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Hexacoordinated Tetrel-Bonded Complexes between TF,
(T=Si, Ge, Sn, Pb) and NCH: Competition between ¢- and

n-Holes

Mariusz Michalczyk,*™ Wiktor Zierkiewicz,** Rafat Wysokinski,” and Steve Scheiner*™

In order to accommodate the approach of two NCH bases, a
tetrahedral TF, molecule (T=Si, Ge, Sn, Pb) distorts into an
octahedral structure in which the two bases can be situated
either cis or trans to one another. The square planar geometry
of TF,, associated with the trans arrangement of the bases, is
higher in energy than its see-saw structure that corresponds to
the cis trimer. On the other hand, the square geometry offers an
unobstructed path of the bases to the m-holes above and below

1. Introduction

The replacement of the bridging proton of a H-bond with one
of several electronegative atoms leads to the concept of parallel
noncovalent interactions, with names like halogen, chalcogen,
or pnicogen bonds, depending upon the family of the periodic
table from which the substitute bridging atom is drawn.'™
These noncovalent bonds, sometimes generically referred to as
o-hole interactions due to the deficiency of electron density
that lies directly opposite a covalent bond in which the bridging
atom is involved®™ have been extensively studied over the last
few years and are consequently rather well understood. Closely
related to these interactions are those in which the bridging
atom comes from the tetrel family (C, Si, Ge, etc). These tetrel
bonds differ a bit from the others in this set of noncovalent
bonds primarily in that the central atom is typically covalently
bonded to four substituents, as compared to only one for a
halogen bond or as many as three for a pnicogen bond. This
larger number of substituents obstructs a clear passage of an
approaching nucleophile toward the tetrel atom,® which can
inhibit the formation of such a bond or at the least require a
good deal of deformation so as to clear a space for the Lewis
base. Despite any barriers to their formation, these tetrel bonds
occur widely and are of great import in a number of chemical
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the tetrel atom and hence enjoys a higher interaction energy
than is the case for the o-holes approached by the bases in the
cis arrangement. When these two effects are combined, the
total binding energies are more exothermic for the cis than for
the trans complexes. This preference amounts to some
3 kcalmol™ for Sn and Pb, but is amplified for the smaller tetrel
atoms.

and biological processes. This sort of bond can, for example, be
considered a preliminary step in the very common Sy2
reaction.”'” Scores of tetrel bonds have been identified within
protein structures,""' and are implicated in the catalytic
process of several enzymes."*2"

There is a rapidly growing literature’®" that has provided a
wealth of insights into the chemical and physical phenomena
that underlie tetrel bonds. It is known for example, that the
tetrel bond formed by a TR, molecule (T=tetrel atom) is
strengthened by increasing electron-withdrawing capacity of
the R substituent,?*>% as well as increasing size of the T atom
(i.e. C<Si<Ge)B™" This strengthening is amplified when
either molecule acquires an electric charge.®>*? The scale and
effects of the geometric deformation of the TR, molecule
required to accommodate a Lewis base have been assessed
quantitatively.*** There has also been some consideration of
the rather unusual bases carbenes™*® or m-systems® as tetrel
bond acceptors. Finally, there has been some inquiry”“**® as to
how spectral data might be interpreted so as to identify the
presence of tetrel bonds and to quantify their strength.

It would appear then that there is currently available a good
deal of information concerning the forces and issues relating to
the formation of a tetrel bond. But the question arises as to
whether a tetrel atom, within a tetravalent covalent bonding
situation, is limited to only a single such bond. Is it possible for
a tetrel (T) atom in a TR, molecule to engage in a pair of tetrel
bonds simultaneously, and if so how would the properties of
two such bonds differ from a single bond? The theoretical
literature to date has little to say on this issue. Some recent
work considered unusually structured Pb Lewis acids including
hypervalent Sn®” or Pb atoms in situations where the
coordinating groups lie on only one side of the Pb atom 5>
Other work looked at the situation from the opposite
perspective, viz. two tetravalent tetrel atoms engaging in
numerous tetrel bonds with a single base.”>***” There has been
a certain amount of consideration of the general topic of
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hypervalent pnicogen, halogen, and even aerogen atoms®¢'~"*
but not in the context of tetrel atoms, which have their own
unique electronic and spatial issues.

Steric crowding notwithstanding, there is clear precedent
for the formation of two simultaneous tetrel bonds within the
context of elucidated crystal structures. Upon binding of two
ligands to a tetracoordinated molecule, one might expect the
resulting complex to take on at least some of the geometric
characteristics of a hexacoordinated octahedron. That being the
case, the two incoming ligands could take up positions either
cis or trans to one another. And indeed, a survey of the CSD
(Cambridge Structural Database)’” provides a number of
examples of crystal structures with hexacoordinated tetrel (T)
atoms that include a pair of Lewis base ligands. Figure S1
displays a wide array of sample structures, two of which are
illustrated as examples in Figure 1, both with T=Ge.

c-hole bonded (cis) n-hole bonded (¢trans)

F2

Figure 1. Representative crystal structures of tetrel bonded complexes with
hexacoordinated central tetrel Ge atom in two binding modes: cis (left) and
trans (right).”%””

The two NC=CFH, units are cis to one another in AYURET"®
in what might be deemed equatorial locations. As such they
each occupy a position directly opposite an equatorial F atom,
a so-called o-hole along the F-Ge axis. In contrast, the two
pyridine ligands are directly opposite one another, in trans or
axial positions in HUMCOH."” Each base thus lies above or
below the GeF, plane, attracted by a n-hole of that unit.

These observations lead to a natural set of questions. In the
first place, are both of these sorts of structures stable in their
own right, or is one or the other a product of the crystalline
environment in which the system finds itself? If both are indeed
possible structures, what factors favor one over the other, and
how much do they differ in energy? How strongly does each
geometry bind the two bases, i.e. what sorts of tetrel bond
energies are associated with this pair of noncovalent inter-
actions? How much energy must be invested into the
deformation of the T-containing molecule to rearrange itself so
as to accommodate the two approaching nucleophiles? Is there
an energetically feasible route for the rearrangement from cis to
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trans geometry? The results presented here represent an
attempt to answer these questions via high-level quantum
calculations.

1.1. Computational Details

A full set of TF, molecules were chosen as the tetrel atom-
containing monomer, with T=Si, Ge, Sn and Pb. The electron-
withdrawing F substituents facilitate the formation of tetrel
bonds, and the symmetry associated with four identical
substituents allow focus to be drawn to the central question of
comparison of two possible overall structures of the complexes.
NCH was taken as the universal Lewis base. Its N atom provides
a reasonably strong Lewis base, while the linearity of this
molecule mitigates against any secondary interactions that
might otherwise occur with the F substituents, or between the
two bases themselves, that would complicate the analysis.

Full geometry optimizations were carried out for isolated
monomers as well as complexes at two levels of theory: MP2/
cc-pVTZ"®” and BLYP—D3/Def2TZVPP. Single point computa-
tions, using the MP2 optimized geometries, were also per-
formed with the CCSD(T)/cc-pVTZ protocol.B#¥ The cc-pVTZ-PP
pseudopotential (from ESML libraries) was applied to Sn and Pb
so as to capture relativistic effects.®*® For the complexes
investigated vibrational analyses confirmed the identity of true
minima (no imaginary frequencies). The binding energy of each
complex was calculated as the energy difference between the
complex and the sum of the individually optimized monomers.
The interaction energy takes as its reference the energies of the
monomers computed in the geometries obtained within the
complex. The deformation energy, defined as the energy
required to distort each monomer from its optimized geometry
to that within the dimer, was defined as the difference between
electronic energies of monomer in two geometries: within the
complex and fully isolated. Both interaction and binding
energies were corrected for basis set superposition error (BSSE)
using the Boys-Bernardi procedure.®”

Computations was carried out with the Gaussian 09
software.®® Energy decomposition analysis (EDA) was per-
formed at the BLYP-D3/ZORA/TZ2P level implemented in ADF
software using the DFT geometries.®*" The molecular electro-
static potentials (MEPs) of the isolated monomers were
designated on the electron density isosurfaces of p=0.001 a.u.
at the MP2/cc-pVTZ level and their extrema were evaluated
using the WFA-SAS and MultiWFN programs.®** MP2 electron
densities were analyzed by the AIMAIl program to identify
bonding paths between interacting subunits.” NBO analysis
was employed to analyze interorbital interactions and charge
transfer using the BLYP geometries.”®

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/cphc.201900072

\\’* ChemPubSoc

ok

2. Results
2.1. Properties of TF, Monomers
Values of the maxima of molecular electrostatic potentials

(Vsmax) Of the isolated and fully optimized tetrahedral TF, (T=Si,
Ge, Sn or Pb) are collected in the second column of Table 1.

Table 1. Maxima of molecular electrostatic potentials (V,,,) on the
0.001 a.u. contour of the electron density of isolated TF, (T=Si, Ge, Sn, Pb)
in tetrahedral, see-saw, and planar geometries, and the difference in
energy between the two latter geometries and tetrahedral. Calculated at
the MP2/cc-pVTZ level of theory. All quantities in kcal/mol.

Vs max 0~ E(see-saw)-E V., O- E(planan)-E Vo 7=

hole (tet) hole (tet) hole

tetrahedral see-saw planar
SiF, 413 96.64 127.3 63.53 109.8
GeF, 50.9 75.51 120.9 49.65 106.1
SnF, 70.1 52.70 1294 31.92 121.3
PbF, 63.6 36.67 127.3 21.97 104.1

Each maximum occurs directly opposite a F atom, so is
designated as a o-hole. The values increase as the tetrel atom
size increases, passing through a maximum for T=Sn.*¥

The CSD survey had indicated that when TF, is coordinated
to a pair of Lewis bases, the entire structure adopts an
octahedral shape (see Figure S1). The two bases can be
positioned either cis or trans to one another. In the former case,
the TF, segment adopts what might be termed a see-saw
shape, with two of the F atoms in axial positions, and the other
two F are equatorial, as indicated in Figure 2.

isolated
tetrahedral
109.5

seesaw
conf01 mer planar
conformer
180.0"
F s F
g S0
90.0° X , .
180.0
o-holes
o-hole - I )
cis n-holes
/ \ trans
o N

Figure 2. MEP isosurfaces (on the p=0.001 a.u. isodensity surface at the
MP2/cc-pVTZ level) of the three idealized geometries of TF, monomers (T=Si,
Ge, Sn, Pb): isolated optimized tetrahedral, seesaw conformer (initial
structure for o-hole attack) and planar conformer (initial structure for mt-hole
attack).
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Optimizing the geometries of such a see-saw shape of each
TF, molecule, with O(FTF) angles of 90°, 120°, and 180°, of
course results in a much higher energy than the tetrahedral
structure. This difference in energy, displayed in Table 1, is
nearly 100 kcal/mol for SiF,, and then drops steadily as T grows
in size. The positions directly opposite the two equatorial F
atoms are of o-hole type, illustrated by the red area of Figure 2.
The transition from tetrahedral to see-saw greatly amplifies
Vs max t0 Over 120 kcal/mol, with little differentiation with respect
toT.

The positioning of the two ligands opposite one another
leaves TF, in a planar structure as in Figure 2. Optimization of
the D,, geometry leads to energies higher than the tetrahedral
structure, but not as much as the see-saw geometry. The energy
required to distort from tetrahedral to planar drops from
64 kcal/mol for SiF, down to 22 kcal/mol for T=Pb. The planar
structure contains a pair of MEP maxima, each directly above
and below the molecular plane, indicated by the red regions in
Figure 2. As may be seen in Table 1, V, ..., is quite a bit larger for
these m-holes than for the o-holes of the tetrahedral geo-
metries. The pattern of these maxima for the m-holes differs
from the tetrahedral o-hole pattern: the intensity drops slowly
as T grows larger, with the exception of a significant bump for
T=Sn. Figure S2 quantifies the increase in V., during the
transition from tetrahedral to planar, from o to mt-hole.

In summary, the distortion from tetrahedral to the see-saw
is considerably more costly than to planar, which would thus
favor the trans positioning of the two Lewis base ligands over
the cis arrangement. On the other hand, the o-holes within the
see-saw structure are more intense than the m-holes associated
with the planar geometry, which ought to preferentially
strengthen the interactions of the cis arrangement.

2.2. Complexes
2.2.1. Geometries and Energies

Consistent with observations in numerous crystals, two different
geometries are obtained when a pair of NCH Lewis bases are
allowed to interact with TF,. The cis placement of the bases
results in a distorted octahedron, as illustrated in Figure 3a,
wherein there are two types of F atoms.

The F, designation refers to the axial F atoms, whereas the
F. atoms are equatorial within this skeleton. Each NCH molecule
lies approximately opposite one of the T—F, covalent bonds,
along a o-hole, in an equatorial position. All F atoms are
equivalent to one another when the two NCH ligands lie
opposite each other in axial positions, in Figure 3b. These
ligands occupy mt-holes in the square planar TF, unit.

The binding energies of the pair of NCH molecules to each
TF, molecule are displayed in Table 2. This quantity is fairly
small for the two smaller tetrel atoms. Indeed, it is even positive
for the trans Si and Ge structures, indicating the complex is
higher in energy than the three separate optimized monomers.
However, the binding is considerably stronger for the two
heavier T atoms, with little distinction observed between Sn
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Figure 3. Optimized structures of a) cis and b) trans conformers of TF,
complexes with HCN.

Table 2. Binding energies (E,, kcal mol™") of TF, complexes with 2 NCH
calculated at the MP2/cc-pVTZ (), BLYP—D3/Def2TZVPP (Il) and CCSD(T)/cc-
pVTZ (Ill) levels of theory.

cis trans

0] (n (1 0] (n (m
(HCN),-SiF,  —3.33 —3.47 —3.18 19.68 2233 20.64
(HCN),-GeF, —5.07 —5.13 —4.82 6.95 5.67 7.85
(HCN),--SnF, —17.76 —1478 —-16.80 —1449 —-11.85 —13.86
(HCN),-PbF, —17.16 —1506 —1575 —1443 —1346 —13.24

and Pb. With respect to level of theory, MP2 (1) and CCSD(T) (lll)
treatments of electron correlation provide quite similar values,
indicating stronger binding than does the BLYP-D3 DFT func-
tional (11).

The cis equatorial structure is more stable than the trans
axial geometry in all cases. The energetic advantage of the
former over the latter is listed in Table 3 at two different levels
of theory. Whether MP2/cc-pVTZ or BLYP-D3/Def2TZVPP, the
energy difference is greatest for T=Si and diminishes as the
tetrel atom grows larger, changing from about 23 kcal/mol for
SIF, and dropping to 2 kcal/mol for Pb. These trends in
electronic energy are consistent with the Gibbs free energies, in
parentheses in Table 3.

The relative stabilities in Table 3 parallel the energetics of
the monomers in Table 1. Specifically, the planar geometry of
SiF, is higher in energy than the see-saw structure by 33 kcal/
mol, a difference which progressively diminishes as T becomes

Table 3. Electronic energies and Gibbs free energies (kcal mol™'), corrected
for BSSE?, of trans complex relative to the cis structure of TF, complexes
with 2 HCN calculated at the MP2/cc-pVTZ (I), BLYP-D3/Def2TZVPP (II)
levels of theory.

U] (In

(HCN),~SiF, 23.01 (30.95)" 25.80 (34.12)
(HCN),~GeF, 12.02 (17.46) 10.80 (17.04)
(HCN),SnF, 3.27 (3.30) 2.93 (3.86)
(HCN),~PbF, 273 (2.29) 1.60 (2.04)

[a] All values were corrected for corresponding differences between trans
and cis BSSE corrections. [b] Gibbs free energies in parentheses.
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larger, dropping to 15 kcal/mol for T=Pb. This same pattern,
albeit with smaller quantitative values, applies to the trans vs cis
complexes in Table 2, so it is apparent that the different
energies of deformation of the TF, monomer bear a direct
causal relation to the relative stabilities of the two types of
complexes.

The interaction energy is defined as the energy of the
complex relative to that of the three monomers, once the latter
have already been deformed to the geometries they adopt
within the fully optimized trimer. E;, is thus more exothermic
than is E,, as reported in Table 4.

Table 4. Interaction energies (E,, kcalmol™') corrected for BSSE of TF,
complexes with 2 NCH calculated at the MP2/cc-pVTZ (), BLYP-D3/
Def2TZVPP (1l), and CCSD(T)/cc-pVTZ (lll) levels of theory.

cis trans

0] (n (1 (0] (In (m
(HCN),SiF, —3.77 —3.87 —3.63 —4649 —4043 —45.46
(HCN),-GeF, —7.10 —6.25 —6.81 —4465 —36.10 —43.43
(HCN),-SnF,  —33.29 —-25.06 —32.06 —47.51 —37.58 —46.48
(HCN),--PbF, —26.28 —20.76 —24.59 —36.30 —29.55 —34.71

First with respect to the cis complexes, some of the trends
of E, remain intact in E,,, for example the stronger binding of
the T=Sn and Pb trimers. But one difference emerges in that
the interaction energies for Sn are considerably larger than for
Pb, despite the larger size of the latter. Where E, and E,,, differ
most is in the axial complexes, where the latter quantity is far
more negative than is the former. Also, whereas E, was clearly
less attractive for the smaller T atoms, even positive in sign, the
interaction energies show surprisingly little dependence upon
T. Indeed, it is PbF, which shows the least negative E,,, opposite
to E, which was least attractive for Si.

These striking differences between E, and E,, are traced to
the deformation energies which are presented in Table 5.
Deformation energies within the pair of NCH monomers are
negligible, 0.3 kcal/mol or less, so these values are almost
exclusively due to the TF, molecules. These quantities are fairly
small, 2 kcal/mol or less for the cis Si and Ge complexes, but
grows larger for Pb and is maximized for the Sn structures, up
to as much as 15 kcal/mol. In other words, the stronger intrinsic
binding of Sn over Pb is washed out by the larger deformation
energy of the former, resulting in nearly equal values of E,. The
story is very different for the trans complexes which require
enormous deformation energies. Note also that these quantities
are largest for the small Si tetrel atom, and are progressively

Table 5. Deformation energies (Eyy, kcalmol™') of monomers preparatory
to forming complexes, calculated at the MP2/cc-pVTZ (I), BLYP-D3/
Def2TZVPP (1l), and CCSD(T)/cc-pVTZ (lll) levels of theory.

cis trans

o (In (0] 0] (In (1

(HCN),~SiF, 0.44 0.40 0.45 65.67 62.76 66.10
(HCN),GeF, 2.03 1.12 1.99 51.60 41.77 51.28
(HCN),SnF, 15.53 10.28 15.26 33.02 2573 32.62
(HCN),PbF, 9.12 5.70 8.84 21.87 16.09 21.47
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Table 6. Structural parameters (A and degrees) in TF, complexes with 2 HCN at the MP2/cc-pVTZ level.
R(N--T) R(N--T) O(F,—T—F,) cis O(F,—T—F,) cis O(F.—T—F,) cis O(F—T--N) cis O(N-T--N) cis
trans cis
(HCN),~SiF, 2011 3.201 112.7 109.3 106.5 177.9 110.7
(HCN),-GeF, 2.096 2.897 118.6 108.4 103.7 177.6 108.6
(HCN),SnF, 2.278 2373 148.8 99.5 104.3 170.8 86.0
(HCN),--PbF, 2421 2.494 147.2 99.8 106.0 169.7 85.4
pure octahedron 180 920 90 180 920

reduced as T grows larger. Since E;, depicts a rough
independence of native interaction upon the identity of T, it is
therefore the lower deformation energies of the larger T atoms
which yield their more negative binding energies. And it is
these very large deformation energies of the trans complexes
which make them less stable than their cis congeners, a trend
which is amplified for the smaller Si and Ge atoms.

Examination of some of the geometrical aspects of the two
sorts of complexes add some insight into their binding
characteristics and energetics. The first two columns of Table 6
indicate that the NCH gets much closer to the central T atom in
the trans structures.

In (HCN),--SiF,, for example, the R(N--Si) distance in the trans
structure is only 2.01 A, as compared to 3.20 A in the cis
geometry. This closer approach in the trans structures echoes
the much more negative values of E;. As the T atom grows
larger, the R(N--T) distance elongates for the trans structure,
consistent with the larger T atomic radius. But this same
distance changes in the opposite way, becoming shorter for the
cis complexes, with a minimum for Sn, again consistent with
the most negative E,, for the cis complexes. These quantities
are all much shorter than the Alvarez-deduced sum of van der
Waals radii®” of the corresponding atoms (the N--Si, N--Ge and
N--Sn distances are: 3.85, 3.95 and 4.08 A, respectively).

The succeeding columns of Table 6 report various internal
angles within each cis complex. The last row displays the values
that one would expect if this structure adopted a purely
octahedral structure, characteristic of the trans complexes, with
which the actual values may be compared. The deviation from
octahedral structure is perhaps most obvious with respect to
the O(F,—T—F,) angle in that the two axial F, atoms bend down
toward one another, as this angle is much smaller than the
octahedral value of 180°. This bending is most severe for Si and
Ge with a F,—T—F, nonlinearity of 61-67°. This same bending
permits the two F, atoms to move further away from F, with
O(F,—T—F.) angles larger than 90°. The two F, atoms move away
from each other as well, with 8(F.—T—F,) also exceeding 90° by
some 14-17°. The nature of these cis structures as o-bonded
complexes is evident in that the 6(F.—T--N) angles are not very
different from 180°. The 6(N-T--N) angles underscore a differ-
ence between the smaller and larger tetrel atoms. The two NCH
molecules avoid one another with 6(N—T--N) larger than 90° for
T=Si or Ge, but come closer for Sn and Pb.

Many of the trends in the deformation energies can be
traced to deviations of the O(F—T—F) angles from the tetrahedral
109.5° in the optimized monomer. In the first place, the 90° and
180° angles in the trans structures deviate quite a bit more
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from the idealized tetrahedral angle than do the values
reported for the cis complexes in Table 6, consistent with the
much larger deformation energies of the former. And the
squeezing together of the tetrahedral arrangement to 90°
separations in the trans geometries would have stronger
repercussions for the smaller T atoms for which the F atoms are
clustered closer together by shorter T-F covalent bonds. With
respect to the cis structures, the 6(F—T—F) angles are closest to
109.5° for Si, followed closely by Ge, then a big gap for the
bigger Sn and Pb with much larger deviations, mirroring the
trends in Eg. Within this subgroup of bigger Sn and Pb atoms,
these deviations have a larger effect for the smaller Sn atom
with its shorter T-F bonds.

2.2.2. Analysis

The partitioning of the total interaction energy of each complex
into its constituent parts reveals fundamental similarities and
differences amongst them. Although the numerical values differ
from one complex to the next, the electrostatic contribution
accounts for roughly 60% of the total attractive energy in the
cis complexes, and a slightly smaller amount to the trans
structures, as detailed in Table 7.

In fact, this percentage rises steadily as the T atoms grows
larger for the trans complexes. Orbital interactions are fairly
variable for the cis structures, rising from 14% for SiF, up to
37 % for SnF,. The pattern reverses itself for the trans complexes
where E;, drops as T becomes larger, but the orbital interactions
make up approximately 40% of the total attraction, generally a
larger proportion than in the cis trimers. Dispersion is quite
small, less than 5%. The only exceptions are the cis complexes
involving Si and Ge, where Ey,, soars to as much as 26%,
compensating for their small orbital interactions.

The properties of the AIM bond critical points are typically a
reliable measure of the strength of a given noncovalent bond,
although there are exceptions. The molecular diagrams of the
relevant trimers are presented in Figure S3, and three key
properties of each bond critical point are contained in Table 8.

Some of the trends in Table 8 indeed conform to the
interaction energies. For example, the AIM treatment of the
trans structures adequately reflects E,,, both of which suggest a
near equivalence of T--N bond strengths, with Pb--N the
weakest. The somewhat stronger Sn--N and Pb--N bonds of the
trans structures, as compared to cis, is borne out by AIM data.
There are also exceptions to this parallel behavior as well.
Taking the cis complexes as an example, both p and V?p are at
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attractive energy terms.

Table 7. EDA/BLYP-D3/ZORA/TZ2P decomposition of the interaction energy of cis and trans complexes into Pauli repulsion (Ep,;), electrostatic (E.), orbital
interaction (E;) and dispersion (Ey;,) terms. All energies in kcal/mol. The relative values in percent express the contribution of each to the sum of all

Complex Ein( EPauli Eelec % Eoi % Edisp %
cis

(HCN),-SiF, —4.87 6.73 —6.94 60 —1.58 14 —3.07 26
(HCN),~GeF, —7.63 1231 —12.34 62 —4.10 21 —3.50 18
(HCN),SnF, —27.45 64.91 —54.30 59 —34.37 37 —3.69 4
(HCN),PbF, —22.85 46.98 —41.68 60 —24.51 35 —3.64 5
trans

(HCN),~SiF, —42.80 141.82 —95.67 52 —84.45 46 —4.49 2
(HCN),-GeF, —37.60 115.10 —8247 54 —65.85 43 —4.38 3
(HCN),~SnF, —39.45 86.45 -73.19 58 —49.10 39 —3.61 3
(HCN),PbF, —31.06 58.31 —53.91 60 —32.26 36 -3.19 4

Table 8. AIM descriptors of the cis and trans complexes. Bond critical point
(BCP) properties: electron density p, Laplacian of electron density V2o and
total electron energy (H) were obtained at the MP2/cc-pVTZ level. Data
given in atomic units.

interaction o Vo H

cis
(HCN),--SiF, F--N* 0.007 0.026 0.001
(HCN),~GeF, Ge-N 0.012 0.042 0.001
(HCN),-SnF, Sn-N 0.047 0.171 —0.005
(HCN),--PbF, Sn-N 0.044 0.149 —0.004

trans
(HCN),~SiF, SiN 0.057 0.269 —0.013
(HCN),-GeF, GeN 0.068 0.221 —0.020
(HCN),-SnF, Sn-N 0.058 0.219 —0.010
(HCN),--PbF, Sn-N 0.051 0.177 —0.006

? six equivalent interaction

their largest for the Ge--N bond. However, this point is clearly at
odds with the interaction energies in Table 4 for which it is Sn
and Pb which engage in the strongest bond with N, also true of
the binding energies in Table 2. It might also be noted that AIM
fails to identify a bond path between Si and N, observing only a
very weak bond from N to each of the proximate F atoms of
SiF,.

The NBO scheme offers a useful means of analysing the
charge transfers between orbitals and between subunits, along
with their energetic implications. The sums of the second-order
interaction energies E(2) between the lone electron pair of the
nitrogen atoms LP(N) and the antibonding o* (T—F) orbitals, as
well as the total charge transfer (CT) from the two bases to the
TF, subunit are collected in Table 9.

Table 9. NBO properties of cis and trans complexes obtained at the BLYP-
D3/def2-TVZPP level.

cis trans

E@)® cT E(2)° cT

[kcal/mol] [me] [kcal/mol] [me]
(HCN),--SiF, 1.2(1.2) 0.2 35.2 (245.6) 306
(HCN),-GeF, 8.2 (8.6) 19 22.6 (149.9) 273
(HCN),-SnF, 46.8 (76.4) 163 28.1 (127.6) 244
(HCN),-PbF, 18.5 (58.2) 138 16.7 (84.0) 196

[a] Sum of E(2) between LP(N) and antibonding o*(T—F); also including
antibonding Rydberg (T) orbitals and “lone vacancy” LV(T) orbitals added in
parentheses.
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(Since there are also sizable charge transfers to Rydberg and
lone pair vacancy orbitals within the NBO scheme, these
transfers are also included in parentheses in Table 9.) One can
observe parallels between the NBO quantities and the inter-
action energies in Table 4. First with regard to the cis
complexes, the NBO parameters echo the Sn>Pb>Ge>Si
ordering of E;,. The trans data are also parallel, with Pb
engaged in the weakest trimer. NBO also agrees with the full
energetics that the trans trimers are more strongly bound than
their cis analogues. On the other hand, more detailed aspects
are less than perfect. For example, CT for the trans structures
would clearly suggest Si>Ge >Sn, whereas the energetics are
less clear on this comparison. Since NBO does not simulate the
total interaction energy but only its charge transfer aspects, one
might choose to compare NBO quantities with the orbital
interaction energies in Table 7. The correlations are stronger
here. For example, the correlation coefficient for a linear fit of
the charge transfers in Table 9 to E; in Table 7 is 0.96. An even
better fit of 0.99 occurs when the (full) values of E(2) are
correlated with E,,

3. Discussion

The majority of studies of tetrel bonding in the literature focus
on the lighter C, Si, and Ge atoms. However, there are a few
works dealing with tetravalent Sn and Pb, and the noncovalent
bonds they form with various bases.>*#3%%! previous studies
have confirmed the trend that the tetrel bond grows stronger
as T becomes larger,B°3*3471%%0 Kbyt that the effect levels off
between Sn and Pb.*'°" An earlier work®'? supports the
result noted here that the deformation energy induced within
the Lewis acid molecule by formation of a tetrel bonded
complex drops as the central tetrel atom grows in size. The
ability of the heavier tetrel atoms to participate in two
simultaneous noncovalent bonds is confirmed by earlier
calculations'® performed by Grabowski at the MP2 level, who
also noted the possibility of both trans and cis structures, at
least for Sn, for which the latter is more stable than the former
by 3 kcal/mol, in nice agreement with our own findings. His
data also support the larger interaction energies of Sn as

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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compared to Pb, as well as the higher deformation energies
characteristic of the smaller Sn.

In order to accommodate and make room for a pair of
bases, a normally tetrahedral TF, molecule must distort in one
of two ways, but both based on the general octahedral
skeleton. In the preferred structure, the two bases are situated
cis to one another, leaving the original TF, segment in a sort of
see-saw geometry. The energy required for this deformation of
TF, is quite large for Si, nearly 100 kcal/mol, but drops quickly
as T grows larger. On the positive side, the see-saw structure of
TF, has a pair of intense o-holes, each of which can form a
strong tetrel bond with the base. The interaction energy of the
two NCH molecules with the pre-distorted TF, is roughly 4 kcal/
mol for Si, and rises to a maximum of 33 kcal/mol for Sn. When
combined with the energy needed for this geometric deforma-
tion, the resulting binding energy is about 3-5 kcal/mol for Si
and Ge, but 17 kcal/mol for the larger Sn and Pb which are not
burdened with as large a distortion energy.

The other possible structure involves the placement of the
two bases opposite one another in a trans arrangement. This
sort of structure requires the deformation of the TF, into a Dy,
planar structure which in turn involves a very sizable deforma-
tion energy. The latter is many times larger than that required
to attain the pseudo see-saw geometry needed for the cis
trimer. Also, the mt-holes that lie above and below the T atom in
the square geometry are somewhat less intense than the o-
holes of the cis structure. Nonetheless, the planar TF, structure
allows a nearly unimpeded approach of the two bases toward
the T atom, so the interaction energies are larger than in the cis
arrangement, in the 36-46 kcal/mol range. But even these
stronger intrinsic interactions are unable to overcome the very
large deformation energy required to achieve a square planar
structure. Consequently, the trans trimers are less tightly bound
than their cis counterparts. This preference for the cis structure
is quite sizable for the smaller T atoms, 22 kcal/mol for Si and
12 kcal/mol for Ge. However, the energy difference is reduced
to only about 3 kcal/mol for the heavier Sn and Pb.

The shortness of some of the intermolecular T--N distances,
barely more than 2.0 A in some cases, leads to the question as
to the most appropriate designation of these interactions. This
distance is only about 10% larger than the sum of T and N
covalent radii for the four trans geometries. Indeed, the same
may be said of the cis trimers involving Sn and Pb. So in that
sense, these complexes might be thought of as at least partially
covalent. On the other hand, the various AIM parameters lie in
the range of typical noncovalent bonds. And even the strongest
of these interaction energies are less than 50 kcal/mol, arguing
against a designation as a true covalent bond.

4. Conclusions

In conclusion, a tetrel atom in a tetravalent bonding situation is
capable of engaging in a pair of noncovalent tetrel bonds
simultaneously. The formation of these bonds leads the
normally tetrahedral substituent arrangement to distort to an
octahedral geometry. In the absence of external forces as might
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occur within a crystal environment or a macromolecule, the cis
arrangement of the two bases is preferred to the trans
configuration. This preference is most obvious for the smaller T
atoms, but drops to only a small margin for the larger Sn and
Pb atoms.
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