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Abstract
Complexes between TrR3 (Tr = B, Al, Ga; R = H, F, Cl, Br, CH3) molecules and pyrazine have
been characterized at the MP2 and CCSD(T) levels of theory. The adducts can be grouped
according to the type of molecular arrangement. The first situation places the Tr atom in the
plane of the pyrazine ring and contains a triel bond to the N lone pair. For the boron complexes
the orbital interaction energy is almost equal to the electrostatic component, while the former is
only half the latter for Tr= Al and Ga. The two monomers are stacked above one another in the
second configuration, which depends to a greater degree upon orbital interaction and dispersion.
The former complexes are more strongly bonded than the latter. Interaction energies (Ein) for
the stronger complexes vary between -50 and -20 kcal/mol for BBr3 and Ga(CHz3)s paired
respectively with pyrazine. Ein 1s much smaller for the stacked configurations, ranging from -8
for GaF; to -1.4 kcal/mol for BFs. The value of the maximum of the electrostatic potential

correlates poorly with Eiy, attributed in part to monomer distortions upon complexation.
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1. INTRODUCTION

Many chemical and biochemical processes are regulated by a variety of omnipresent
noncovalent interactions. A mixture of noncovalent and covalent bonding is responsible for
molecular recognition, proton transfer management and the structure and functions of proteins
and DNA [1-6]. Among many of the possible noncovalent bonding schemes, triel atoms (B, Al,
etc) participate in the interactions of great chemical and biological significance with a variety of
Lewis bases [7-10]. A key property of triel species (for example, boron trihalides) is the presence
of an unfilled p-orbital on the triel center and the triel ability to be satisfied with only 6 paired
electrons [11]. Molecules containing these atoms are thus able to attractively interact with
electron-rich moieties by what has come to be called noncovalent triel bonds [12-15].

Another interesting facet of these atoms concerns their electron density distribution when
bonded covalently to electron-withdrawing substituents. A region of electron density depletion,
labelled a“n-hole”, is located perpendicular to the molecular plane of trivalent triel compounds
TrR3 [16-19]. The features of these m-holes are affected primarily by the size and polarizability
of the triel atom and the electron-withdrawing abilities of its R substituents [20-22]. In fact,
many of the principles governing these m-holes mimic those earlier determined for their 6-hole
counterparts [23-26]. In either case, the intensities of these holes are commonly assessed by
analysis of the molecular electrostatic potential (MEP) [23-25]. Both m and ¢ holes are
considered to be principle factors in the origin, nature and properties (e.g., directionality in =-
hole complexes [27]) of a large number of noncovalent interactions, including halogen,
chalcogen, pnicogen, tetrel and even aerogen bonds [28-33].

The triel bond has been the subject of numerous quantum chemical and experimental studies
[12,13,34-48] in recent years. Most of this work agrees that these bonds can be quite strong,
bordering on covalency. There is an exceptionally high degree of charge transfer from one
molecule to its partner, and the electron densities at the bond critical points (BCPs) are quite
large. Grabowski found, for example, that the triel-nitrogen bond strength reaches more than
23.9 kcal/mol, leading to the characterization that “the triel center may be considered as the
tetravalent one where the octet rule is obeyed” [12]. Monosubstituted BH>X (X=F, Cl, Br, I)
molecules contain both n- and o-hole regions [39] and can consequently form stable
homodimers. Other work has demonstrated that Si-H:**B interactions can stabilize silicon-boron
complexes [49-51]. There are also examples of charged-assisted triel bonding interactions in the
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context of solid state chemistry [37]. In common with other sorts of noncovalent bonds, triel
bonds can be strengthened via cooperative effects from other interactions such as halogen or
pnicogen bonds [52,53], manifested in part by contraction of triel bond distances upon
trimerization. Other calculations of BX3 (X=F, Cl, Br) complexes with CH3CN or HCN
exhibited two different geometries, with distinct interaction energies and BN distances [54-56].
In an interesting potential future application, boron-amine dimers represent one of the first stages
of molecular hydrogen release and therefore are a target in the development of new hydrogen
storage materials [57,58].

There are a number of outstanding questions that bear detailed scrutiny. In a general sense,
are there fundamental distinctions between the triel bond, with its electron deficient triel atom,
and other related noncovalent bonds such as H-bonds, or halogen and tetrel bonds? One might
expect certain differences as the latter typically involve o-holes while the triel atom is
characterized by a m-hole. How does the strength and other properties of the triel bond vary as
one scans down the triel column of the periodic table; is there a regular pattern? It is also
important to determine the effects of different substituents on the triel atom, and to examine
whether these effects are sensitive to the nature of the central atom. Can one predict substituent
effects solely on the basis of electron-withdrawing potency? Some of the most common
substituents are halogen atoms which are themselves capable of engaging in noncovalent bonds
with an approaching nucleophile. How do these halogen bonds compare in strength with the triel
bonds to the same nucleophile? Since the triel atoms are electron deficient, with only three
substituents, can they engage in a fourth covalent bond with a sufficiently strong nucleophile,
and how might such bonds be predicted in advance? Given the fact that the most positive region
of the electrostatic potential is a m-hole, lying directly above the molecular plane, would a
nucleophile containing an extended m-system prefer to stack above the triel molecule, i.e. in a
parallel arrangement? Another issue has to do with the deformation of the Lewis acid caused by
complexation with the base - how might such distortion affect the strength and nature of the
binding? It is the goal of the present study to provide answers to these questions, and act as a

guide in our conceptualization of triel bonding.



2. SYSTEMS AND METHODS

The three triel atoms Tr=B, Al, and Ga were considered in this study. The three H atoms in
their trivalent planar TrH3 molecules were replaced systematically by substituents R of varying
electron-withdrawing capability F, Cl, Br, and Me. Pyrazine was taken as the common Lewis
base for a number of reasons. In the first place, in addition to its biological significance [59] it
contains a N atom with a single clearly defined lone pair. Its aromatic ring offers the option for
it to stack directly above the TrR3; molecule, which permits comparison with the classic triel
bond to the N lone pair. For each combination of a Lewis acid TrR3 with pyrazine, the entire
potential energy surface was searched for all minima, including not only those indicated above,
but any others that might be present.

The geometries of the heterodimers and their constituent monomers were fully optimized at
the MP2 level of theory in conjunction with the aug-cc-pVDZ basis set [60,61]. Optimized
structures were verified as true minima by the absence of any imaginary frequencies. Molecular
electrostatic potentials (MEPs) were calculated and extrema on the 0.001 au electron density
isosurface were determined at the MP2/aug-cc-pVDZ level using the WFA-SAS program [62].
Interaction energies (Ein) of complexes were obtained at both the MP2 and CCSD(T) [63] levels,
both with aug-cc-pVDZ, to probe the reliability of the former. The basis set superposition error
(BSSE) was corrected by the counterpoise (CP) procedure [64]. The Natural Bond Orbitals
(NBO) technique implemented in the 5.0 version of the GenNBO software was used to study the
interorbital interactions and charge transfer [65]. NBO were performed at the BLYP-
D3(BJ)/def2TZVPP level [66] of theory. AIM analysis [67] elucidated the positions of bond
paths and their corresponding bond critical points (BCPs). This view was further elaborated via
the NCI (noncovalent index) procedure using MultiWFN and the VMD suite of programs [72-
74]. The interaction energies were dissected into their components via Morokuma-Ziegler EDA
(Energy Decomposition Analysis) methodology at the BLYP-D3/ZORA/TZ2P level [68-71]
using ADF [68-70] package. All remaining computations which did not require external

software were carried out with the Gaussian(09 [75].



3. RESULTS

3.1. Structures and electrostatic potentials of isolated monomers

The molecular electrostatic potential maps of isolated AIR3 molecules, representative of all
TrRs, are presented in Fig. 1 where red coloured regions represent positive potential, and
negative regions are shown in blue. There is a red m-hole located above (and below) each Al
atom, with negative regions on the periphery of the molecule. The red region is a bit larger for
the AlH3 and AlF3 molecules. When F=CI or Br the n-holes are smaller but c-holes, albeit weak
ones, appear on the extensions of the Al-R bonds. In the case of Al(CHs)s3, the positive regions

are associated with the methyl groups, most notably their H atoms.

[Insert Fig. 1 here]

These various positive holes can be quantified via elucidating the maxima of the MEP on an
isodensity surface, in this case with p=0.001 au. These quantities are reported as Vmax for all
three Tr atoms in the upper half of Table 1 and are consistent with the patterns in Fig. 1.
Replacement of H by the strongly electron-withdrawing F increases Vsmax whereas it is
diminished for the electron-releasing methyl group. Br also reduces this quantity, although not
by as much as methyl. The effects of chlorosubstitution are mixed, depending upon the identity
of the triel atom. While enlargement of Tr from B to Al enhances the m-hole as might be
anticipated [76,77], further enlargement to Ga acts in the opposite manner, reducing Vsmax. This
trend may be associated with the atom electronegativity which is greater for Ga (1.81) as
compared to Al (1.61). The greater importance of electronegativity vs atom size is consistent
with an earlier study of tetrel bonds [78]. These various patterns combine to yield the most
intense n-hole for AlF3, and the weakest for B(CH3)3. Note parenthetically, that there is a large
gap between R=F and any other substituent.

For those molecules that contain a secondary maximum, i.e. ¢-holes for R=Cl, Br, or CHs,
these quantities are displayed in parentheses in Table 1. Note that these holes are very much less
intense than the m-holes. The largest of these 6 Vsmax occurs in BBr3, but this value of 14.3
kcal/mol is still much smaller than the m-hole over the B, despite the weakness of the latter
relative to the m-holes of any of these molecules in Table 1. The MEP of the electron donor
molecule pyrazine is also illustrated in Fig. 1. As reported earlier [79] its minimum occurs in the

5



lone pair region of each N atoms, with a value of -29.6 kcal/mol. Note that it does not contain a

minimum directly above the aromatic plane.

[Insert Table 1 here]

3.2. Tr*N Triel Bonds to N lone pair

3.2.1 Geometries and interaction energies

When matching the most positive region of each TrR3; with the most negative of pyrazine,
one would expect the strongest interactions ought to arise for geometries of the type illustrated in
Fig. 2 for TrH3; and TrMes, where the Tr atom directly approaches the N lone pair, i.e. the Tr
atom lies in the pyrazine plane. (Geometries of the remaining complexes of this type are
illustrated in Fig. S1.) Selected intermolecular geometric parameters are collected in Table 2,

along with the most important energetic quantities.

[Insert Fig. 2 here]
[Insert Table 2 here]

For each of these complexes, the R(Tr'*N) distance is much shorter than the sum of the van
der Waals radii (3.47, 3.39, and 3.42 A, for BN, Al'*N and Ga*N respectively), one
indication of an attractive interaction. While the Tr*N distances for Al and Ga are all longer
than 2.0 A, with R slightly longer for Ga than for Al, the corresponding distances are much
shorter for B, less than 1.7 A. With respect to substituents, for Tr = Al and Ga, the distances are
consistent with the idea of shorter distances for more electron-withdrawing substituents: R= F <
Cl < Br < H < Me,. This pattern is different for Tr=B, nearly the reverse in that R=Br has the
shortest contact, with R increasing for H, Cl, F, and Me in that order. As may be noted from the
final column of Table 2, the Tr atom lies within just a few degrees of the projected direction of
the N lone pair, consistent with the position of the minimum in the MEP of pyrazine.

The magnitude of the interaction energies of the complexes varies from a minimum of 20
kcal/mol up to a maximum of 50 kcal/mol. In keeping with the dependence of R(Tr*N) upon
substituent, methyl groups yield the weakest interactions followed by H, Br, Cl and F in that
order. But this pattern holds only for Al and Ga. For Tr=B, the strongest interaction arises with
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BBr3, followed by R=CI > F > H > Me. Adducts with Tr=Al are more strongly bound than their
Ga counterparts, consistent with the more intense n-holes for the former. But B again presents
an exception. Despite its relatively weak n-holes, BR3 consistently engages in the most strongly
bound heterodimers.

The third column of Table 2 offers verification of the reliability of the MP2 means of
incorporating electron correlation. The interaction energies computed at the higher CCSD(T)
level are slightly smaller than those calculated at the MP2 level. This trend is amplified a bit
with the halogenated molecules, but still remains at about 10% or less.

Also included in Table 2 are the deformation energies, Eqder, defined as the energy required
to distort each TrR3 Lewis acid from its optimized structure to that which it adopts within the
context of the dimer with pyrazine. These deformations include not only changes of the r(Tr-R)
bond length, but also a pyramidalization of the molecule from its normally planar geometry.
Consistent with both their stronger interaction energies, and shorter R(Tr**N) distances, the boron
complexes exhibit the greatest deformation energies, between 13 and 26 kcal/mol. In fact, there
is a clear correlation between the magnitude of this deformation energy and the interaction
energy itself, both obeying similar patterns.

When proper account is taken of this deformation energy, one arrives at AE for the
association reaction, which takes one from the fully optimized monomers to the complex. These
quantities are reported in the fifth column of Table 2 and are of course all less negative than Eip.
Note, however, that AE displays certain different trends than does the pure interaction energy
between pre-deformed subunits. Most notably, the full AE is not necessarily uniformly larger for
B than for Al and Ga. Indeed, with the single exception of BH3, the other BR3 systems have a
less negative AE than do their AIR3 and GaR3 analogues.

Earlier work [78,80] has demonstrated that geometrical distortions of the sort undergone by
the TrR3 molecules may perturb the MEP, and alter the intensity of the ¢ or m-hole, and thereby
modify the electrostatic portion of the interaction. This effect was examined here by comparing
the values of Vsmax in the undistorted Lewis acids in Table 1 with the same quantity calculated
after the monomer has undergone the deformation required in the optimized dimer. These latter
maxima are shown in the lower half of Table 1 and document that, like some of the systems
studied earlier, the rearrangement of the Lewis acid caused by complexation with pyrazine
intensifies the m-hole maximum substantially. This magnification ranges from a factor of 1.2 all
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the way up to 2.4. As the final point, it might be noted that there are issues of inconsistency
between Vg,max and Eine here, not unlike a number of other works in the literature [78, 80-83].

3.2.2 Sources of Binding

As a first step in determining the most important factors in the triel bonding, the total
interaction energy was decomposed into its constituent elements via the EDA scheme. The

results of this decomposition are explored in Table 3.

[Insert Table 3 here]

As a preliminary point, despite a difference in formulation, the DFT-EDA interaction
energies obey the same trends as those calculated at supermolecular MP2 and CCSD(T) levels.
The data immediately provide a clear distinction. In the case of the B-containing systems, orbital
interactions make an approximately equal contribution as does Eciec. But the latter Coulombic
forces are considerably larger than Eo; for both Al and Ga systems. (Dispersion provides only a
small increment in either case.) These patterns can be easily visualized via the pie charts of
Fig. S2. The closer contact between the pair of monomers for BR3 leads to much greater Pauli
repulsive forces as compared to Al and Ga.

One can further dissect the nature of the orbital interactions via an NBO analysis. There is
first of all the total charge being transferred from the pyrazine base to the Lewis acid, which is

defined as CT in Table 4.

[Insert Table 4 here]

More refinement arises by examining transfers between individual orbitals. The N lone pair
is the primary source of this transfer. Some of its density is transferred to the ¢* antibonding
orbitals of the three Tr-R bonds. But a much larger amount moves into the vacant p-orbital of
the Tr atom, defined as LP*(Tr) by NBO. The orbitals involved, and their interactions, can be
seen explicitly in Fig. S3. The energetic consequences of each such transfer are measured by a
perturbative E(2), listed in Table 4. Consistent with the energy partitioning, the NBO results
confirm a much higher degree of charge transfer for Tr=B, as compared to Al and Ga. The bulk
of this charge is transferred into the vacant p-orbital of the Tr atom. The correlation between
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these measures of charge transfer and interaction energy are fairly strong but not perfect,
unsurprising in view of the fact that Eo; makes up less than half of the total.

When seen in tandem, these results lead to the following conclusion: Within these triel-
bonded complexes there are two mechanisms of complexation. The boron complexes rely to a
high degree on orbital interactions, roughly equal to the electrostatic term, and involves a good
deal of deformation of the Lewis acid geometry. The Al and Ga complexes are more typical of
n/c- hole interactions, which depend in large part on electrostatic forces, with more modest
monomer deformation. Therefore, the MEP analyses are in good agreement with Ejn; within these
groups of complexes: The Al dimers are more stable than their Ga counterparts, and the
substituent order is similar to that obtained by MEP analysis.

Another window into the underlying sources of the bonding derives from AIM treatment of
the topology of the total electron density. The molecular diagrams associated with this analysis
of the representative Al dimers are depicted in Fig. 3 where small green spheres indicate the

location of each bond critical point.

[Insert Fig. 3 here]

The AIM descriptors (electron density, Laplacian of the electron density and total electron
energy) of these critical points are gathered in Table 5. It may be noted first from Fig. 3 that
several of the dimers, e.g. AICl3 and Al(CHz3)3, show bonds in addition to the Al**N bond path.
However, the data in Table 5 indicates these secondary bonds are considerably weaker. For
example, V?p for the two Cl-*H bonds in AICl3***pyrazine amount to only some 10% of the same
quantity for the triel bond. One can conclude therefore that the energetics of these complexes are

derived almost exclusively from triel bonding.

[Insert Table 5 here]

The AIM data in Table 5 agree with the prior analytics that the B*N bonds are quite a bit
stronger than their Al**N and Ga'"N sisters. The negative values of H are commonly ascribed to
bonds that have at least partial covalent character [84,85], in line with the energetic strength of

these bonds. p and V?p, like H, offer further commonality with the energetics. For instance, pscp
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lies in the range of 0.090-0.119 au in BR3 complexes, while the same parameter is only 0.039 -
0.051 au for AIR3. The comparison is similar for V2p: 0.352-0.613 au for the former and 0.252-
0.335 au for the latter. However, the trends are less clear in the comparison between Al and Ga.
The stronger bonds of the former are only partially confirmed by V?p, while p obeys an opposite
trend. It might also be noted that the values of H are positive for the Al"N bonds, but negative
for their Ga counterparts, which night suggest more covalent character for the Ga bonds. These
anomalous patterns raise doubts concerning the ability of the AIM analysis of the wave function
to accurately reflect energetics.

3.3 Stacked complexes

3.3.1 Geometries and interaction energies

The strongly negative region of the MEP in the position of the pyrazine N lone pair extends
above and below the molecular plane so the positive potential around the triel atom can be
attracted to this area as well. This attraction leads to the stacked dimers illustrated in Fig. 4
which are much less strongly bound than the triel-bonded complexes involving the N lone pair
(complexes for the TrX3 heterodimers are displayed in Fig. S4). As displayed in Table 6, the
binding energies of these stacked structures are reduced when compared to the lone pair

geometries by a factor that varies between 5 and 33.

[Insert Fig. 4 here]
[Insert Table 6 here]

In part due to the weaker nature of the bonding, and the more distant contacts, the
deformation energies are much smaller in the stacked structures, no more than about 2 kcal/mol.
Consequently, the binding energies AE are fairly similar to the interaction energies. It is
interesting to note a tight correlation between the deformation energy and interaction energy; the
correlation coefficient between these two quantities is 0.93.

Unlike the lone pair dimers discussed earlier, the BR3 molecules engage in weaker stacking
interactions than do their Al and Ga counterparts. For the latter two triel atoms, one sees a
binding pattern related to R as F > Cl > Br > Me > H. However, this pattern is completely

different for B where it is F that forms the weakest dimer and Me the strongest. In keeping with
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their weaker character, the R(TrN) distances are quite a bit longer as well. This elongation
relative to the planar structures varies from 0.5 A to as much as 1.5 A.

A closer examination of the geometries of these complexes places the Tr atom more nearly
above a pair of C atoms, rather than directly above N where the MEP might direct the
nucleophile. In the case of BH3 'pyrazine for example, the B atom is situated nearly equidistant
at 2.68 A from the two C atoms indicated in Fig. 4, much closer than its 3.25 A distance from
either N atom. As another measure of the structure of each stacked complex, the last column in
Table 6 reports the distance between the Tr atom and the midpoint of the relevant C-C bond.
These latter distances are clearly shorter than the R(TrN) distances, emphasizing the
displacement of the triel atom from the negative potential above the N atoms. There are certain
patterns that the lone pair and stacked complexes share. For both Tr= Al and Ga, the
intermolecular distances vary in the order R=F < Cl < Br < H < Me. On the other hand, while
these distances are shorter for Al than for Ga for the lone pair dimers, this order is reversed for
R(Tr**C-C) of the stacked geometries.

3.3.2 Analysis

Energy decomposition of the stacked dimers presented in Table S1 shows some important
differences with the lone pair structures. Most obvious is the much stronger dispersion
component, making up more than 50% of the total attractive force in some cases. In most of the
stacked dimers, the orbital interaction plays the major role, with electrostatics roughly
comparable to dispersion. Taking the BH3---pyrazine complex as an interesting example, the
orbital interaction contributes 47% of the total attractive force. Surprisingly, when the H atoms
are replaced by F, CI, Br or Me the orbital interaction contribution plunges (from 47 to 18-25 %)
and dispersion doubles (from 26 to 56 %).

Rather than the pyrazine N lone pair acting as the primary source of electron transfer, this
role is played in the stacked structures by one of the n(C-C) bonding orbitals. The perturbation
energy associated with this transfer into the Tr p-orbital (LP* in NBO parlance) is reported in
Table S2 where it is immediately obvious that it is far smaller than the corresponding quantities
for the lone pair structures in Table 4. Taking the Al series as an example, E(2) for the stacked
dimers are in the 3 - 41 kcal/mol range, while the values for the lone pair structures vary between
62 and 100 kcal/mol. This difference is even more stark for Tr=B. Moreover, these is no real
correlation between E(2) and the binding energies.
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The AIM diagrams of the stacked dimers are a bit more complex than those of the more
strongly bound lone pair structures. Some sample diagrams are displayed in Fig. 5 for the Al

family.

[Insert Fig. 5 here]

All of them, with the exception of R=Me, contain a bond path that connects Al to one of the
pyrazine C atoms, suggesting a Al--C interaction (triel bond). One-ef-the-Clatoms-of-AlCh-is

AlBr; is similar except that the path leads to a C-C bisector, rather than to a single C atom. The
AlMe3 diagram is more complex, replacing the Al--C path with a number of others, including
C--C and H--C. It is only in the cases of the unsubstituted BH3 and GaHj3 that bond paths lead
from Tr to the center of a pyrazine C-C bond.

The complexity of the AIM diagrams and the numerous specific bond paths are plain in
Table S3 which contains numerical values for all of the stacked dimers. These quantities are all
quite small, consistent with their weaker nature. In terms of triel bonds, the majority of relevant
bond paths connect Tr with a single C atom of pyrazine. Specific connection with a C-C bond
was observed only for BH3 and GaHs.

As a valuable supplement to the AIM procedure, the noncovalent interaction (NCI) scheme
introduced by Yang et al. [86-89] has found use in the examination of specific regions of the
intermolecular region. NCI is based on the relationship between electron density (p) and the
reduced density gradient (RDG) generated from the density and its first derivatives [86-89]. The
value of p determines the strength of interaction. The sign of A> (the second eigenvalue in
Hessian matrix) can differentiate the types of interaction. Thus, a high value of p and negative
sign of sign(A2)p indicates an attractive interaction, while positive sign of sign(A2)p suggests a
repulsive force.

The plots of the reduced density gradient (RDG) versus sign(42)p as well as the molecular
diagrams displaying noncovalent interaction regions for AIR3 complexes with pyrazine are
illustrated in Fig. 6. These examples are demonstrative for all complexes investigated. (The

remaining complexes are presented in Fig. S5).
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[Insert Fig. 6 here]

Green areas appear between triel atoms and pyrazine carbon atoms / C-C bonds. However,
these attractive regions are surrounded by small repulsive brown fragments which suggests a
simple description as triel bond is perhaps oversimplified. Since these green/brown isosurfaces
stretch into regions other than triel atoms, it is logical to conclude there are more than one n-hole
interaction as well as secondary interactions.

Moving to the plots located above the diagrams, the spikes of sign(A2)p at low densities
confirm the presence of a few attractive (sign(A2)p< 0) and repulsive (sign(A2)p > 0) interactions,
corresponding to the green and brown isosurfaces in the molecular diagrams. The values of
sign(A2)p on x axis are about 0.005-0.015 au apart from O in both directions. This range is
characteristic for weak hydrogen bonds or weak steric repulsions as the stronger forces are

characterized by values above 0.02 au [86-89].

4. DISCUSSION AND CONCLUSIONS

The results of these calculations can be compared with prior publications related to the
general matter of m-hole interactions and triel bonds. The first point of comparison is derived
from the recent work of Grabowski [41] involving B---N triel bonds in boron trihalide adducts
with NH3, HCN, and Nz. Eix reached up to -50 kcal/mol, comparable to our computed data
involving pyrazine. This work also noted that Cl or I substituents on B are energetically
preferable depending on the particular base. Complexes with NH3 were the most stable, yielding
interaction energies similar to our own. Importantly, this work found the same correlation
between interaction and deformation energies as noted here. The higher stability of ammonia
complexes was linked with greater deformation of the Lewis acid. Other works examining tetrel
and triel bonds have also observed an association between monomer deformation and overall
interaction energy [42-44]. As was done above, AIM analysis has also been used elsewhere [41]
to categorize complexes into strong and weak categories by the total electron energy (H) which
also nicely correlated with B---N distances. The values of p and V?p for the strongest BCls-"NH3
13



complex were 0.131 and 0.256 au, respectively, comparable to the same quantities for the most
stable BBr3--pyrazine complex examined here.

Another work by Grabowski [44] considered B and Al n-hole donors paired with n-donors
acetylene and ethylene. With only one exception, m-hole donors involving B were only
marginally distorted, with Eger of 1.3 kcal/mol or less. These distortions were considerably
higher in the Al complexes, opposite to the pattern noted here for complexes with N lone pair
donor pyrazine. Nevertheless, one still sees the same association between deformation and
interaction energies as well as negative values of H for the strongest complexes, in line with our
own trends. As in the calculations described above, the HC=CH and H.C=CH: n-donors transfer
charge into the Tr p-orbital. Some of these E(2) perturbation energies are as high as 347
kcal/mol for Tr=Al, even larger than the quantities extracted here.

The BN triel bond was considered by Esrafili and Mousavian [45] wherein the BH> group
is attached to a phenyl ring as a third substituent. Even though this ring cuts the intensity of the
B m-hole in half, binding with NH3 and H>C=NH remain strong with Eix of nearly 40 kcal/mol.
As noted earlier [41] N2 represents a very weak electron donor, with Ei, barely more than 1
kcal/mol. The calculated data for two strong triel-bonded complexes were supported by large
descriptors of BCPs, as well as NBO E(2) reaching over 300 kcal/mol, and a large associated CT
of 320 me. These values are comparable to our own maximum quantities of 312 kcal/mol and
350 me, respectively. Other similarities to the current work derive from EDA decomposition.
For stronger complexes, electrostatic and polarization terms are nearly equally dominant (about
50 and 40% of total attractive forces, respectively while for appreciably weaker complexes
dispersion surges in importance to over 50%, similar to the trends reported above..

Triel-bonded complexes of BR3 with n-donors ethene and its fluoroderivatives were recently
examined by Bauza and Frontera [46]. Despite a different computational level, their MEPs are
in near coincidence with our own. The n-hole intensities were ordered there according to the R
substituents: F > Cl > Br, tracing the same trend and similar values of Vsmax as computed here.
The only significant difference occurs in the case of BF3 where secondary maxima (c-holes)
were found, while no such features were observed here. With regard to triel bonded complexes,
Ein« was computed in the range of -8.2 to -28.1 kcal/mol and the intermolecular R(B:-C)

distances were all longer than 3 A. These n-donors are thus less potent than the N lone pair in
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pyrazine. These authors found that the triel-bonded complexes were energetically preferred over
lone pair-mt and halogen-m interactions.

An earlier work had calculated the thermodynamic properties of molecular complexes of Al
and Ga trihalides with pyrazine and pyrimidine [90]. The pyrazine complex stability decreases
in the order: AICI3 > AlBr3; > GaCl; > GaBr3 which is consonant with the results obtained here.
Pyrimidine was found to be a more potent electron donor in these triel-bonded adducts than
pyrazine, albeit by only a small margin. Other complexes of triel-hydride type between THMes
(T = Si, Ge and Sn) and TrR3 (Z = B and Al; R = H, Me) were characterized [47] with Eiy
ranging between -2.82 and -40.59 kcal/mol. The more tightly bonded dimers were the ones with
R=H rather than Me, which agrees with our results. Again, the influence of the deformation
energy was involved in the stronger interactions for R=H. The MEP maxima correlated well with
those quoted above. The authors found evidence that the B---H interactions in their dimers are
driven mainly by electrostatics and polarization, with the latter composed largely of the o(T-
H)—LP*(Tr) donation which parallels LP(N)—LP*(Tr) transfer found in the systems described
here. The CT in these complexes was quite large, exceeding 500 me and even greater than the
charge transfer in our complexes..

Finally, 72 dimers stabilized by triel bonds, R3TH--TrR3 (R=H, F, Cl, Me; T=Si, Ge; Tr=B,
Al, Ga) were very recently characterized by Jabtonski [48]. The binding energies of complexes
stabilized by B---H interactions were less than 20 kcal/mol. When B serves as the Lewis acid
center, the complexes are much weaker than those in which the central atom is either Al or Ga.
This finding runs counter to our own data indicating the greater strength of B as a triel center.
With respect to substituents, the adducts are strongest for R=F, but only for Al and Ga
complexes; this trend is reversed for Tr=B. This trend is only partly consonant with our data, all
of which suggests significant differences between B---H and B---N triel bonds.

A survey of the CSD (Cambridge Structural Database) [91] provides a number of examples
of crystal structures that are similar to the complexes examined here, systems stabilized by -
hole triel bonds. Several such examples [90,92] are illustrated in Fig. S6. These examples contain
not only a single triel bond but also symmetrical trimers with two m-hole triel bonds engaging
both pyrazine N atoms simultaneously.

In conclusion, the full picture of possible types of complexation of TrR3 with pyrazine has
been thoroughly investigated here. The optimized minima were divided into three groups: The
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strongest m-hole complexes are stabilized by triel bonds to the pyrazine N lone pair for which Eix
varies between 20.4 and 50.2 kcal/mol. The dependence of bond strength upon substituent is
different for Tr=B than for its Al and Ga congeners. Weaker stacked complexes are stabilized by
dispersive forces as well as several specific interactions including triel bonds. Ein is
considerably lower here, varying between 1.4 and 8.1 kcal/mol. Several monomers can also
engage in even more weakly bound dimers with pyrazine, mainly stabilized by weak H-bonds,
with interaction energies of 2 kcal/mol or even less. The dependence on factors other than
electrostatics is exemplified by the overall discrepancy between Vi max and Ein. The B-containing
complexes are a particular example where interaction energies exceed what might be predicted
based on the MEP. The orbital interaction component plays an outsized role in these adducts.
The weaker stacked complexes are driven by different forces than their stronger cousins,
dispersion in particular. The purported triel bonds appear to engage with the C atoms of the

pyrazine ring, rather than N.
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TABLE 1. Values of n-hole maxima in the MEPs (V.max, kcal/mol) of the TrR3 (Tr= B, Al, Ga,

R = H, F, Cl, Br, CH3) isolated molecules. Also shown in parentheses are values of secondary

maxima. Data obtained at the MP2/aug-cc-pVDZ level of theory.

Triel  atom | optimized monomer

(Tr) H F Cl Br CHs

B 44.1 60.9 29.8 (9.8) 22.5 (14.3) 21.4(11.4)

Al 80.2 118.8 80.4 (2.3) 68.6 (7.0) 60.1 (9.2)

Ga 65.7 101.7 72.5 (4.0) 61.0 (9.0) 49.0 (9.7)
in geometry within dimer

B 73.6 96.7 58.1 (9.9) 46.6 (14.8) 50.7 (11.6)

Al 102.7 159.3 117.4 (42.8) | 100.8 (35.0) | 84.2(33.7)

Ga 81.9 127.7 98.1 (42.7) 84.7 (34.9) 64.7 (32.2)

TABLE 2. Interaction energy (Ein) corrected for BSSE, deformation energy (Eqer) of Lewis acid
and selected geometric data of Tr*N complexes with pyrazine (energies in kcal/mol, distances in
A, angles in degrees) at the MP2/aug-cc-pVDZ level of theory (Einx was calculated also at the
CCSD(T)/aug-cc-pVDZ level using MP2 geometries).

Lewis acid | Ein MP2 | Ein CCSD(T) | Eaer (TrR3) | AE® R(Tr~N) | 0(Tr-N1-N4)®
BH; 4323 -40.97 1300 | 09 | 16337 1778
BFs -44.98 -44.44 2424 | 5006 | 1.665 (48) 176.5
BCls -49.60 -44.29 2569 | 55gy | 1.642(47) 176.7
BBr3 -50.23 -43.99 2506 | 5408 | 1.63147) 176.6

B(CHs); | -33.68 -29.96 1728 | 1695 | 1.67548) 177.8
AlH; -29.64 -28.66 3.66 547 | 2.104(62) 178.3
AlF; -44.09 -44.35 6.70 3718 | 2.026 (60) 179.1
AlCls -43.61 -41.18 7.32 36.04 | 2.027 (60) 175.6
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-39.31

7.15

AlBr3 -42.33 -34.89 2.032 (60) 175.1
AI(CH3); | -26.51 -25.15 3.69 5234 | 2.110(62) 176.2
GaHj; 24.05 -22.78 3.40 200.27 2.145 (63) 178.3
GaFs3 41.81 -41.68 6.57 3488 | 2.049 (60) 179.7
GaCl; 3873 -35.81 6.95 3121 | 2.056 (60) 175.7
GaBr3 136.82 -33.31 6.69 9956 | 2063 (60) 175.1
Ga(CH3); | -20.41 -18.79 3.14 1683 | 2.164(63) 176.1

2 AE calculated as sum of Eiy and Eder (TrR3) + Eder (pyrazine).
b0 refers to the angle between: Tr, N1 (involved in triel bond) and N4 (other N in pyrazine ring);

¢ percentage of the sum of the corresponding van der Waals radii in parentheses.
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TABLE 3. EDA/BLYP-D3(BJ)/ZORA/TZ2P decomposition of the interaction energy of Tr*N
lone-pair complexes of Lewis acids with pyrazine into Pauli repulsion (Epaui), electrostatic
(Eetec), orbital interaction (Eoi) and dispersion (Edisp) terms. All energies in kcal/mol. The values
in percent express the contribution of each to the sum of all attractive energy terms.

Lewis acid| Eint | Epaui | Eelee |%| Eoi | % | Eaisp |%
BH;  |.4539]120.23| -80.17 |48 -81.53 |49 -3.91 | 2
BFs  |.4226(141.48| -96.59 33| -82.68 [43] -4.47 | 2
BCls  |.43.87(196.31-118.17|49|-112.94|47| -9.08 | 4
BBrs  |.4543(213.66(-124.80|48|-123.73|48|-10.55| 4

B(CH3); |-32.02[141.30| -87.25 [30] -77.34 |45| 872 | 3
AlH; |-30.67| 57.55 | -53.39 [61| -30.35 | 34| -4.48 |3
AlFs | 4564| 61.18 | -65.26 |01 -36.43 |34 -5.14 | 3
AlCls | .4365| 84.61 | -74.25 |38 | -45.54 |36| 847 |7
AlBrs |42 47| 91.54 | -76.04 |37 -48.36 [36| -9.60 | 7

AI(CH3)s [-27.25] 64.91 | -54.90 |60 -29.30 32| -7.96 | ©
GaHs | .23.28| 67.65 | -56.60 |02| -29.79 |33| -4.54 |3
GaFs  |.39.85| 86.34 | -78.33 |02| -42.72 34| -5.14 | 4
GaCls  |.34.61105.11| -82.69 |99 -48.62 |35| -8.41 | 6
GaBrs  |.32.72(110.72| -83.50 |8 -50.38 |35] -9.56 | 7

Ga(CHs)s |-18.90| 72.80 | -55.89 [61] -27.83 |30] -7.97 | 9
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TABLE 4. NBO values of sum of the E(2) for LP(N)—>c*(Tr-R), and LP(N)—LP*(Tr) orbital
interactions (in kcal/mol) and total charge transfer (CT, in me) from pyrazine to TrR3 in Tr"N
lone pair bonded complexes obtained at the BLYP-D3(BJ)/def2-TVZPP level.

Lewis acid | LP(N)—>c*(Tr-R) | LP(N)— LP*(Tr) | CT
BH; 2.11 301.51 304
BF; 5.61 245.86 315
BCl; 5.18 312.34 350
BBr; 4.59 299.14 321

B(CH:)3 2.42 254.95 303
AlH; 9.72 62.31 133
AlF3 - 91.36 126
AlCI3 - 99.64 139
AlBr3 - 95.28 130

Al(CH3); - 81.74 106
GaH; 8.94 62.41 148
GaF; - 94.22 152
GaCls - 117.17 166
GaBrs 15.39 66.20 159

Ga(CHa)3 10.57 54.02 112

TABLE 5. AIM results for theTr N lone pair bonded TrR3 complexes with pyrazine. Bond
critical point (BCP) properties: electron density p, Laplacian of electron density V?p (both in

atomic units) and total electron energy (H, kcal mol!). Calculations were performed at the
MP2/aug-cc-pVDZ level.

pyrazine''system |interaction| p | V3p | H
BH3 B---N [0.099{0.613 [-25.99
BF; B---N [0.106{0.352 |-41.28




B---N [0.116]0.379]-47.08

BCl3
Cl---H [0.017]0.063] 1.12
B---N [0.119]0.398 | -48.50

BBr;
Br---H [0.018(0.057| 0.75
B---N  [0.090]0.535|-24.09
B(CHs)s C---H [0.013]0.061] 1.76
AlHa Al---N [0.040[0.258] 3.36
AlF; Al---N [0.049(0.337| 4.73
Al---N [0.051[0.335] 3.63
AlCI; Cl---H [0.010]0.035| 0.80
Cl---H [0.010]0.035| 0.80
Al---N [0.051[0.328] 3.27
AlBr; Br---H [0.011]0.033| 0.64
Br---H [0.010]0.033| 0.66
AI(CHy)s Al---N [0.039]0.252] 3.09
GaH; Ga--*N [0.059]0.255] -6.28
GaF3 Ga--*N [0.075]0.345| -8.43
Ga--*N [0.075]0.335] -8.92
GaCl; Cl---H [0.010]0.334] 0.75
Cl---H [0.010]0.335] 0.75
Ga---N [0.075]0.324] 9.03
GaBr3 Br---H [0.010]0.032] 0.61
Br---H [0.010[0.032| 0.61
Ga(CHy)s Ga--*N [0.056]0.240] -6.12
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TABLE 6. Interaction energy (Ein) corrected for BSSE, deformation energy (Eqer) of Lewis acid

and selected geometric data of stacked complexes with pyrazine (energies in kcal/mol, distances
in A, angles in degrees) at the MP2/aug-cc-pVDZ level of theory (Ein was calculated also at the

CCSD(T)/aug-cc-pVDZ level using MP2 geometries).

Lewis acid | Eix MP2 | Ein CCSDT | Baet (TrX5) | AE MP2 | R(TrN)* | R(Tr---C-C)"
BH; 311 -2.06 0.23 ogg |3.249 04| 2587
BF; -1.38 -1.08 0.05 133 | 3275004 | 3.035
BClz | 339 -1.59 0.03 336 |3490 (101)| 3250
BBr: | 370 -1.43 0.03 67 |3486(100) 3263

B(CH3); | -3.89 -2.36 0.42 347 | 338698 | 3.066
AlH; | -4.25 -3.49 0.29 396 | 3319098 | 2810
AlFs | 769 -7.88 220 | <49 |2960(87)| 2639
AIC | 77 -5.38 240 | <4 |3.028@9)| 2740
ABrs | 710 -4.24 214 | o6 | 3082001 2786
Al(CHz); | -4.97 -3.47 0.28 469 |2.89785)| 3526
GaHs | 3¢9 -2.66 0.27 340 | 339809 | 2769
GaFs | g14 -8.16 2.65 49 |297187)| 2570
GaCls | _g96 -4.34 2.55 441 | 304289 | 2711
GaBrs | _620 -3.07 219 | o1 | 300701 2766
Ga(CH3)s | -4.52 -2.72 040 | 415 |3395099) | 2837

 distance between Tr atom and closest N atom from the ring;
® distance between Tr atom and closest C-C midpoint;
¢ percentage of the sum of the corresponding van der Waals radii in parentheses.
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AIC],

A

AlBr, AI(CH3)3
yrazme
A

"

Fig. 1. MEPs of AIR3 (R = H, F, CI, Br, CH3) isolated molecules as n-hole donors, computed on
the 0.001 au isodensity surface at the MP2/aug-cc-pVDZ level. Also shown is the MEP of
pyrazine. Colour ranges, in kcal/mol, are: red greater than 15, yellow between 8 and 15, green

between 0 and 8, blue below 0 kcal/mol.

27



BH,e**pyrazine AlH,*e*pyrazine

GaH,***pyrazine

Fig. 2. MP2/aug-cc-pVDZ optimized structures of TrH3 and TrMes complexes with pyrazine.

Distances in A.
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Fig. 3 AIM diagrams showing bond critical points (green dots) in Al-containing complexes
stabilized by Tr**N triel bonds.

BH,***pyrazine AlH,**spyrazine GaH,e**pyrazine

Jg 2681 3‘ 'SJ

2. 964 2.851
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B(CHj),+spyrazine Al(CH,),***pyrazine Ga(CH,),***pyrazine

rqe iy o S

[ v +d v‘d
“\ 9 [ 2* AN L J2971

95031 Jz 981

Fig. 4. MP2 optimized structures of stacked TrH; and TrMes complexes with pyrazine.
Calculations performed at the MP2/aug-cc-pVDZ level. Distances in A.
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°

Fig. 5 AIM diagrams showing the bond critical points (green dots) in Al-containing stacking

complexes with pyrazine stabilized by n-hole triel bonds.
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Fig. 6. Plots of the reduced density gradient (RDG) versus sign (42)p for the illustrative Al-
containing stacked complexes with pyrazine. Al atoms are purple. Bonding isosurfaces are green
and blue disks while brown and red areas represent weak and strong repulsive forces,

respectively.)
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