump is a correspondingly small electrostatic
component of the triel bond energy with an assortment of
TrX; units. In this same vein, the positive z-hole of TrX; is
deepened as the X atom becomes more electronegative.
However, this effect is mitigated by feedback bonding effects™*
whereby p, orbitals of X transfer a certain amount of charge to
the Tr center. This feedback is reduced for larger Tr atoms,
and is absent for X = H which has no p-electrons. Another
reason to think that electrostatics play a less major role in these
interactions is the poor correlation between the TrB strength
and the depth of the 7-hole on TrX;, which tends to stronger
bonds with X atoms of lesser electronegativity for some of the
complexes.

To confirm the reliability of the B3LYP-D3(BJ) method,
two other DFT functionals, M06-2X and wB97XD, were
applied to calculate the interaction energy of each complex.
Table S2 reports these results alongside the B3LYP-D3(BJ)
data for ease of comparison. It is readily apparent that there are
only small differences from one method to the next. Most
importantly, the B3LYP-D3(BJ) values differ from the most
accurate CCSD(T) by only 1 kcal/mol or less. The other two
DEFT functionals yield similar quantities, and preserve the same
patterns as is seen with B3LYP-D3(BJ).

It is worth noting the variability of substituent effect with
size of the central Tr atom. For the smaller B and Al atoms, E,
rises with size of X, while the opposite pattern characterizes the
larger Tr atoms. Some of these patterns can be again
connected with the aforementioned feedback bonding effects
that diminish with larger Tr atoms. In the particular case of B,
the same order was found in a previous Tr--N TrB study,’
which found that the TrB between pyrazine and BX; varies in
the order F > H > CI > Br. On the other hand this same work
found a different order for the Al TrBs, in that the Al---N TrB
strength increases with the electronegativity of the X
substituent.

The dominant component in the interaction energies of
these dyads is the induction energy, much more sizable than
electrostatic forces, making these TrBs a bit of an exception in
the domain of noncovalent bonding. This component is in turn
derived from an overlap of two particular molecular orbitals.
The donor is the Be(CO); HOMO, which has the outward
appearance of a Be lone pair, but is in fact the coalescence of
the z-bonding orbitals of the three CO ligands. The electron-
accepting LUMO of the pyramidal TrX; resembles a vacant Tr
lone pair orbital and is perfectly aligned with the Be(CO),
HOMO. The high degree of resulting charge transfer, as much
as 1.0¢ in some cases, presents the interaction as containing a
certain degree of dative bond character. The high covalent
contribution is supported by the bond path between Be and
Tr, with AIM quantities that border on covalency. The direct
bonding along the Be:-Tr axis is confirmed by IRI analysis,
which also confirmed the involvement of the CO ligands, the
latter of which found further verification via NOCV orbitals.

Ariyarathna and Miliordos found in a theoretical study of
Be(CX); (X = O, S, Se, Te, and Po), Be(NH;);, and
Be(PH,);*” that when the p, orbitals of Be are filled with
electrons, the electrons in this orbital shift toward the three
ligands in the form of a feedback bond; in the case of Be(CX),,
this lone electron pair Be p, orbital conjugates with the three
C—X z-bonds, forming delocalized #-bonds. This phenomen-
on was also pointed out by De and Parameswaran et al., who
found that the lone electron pair in the Be 2p, orbital is
stabilized by z-feedback and hyperconjugation, and that the
lone electron pair in the Be 2p, orbital is usually hidden but
highly reactive when interacting with electron-deficient
molecules.’® A very recent work™ emphasized the manner in
which Be(CO), can be stabilized by donation from the CO
bonding orbitals to the central Be, complemented by back-
donation from the Be p, orbital, consistent with our finding of
charge transfer from the delocalized 7-bonds in Be(CO); to
the Tr p, orbital. With the exception of BF;, the NOCV orbital
interaction is the str0n§est in the B systems, in agreement with
a study of Tr--N TrB.> It is finally pointed out that there is an
analogy between the trigonal planar Be(CO); unit and square-
planar Pt(IT) and Ir(I) systems " as partners with a series of
TrX; molecules. In these cases, it is the doubly occupied d,?
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orbital of the metal that acts as the source of charge transfer to
Tr.

B CONCLUSIONS

The electronic structure of Be(CO); provides first a negative
s-lump in its MEP directly above the Be atom. Its orbital
structure includes a HOMO in which three z(CO) bonding
orbitals coalesce into what resembles a lone electron pair above
the Be. This Be atom can thus engage directly as a Lewis base
in a strong triel bond with the central triel atom of a TrX;
molecule and its deep z-hole and vacant Tr p, orbital. This
TrB differs from many other noncovalent bonds in its
dominating influence of polarization energy, and a surprisingly
large total charge transfer from Be(CO); to TrX; The
interaction energy of this TrB is rather large, up to nearly 40
kcal/mol in some cases. In concert with the AIM character-
istics of the Be--Tr bond critical point, these issues lead to the
conclusion that this interaction borders on covalency. In a finer
context, the dependence of the bond strength upon the nature
of the substituents on the Tr atom varies according to the size
of the central Tr.
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