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Abstract

One of several tetrel (T) atoms was covalently attached to three F atoms and a substituted phenyl
ring. A NHzs base can form a tetrel bond with TFsCeH2R3 (T = Si, Ge, Sn, Pb; R=H, F, CHz) ina
position opposite either an F atom or the ring. The o-hole opposite the highly electron-
withdrawing F (T-F) is more intense than that opposite the ring (T-C). However, when the Lewis
base deforms from a tetrahedral to a trigonal bipyramidal shape so as to accommodate the base, it
is the T-C o-hole that is more intense. Accordingly, it is the T-C tetrel-bonded complex for which
there is a larger interaction energy with NHz, as high as 34 kcal/mol. Countering this trend, it
requires more energy for the TF3CeH2R3 to deform into the geometry it adopts within the T-C
complex than within its T-F counterpart. There is consequently a balance between the overall
binding energies of the two competing sites. The smaller tetrel atoms Si and Ge, with their larger
deformation energies, show a preference for T-F tetrel binding, while the
T-C site is preferred by Pb which suffers from a smaller degree of deformation energy. There is a
near balance for T=Sn and the two sites show comparable binding energies.
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1. INTRODUCTION

Noncovalent interactions drive an entire range of chemical and physical phenomena, such as
self-assembly, intermediate products of organic synthesis, and stabilization of crystal structures.
% Their role is also undisputed in biochemical processesi®*?, for example underpinning the
connections between receptors and ligands which facilitate protein transport, or enzymatic
catalysis.’*18 A thorough understanding of the fundamental nature of noncovalent interactions and
their role in controlling molecular complexes is one of the linchpins for future progress of modern
chemistry.

The concept of the c-hole!®%, introduced with a view toward clarifying halogen bonding
phenomenon®-3! has been extended to a large family of noncovalent interactions where an
electronegative atom is able to interact with a nucleophile. Although at first glance implausible,
the attractive force is based on a local depletion of electron density around the halogen? 32,
chalcogen* 3, pnicogen® %", tetrel*®4 or noble gas atoms*'***, usually directly opposite a c-bond,
hence its common appellation as a c-hole.*® Study over the years**“® has established that the
strength of each c-hole is enhanced by reduced electronegativity and enhanced polarizability of
the central atom, coupled with electron-withdrawing power of its substituent.?® 4”5 On the other
side of the equation, the interaction will be strengthened by a more powerful nucleophile.?®

Given these basic rules it ought to be possible to tune the o-hole noncovalent bond to any
desired strength, by appropriate modification of central atom or substituent. And indeed, there
have been numerous studies that demonstrated this principle.®>*® In one example, Riley et al.>*
% demonstrated that substitution of heavier central halogens leads to a larger c-hole and
consequently to a stronger interaction, more electrostatic in nature. Politzer and Murray®
presented, in turn, a correlation between o-hole intensity and interaction energies for 18 halogen
bonded complexes with NCH.

However, the situation is not quite so simple. Firstly, the interaction is not wholly electrostatic.
Charge transfer makes a major contribution as well, augmented by dispersion forces.3" 3% 59-64
There are also other factors that mitigate against a strict correlation between interaction energy
and o-hole intensity.®>%° There are geometric deformations that accompany complexation® that
influence both the o-hole depth and the overall energetics. Negative hyperconjugation may alter
the electron-donating potential of the Lewis base,®® and spin density in open-shell coinage metal
clusters®® may significantly perturb the correlation between c-hole and complex stability. It is
clear then that more detailed study of these and other effects is required before reaching a full
understanding of this phenomenon.

Tetrel bonds, described as “the tendency of heavier tetrel atoms to interact with anions or
electron rich atoms”’® belong to this family of -hole bonds, and have benefited from recent study,
both theoretically and experimentally.”*"® As a very recent example, calculations of the TH3z* (T
= C, Si, Ge) complexes with H> showed that H> can serve as a tetrel bond acceptor through its -
bond, and that the fundamental nature of the THs* depends on the identity of the T atom. It has
also recently been reported that an S---Sn contact plays a crucial role in activation of peroxisome
proliferator-activated receptors (PPARS) by organotin molecules.®



While the relationship between electron-withdrawing power of a substituent and the intensity
of the o-hole which it causes is fairly straightforward at this point, there are numerous indications
that the o-hole is not the only arbiter of the strength of the noncovalent bond. This lack of clarity
is particularly at issue for tetrel bonds for a number of reasons. In the first place, the presence of
four surrounding substituents around a tetrel atom leads to an obstructed path for an approaching
nucleophile so the molecule must therefore deform a good deal so as to make the necessary room.
The resulting deformation energy must be overcome in order for a stable tetrel bond to be formed.
The deformation also changes both the qualitative and quantitative character of the o-holes relative
to the undistorted monomer. These holes not only alter their intensity but can even change from o
to  in nature.

The work presented here aims to develop a more thorough and sophisticated means of
understanding the competition between possible tetrel bonding sites on a given molecule. The
intensities of the o-holes, and how they are affected by each particular substituent, are taken as a
starting point in this competition. The interaction of a nucleophile with each site is then elucidated,
using various measures including, energetic, geometrical, and those derived from the wave
functions. As another important consideration, the structural deformation undergone in order to
facilitate the tetrel bond formation is considered, and how this transformation affects both the
electrostatic potential and the energetics of the system. The results demonstrate how important
these geometric deformations are, and how they can affect the competition between the possible
tetrel bond sites, even reversing the expected trends.

2. SYSTEMS AND METHODS

In order to facilitate this comparative study, the Lewis acid was composed of a single tetrel
atom, covalently bonded to three F substituents and one phenyl ring. The latter was considered as
a simple CsHs, but also with two sorts of substituents. F atoms are known to be strongly electron-
withdrawing, whereas methyl groups act in the opposite fashion. Whether F or CH3, three such
substituents were placed on the phenyl ring to maximize their activity. They were placed para to
the connection to the tetrel atom, and in both meta locations. Avoidance of ortho positions reduced
the possibility of interactions with the F substituents on the tetrel atom which would complicate
the analysis. The entire range of tetrel atoms from C to Pb were considered as the central atom so
as to elucidate how its nature affects the properties of the interactions. In sum, the Lewis acids are
denoted TFsCsH2R3 where T refers to the tetrel atom and R to either H, F or CHs. The Lewis base
chosen as NHg, due to its strong nucleophilic nature, and its simplicity which will again minimize
secondary interactions.

The geometries of isolated TF3CegH2R3 molecules and their binary complexes with NH3z were
optimized at the MP2 level of theory with the aug-cc-pVDZ basis set.® 8 For the heavy Sn and
Pb atoms pseudopotentials were used which include some relativistic effects.®® The absence of an
imaginary frequency guaranteed that the structures are true minima. Additionally, calculations at
the BLYP-D3/aug-cc-pvVDZz8 84 85 Jevel of theory were performed for complexes so as to obtain
DFT geometries and energetics with which the MP2 quantities can be compared. The



CCSD(T)/aug-cc-pVDZ8® level, using MP2 optimized minima, was also employed in order to
further validate the energetics,. Interaction energies Eint take as their reference the energies of the
monomers in the internal geometries they adopt within the complex. Binding energies Ey were
evaluated with respect to separately optimized monomers. These two quantities thus differ by the
deformation energies required to distort the monomers from their isolated geometry to that adopted
in the complex. Both interaction and binding energies were corrected for basis set superposition
error via the standard counterpoise procedure.®’

The MultiwFN®g® 8 and WFA-SAS® programs were used to compute and visualize the
molecular electrostatic potential of isolated monomers. Aspects of the bonding were analyzed via
a topological analysis of the electron density using AIMAII®! software based on the MP2 wave
function. The NBO method (GenNBO 6.0 software)®® was applied to measure orbital-orbital
interactions and charge transfer between interacting subunits. The EDA energy dissection
embedded in ADF software was executed at the BLYP-D3/ZORA/TZ2P level to compare the
various components of the full interaction energy.®*% Finally, a CSD (Cambridge Structural
Database, CCDC 2019, ConQuest ver. 2.0.1)% survey was performed to search for experimental
evidence of the bonding scenarios considered in this work. Geometry optimizations and energetics
were computed via the Gaussian09 suite of programs.®’

3. RESULTS

3.1. Monomer Properties

The isolated TF3CeH2R3 (T = C, Si, Ge, Sn, Pb; R = H, F, CHs) monomers were fully optimized
with no symmetry constraints. The phenyl ring and three fluorine atoms are disposed in a
tetrahedral arrangement around the tetrel atom, as displayed in Fig. 1. There is a slight difference
between the structures for the heavy and light tetrel atoms. For T = Sn, Pb one of the F atoms of
the TF3 group is coplanar with the aromatic ring (Fig 1C) while it lies perpendicular to the aromatic
plane for Si and Ge (Fig 1B). This distinction is present at both MP2 and BLYP-D3 levels.

The molecular electrostatic potential (MEP) of GeFzCeH2Rz is illustrated in Figure 2 for R=H,
F, and Me as representative of all of the tetrel atoms. Blue negative areas encircle the F atoms
while there are red positive regions (so-called o-holes) lying opposite each T-F bond, as well as
opposite the T-C bond involving the phenyl ring. The values of the MEP maximum on the 0.001
au isodensity surface (Vsmax) for each of these holes are listed in Table 1. There are a number of
trends that are worth stressing. In the first place, Vsmax grows as the T atom enlarges
C<<Si<Ge<Sn~Pb. These holes are especially weak for T=C, which accounts for the failure of
CF3CesH2R3 to engage in tetrel bonds with the NHz base. As a second issue, regardless of the nature
of the tetrel atom, or of the substituents on the aromatic ring, Vsmax is consistently larger for the
holes opposite the F atoms (T-F hole) than for the corresponding T-C hole opposite the aromatic
ring. Also of note, the difference between these two hole types increases as the T atom enlarges.
More specifically, this difference is about 7, 15, 21, 36 kcal/mol for the respective Si <Ge <Sn
<Pb series. The nature of the R substituent has little bearing on this difference, but it does influence
the intensity of the o-holes, which follows the pattern CHs < H < F. This order conforms to



conventional ideas about an electron-withdrawing substituent enlarging the related o-hole. In
quantitative terms, the replacement of H by F enlarges Vs max by 8-11 kcal/mol, whereas the H—Me
substitution reduces the intensity by 4-7 kcal/mol.

3.2. Complexes
3.2.1. Equilibrium Geometries and Energies

Given the finding of both T-F and T-C c-holes, it is not surprising to find that the NH3 base
can interact with either of these two hole types in a tetrel bond. Two different views of each of
these two tetrel bond types are illustrated in Fig 3. The two structures are of comparable energy,
within some 4 kcal/mol or less of each other. Table 2 reports this energy difference (Eeie) at each
of two different levels of theory; the values in parentheses represent the free energy differences
(G) at 25 C. Positive values indicate a greater stability for the T-F complex. In other words, T-F
structures are energetically preferred for the lighter tetrel atoms, whereas the balance shifts toward
T-C for Sn and Pb. Note that this competition between the two structures is essentially the same,
even quantitatively, whether it is Eele or G that is considered, nor is this result sensitive to the level
of theory. The greater stability of the T-C structures for Sn and Pb is perhaps surprising in light
of the more intense T-F o-holes reported in Table 1. Indeed, the T-F values of Vsmax are several
times larger than their T-C analogues for T=Pb.

The values of the binding energies, representing the difference in energy between the complex
and the reactant monomers in their optimized geometries, including counterpoise corrections, are
listed in Table 3. Note that there is remarkable agreement amongst all three levels of theory,
whether MP2, BLYP-D3, or CCSD(T). These quantities rise in the order
Si < Ge <Sn~Phb. They are smallest for the T-C complexes for T=Si, as small as -1 kcal/mol for
SiF3CeH2(CHa)3, and grow to a maximum of as much as -20 kcal/mol for SnFs3CeH2F3 and
PbF3CsH2oFs. Again, one sees the pattern that the T-C complexes of the heavier T atoms have a
more exothermic binding energy than their T-F structures, despite the opposite trend in Vs max.

Some clues to this curious behavior can be gleaned from the structural parameters contained
in Table 4. In the first place, the intermolecular R(T---N) distance tends to be shorter for the T-C
complexes. This difference is roughly 0.08 A for T=Si, rises to 0.10 A for Ge and Sn, but then
increases above 0.20 A for Pb. So one can surmise that the stronger T-C tetrel bonds for the
heavier T atoms are associated with their shorter nature. An optimal tetrel bond will typically have
a linear arrangement between the base and the substituent which it lies opposite to. The 6(X-
T---N) angles in Table 4 are all in the general vicinity of 180°. However, their variance from this
optimal angle increases as T becomes larger. Also, the 6(C-T---N) angles are more linear than
their O(F-T---N) counterparts. This greater linearity represents a second factor which shifts the
energetic preference toward the T-C complexes.

A third factor has to do with the geometry surrounding the T atom. The addition of a fifth
ligand to an already tetrahedrally substituted central T involves displacement of the substituents
so as to make room for the incoming base. If one thinks of the three T-F bonds as the spokes of
an umbrella, then placement of the NH3 opposite one of these T-F bonds will tend to partially



“close” the umbrella as the F atoms come closer together as in Fig 3A. The opposite effect of a
more open umbrella will be the result of a base approaching opposite the C atom in Fig 3B. These
effects are summarized by the 20(F-T-F) columns in Table 4. Taking SiFsCeHs in the first row of
Table 4 as an example, the sum of the three 6(F-T-F) angles is 310° in the T-F complex. This
quantity is 10.7° less than in the uncomplexed monomer, representing a partial closure of the
umbrella. Formation of the T-C complex, in contrast, forces the umbrella open so that the sum of
the three angles is 352.9°, some 32.2° larger than in the monomer. And indeed, the changes in the
angle sum is much larger for the T-C than for the T-F complexes for all systems examined here.
Whereas this quantity diminishes by some 10-12° for the various T-F structures, it increases by
31-42° for T-C, especially large for Pb.

An alternate way to look at this situation is as follows. In an idealized fully tetrahedral situation
of the uncomplexed monomer the angle sum would be 3x109.5° = 329° . A similarly idealized
structure of the complex with its five substituents would be trigonal bipyramidal. If the NH3 takes
an axial position directly opposite the phenyl ring, the three F atoms would all occupy equatorial
positions, 120° from one another, for a X0(F-T-F) sum of 360°. It is for this reason that the
quantities in the last column of Table 4 approach this value, and represent a sizable increase over
the much smaller sum in the monomer. In the T-F complexes, the axial positions of the trigonal
bipyramid are occupied by NHz and one of the F atoms, leaving the two remaining F atoms in
equatorial sites. The Z6(F-T-F) sum in this idealized configuration would be 2 x 90° + 120° =
300°, smaller than the 329° in the monomer. This behavior accounts for the decreases observed
in the angle sum for the T-F complexes in Table 4.

One last issue has to do with the particular position and orientation of the NHz molecule within
the T-F complexes. For T=Sn and, Pb, the N lies in the aromatic plane,
i.e. o(C-C-T---N) = 0. Itis lifted above this plane by some 30° for Ge, and up to 60° for Si. With
respect to the rotation of the NHz around the N---T axis, one of the NH bonds is eclipsed by a T-F
bond for PbFsCsHs and SnFsCsHs complexes, whereas these bonds are staggered in the other
complexes.

As mentioned above, there is a good deal of angular deformation that accompanies tetrel bond
formation, particularly in the T-C complexes. The energetic consequences are contained in Table
5 which reports the deformation energy of both the Lewis acid and base for each dimer. There is
very little deformation of the NH3, amounting to less than 0.2 kcal/mol. But the geometry changes
imposed on the Lewis acid result in large energy increases. These deformation energies are largest
for the smallest tetrel atoms: Si > Ge > Sn > Pb. With respect first to the T-F complexes, Edef
varies from 15 kcal/mol for SiFsCsH2F3 down to only 3 kcal/mol for the Pb acids. But consistent
with the larger angular changes in the T-C structures, their deformation energies are
correspondingly larger. Eger ranges from 23 kcal/mol for T=Si down to 12 kcal/mol for Pb, still
rather large.

One can view the larger deformation energies in the T-C complexes through the lens of the
idealized trigonal bipyramidal geometry. According to standard VSEPR ideas, equatorial sites
suffer from less steric repulsion from the other substituents than do axial positions. As a larger



and bulkier substituent, the phenyl ring would naturally be favored for an equatorial location over
F. The T-C conformation forces the phenyl ring into the more crowded axial position which is
accompanied by a larger deformation energy, as compared to an equatorial position for the phenyl
ring in the T-F geometry.

Eint refers to the interaction energy between pre-deformed monomers, so can perhaps be
thought of as a pure measure of the interaction within the complex. The values of Eix in Table 6
are all more negative than E, following subtraction of the deformation energies. An initial
inspection of the data shows that MP2 and CCSD(T) quantities are quite similar to one another,
with BLYP-D3 values a bit less negative. Nonetheless, all levels of theory display the same trends.
T-C interaction energies are consistently more negative than their T-F counterparts. This
difference lies in the 6-8 kcal/mol range, except for T=Pb where the difference enlarges to 12
kcal/mol. This pattern is somewhat different than the Ey trends in Table 3 where the T-F complexes
were preferred for the smaller T atoms. This distinction rests on the very large deformation
energies of the T-C complexes for the smaller tetrel atoms, which act to disfavor these structures.
In terms of their magnitudes, the interaction energies climb consistently from Si to Ge to Sn, but
then fall in the transition from Sn to Pb. Indeed, the interaction energies of the Pb T-F dimers are
less exothermic than those for Si. Whereas some of the binding energies were quite small,
particularly for the small T atoms, the interaction energies are considerably more exothermic. As
an example of the strong role played by the deformation energies, the interaction energies for the
T-C Si complexes all exceed -20 kcal/mol. In contrast, E, for these same structures are -5 kcal/mol
or even less.

There is a secondary issue with respect to the deformation of the Lewis acid monomer upon
complexation with the base. The transformation from a basically tetrahedral structure into a
modified trigonal bipyramid amplifies the magnitude of the o-hole. The last column of Table 5
displays the value of Vs max within the context of the modified monomer, followed in parentheses
by its increase relative the optimized tetrahedral monomer. These increases are quite large, and
will aid in the formation of the complex by better attracting the nucleophilic base. With regard
first to the T-F o-holes, the increases are in the 30-40 kcal/mol range for Si and Ge, then decrease
steadily for Sn and then for Pb. The hole magnifications are even larger for the T-C geometries,
in the general range of 50-70 kcal/mol. So while the c-holes are more intense for T-F than for T-
C in the undistorted monomers (Table 1), the reverse is true once the monomers attain the geometry
within each complex. It might be concluded then that this larger magnification of the T-C o-holes
is one factor in their larger interaction energies.

3.2.2 Analysis of Wave Function

The AIM analysis technique®® *° provides a window into molecular interactions that focuses
exclusively on the electron density rather than energetics. The bond paths between nuclei are
presented in Fig S1 and the important properties of the intermolecular bond critical point in each
complex are contained in Table 7. The AIM data in Table 7 are consistently larger for T-C than
for T-F complexes, consistent with the interaction energies in Table 7. AIM also reproduces the



stronger binding of the trifluorosubstituted phenyl rings. On the other hand, AIM mimics certain
aspects of the interaction energies with regard to the identity of the T atom. In the case of the T-F
complexes, AIM correctly predicts the near equivalence between Si and Pb, but places Ge on a par
with Sn although the latter has larger Eint. The AIM order for T-C complexes is Si < Ge ~ Sn < Pb
while the interaction energies are larger for Sn than for Ge, with Pb roughly equivalent to Sn.
Table S1 reports properties of any secondary intermolecular interactions that were suggested by
AIM molecular diagrams. These are rather small when they occur at all. For example, the values
of p at secondary bond critical points are generally about 0.010 a.u., as compared to the same
quantities at the primary T---N critical point that are five to eight times larger.

NBO offers a means of examining aspects of the charge transfer between the two monomers.
Table 8 lists the selected values of the second order interaction energy (E2) between the NHs
N - lone pair and various orbitals of the Lewis acid. Most of this transfer occurs into what NBO
deems a vacant lone pair orbital of the tetrel atom, designated LV*(T). There is also a smaller
amount that is transferred to the o*(T-C) antibonding orbital. The patterns in Table 8 are quite
clear. The interorbital interaction is considerably larger for the T-C as compared to the T-F
complexes, by nearly a factor of 2. One also sees a clear lowering of this quantity as the T atom
grows larger. The CT columns of Table 8 report the total charge transferred from base to acid,
regardless of orbital. This measure reinforces the interorbital idea of larger charge transfer for T-
C vs T-F. It also shows an increasing Si < Ge < Sn < Pb trend, but only for the
T-C complexes. The T-F structures show their largest values for Ge and Sn, followed by Si and
with the smallest amount for Pb. It was wondered whether some overlap or charge transfer
between the m-orbitals of the ring and the 6*(T-F) antibonding orbital might affect the magnitude
of the T-F o-hole. However, NBO analysis did not indicate any relevant interorbital transfers.

The total interaction energy can be divided into its various components by any of several
partitioning schemes. The results of an EDA/BLYP-D3/ZORA/TZ2P decomposition are
displayed in Table S2. As is immediately clear, the electrostatic term makes the largest
contribution to these interactions, accounting for some 60-65% of the total attractive energy. The
orbital interaction component, of which charge transfer is a part, makes up 30-40%, with only a
very small contribution from dispersion, amounting to only 4% or so. These percentage
contributions are fairly consistent across the entire spectrum of tetrel bonds, whether T-F or T-C,
and regardless of the identity of the tetrel atom.

3.2.3 Comparison with Experimental Crystal Structures.

A survey of the CSD (Cambridge Structural Database)® provides several examples of crystal
structures of complexes of the sort considered here. Table S3 provides pictorial versions of these
examples with a central T atom covalently bonded to three halogens and a phenyl ring, plus another
interaction with a nucleophile!®1%,  Several of these have the nucleophile opposite a halogen
substituent, and another opposite the phenyl ring. They all have the essential shape of a trigonal
bipyramid, as discussed here. Despite other forces within the crystal, the tetrel bond distances fall
within the range of those computed here for analogous systems.



4. DISCUSSION

There is some precedent in the literature dealing with competition between multiple possible
sites of tetrel bonding, coupled with large-scale deformation of the Lewis acid. When a tetrel atom
is bonded to four F substituents, an incoming nucleophile will induce TF; to rearrange 1% into a
trigonal bipyramidal shape. This structure contains a vacancy for the base at either an axial or
equatorial site. The placement of the base in an equatorial site leads to a very high interaction
energy, on the order of 50 kcal/mol. But in order to provide this equatorial site, the deformation
of the TF4 is much larger than what is needed for it to accommodate an axial nucleophile position.
So although the axial location of the nucleophile is more weakly bonded to the tetrel atom, its
smaller deformation energy makes this the preferred bonding site. This overall energetic
preference is most dramatic for the smaller tetrel atoms which also suffer the highest degree of
deformation energy 1%. Also consistent with the trends noted here, the deformation of TF, from a
tetrahedral to a trigonal bipyramid shape intensifies the o-hole by a great deal.

A related study'% considered the feasibility of the TF4 molecule engaging in two tetrel bonds
simultaneously. In order to do so, TF4 must undergo a geometrical transition to an octahedral
structure so as to accommaodate the four covalent bonds and two tetrel bonds. The two nucleophiles
can occupy syn positions, with each of them in a o-hole directly opposite a T-F bond. The
alternative geometry places the two nucleophiles opposite one another in an anti configuration. As
such they are each attracted by a n-hole above and below the plane of the Dsn TF4 segment. Again,
the deformation energies were found crucial to the relative stabilities of the two possibilities. The
latter square TFs offers an unobstructed path of the bases to the m-holes and enjoy a large
interaction energy. On the other hand, the energy required for the originally tetrahedral TF4 to
distort to the requisite square geometry is much larger than that needed to adopt the see-saw
structure needed to form the syn trimer. And once again, the high deformation energy overwhelms
the stronger intrinsic binding, and it is the syn structure that prevails. It was also found that the z-
holes associated with the planar TF4 unit are very much more intense than those in the normal
tetrahedral structure, which adds to the binding energy.

These sorts of effects are not limited exclusively to tetrel bonds. A recent set of calculations
109 extended these ideas to pnicogen bonds as well. Two F atoms and a phenyl ring were covalently
bonded to one of several pnicogen (Z) atoms, in a pyramidal ZF>Ph Lewis acid. A base could
therefore approach along a 6-hole opposite a Z-F bond, or toward a w-hole situated opposite the Z
lone pair. Although the o-holes are more intense than their n-hole counterparts, it is the latter
which engages in stronger interactions with the base, with much larger interaction energies.
However, the requisite deformation of the ZF,Ph to accommodate the n-hole base is far larger than
that needed for the o-hole approach. And once again, the latter effect dominates the overall
interaction, making the g-hole complexes more stable overall. Large deformation energies are not
limited to the standard covalency of these central atoms. Not only are they present in TF4 but also
65110 in hypervalent pnicogen, chalcogen, and halogen bonds.



There is ample evidence in the literature to support some of the general trends observed here.
For example, the idea that larger T atoms result in stronger tetrel bonds has been documented,
along with a leveling off between Sn and Pb 1% 1117 The deformation of a tetrahedral TR4
molecule into a trigonal bipyramid upon formation of a tetrel bond has also become well
recognized %% 118119 The concept of a deformation causing a large change in electrostatic potential
has also been observed in related systems, including pnicogen-centered Lewis acids 20,

Within the realm of competing sites, there has been some elucidation of tetrel bonds to ¢ vs -
holes. One work !’ considered this question in the context of different molecules for each type of
hole: TR4 vs TR>=CH>. The nt-sites were found to engage in the stronger bonding, as was the case
for the comparison of TFH3 vs R,T=0 2!, consistent with other work as well 113 116.118.122 "ayen
though it is the 6-hole that predominates over m in aerogen bonds 23, Other work has compared ¢
with n-holes in the context of two different sorts of bonds, as in for example a c-hole tetrel with a
n-hole pnicogen bond 124,

5. CONCLUSIONS

In summary, it has been shown here that the question as to which site offers the best opportunity
to form a tetrel bond cannot be answered solely on the basis of the substituent which presents the
most intense o-hole. In the examples studied here, a position opposite the highly electron-
withdrawing F atom induces a o-hole in the monomer that is more intense than one opposite a
phenyl ring, as one might expect. Nevertheless, a nucleophile engages in a stronger interaction in
the latter position.

This apparent paradox is resolved when considering the change in geometry of the Lewis acid
from tetrahedral to trigonal bipyramid within the context of the complex. While this distortion
amplifies the c-hole intensity in both site locations, there is a much larger increase in the hole
opposite the phenyl group, reversing the order observed in the isolated monomer, and favoring the
phenyl over the T-F site.

A second factor that must be considered is the energetic cost for the monomer to achieve the
internal structure required to engage in a tetrel bond. This deformation energy is quite substantial
amounting to more than 20 kcal/mol in some cases so can hardly be ignored, particularly for the
smaller tetrel atoms which are burdened by the largest deformation energies. This quantity is
consistently larger for the sites lying opposite the phenyl ring, due to the more stringent steric
constraints associated with this larger substituent. The deformation thus tends to favor the T-F
sites, a pattern opposite to the interaction energies between the pre-deformed monomers. These
two conflicting trends lead to binding energies that are roughly comparable for the two sites. The
T-F site is favored, albeit by only a small amount, for the smaller Si and Ge tetrel atoms, while the
larger Pb prefers the T-C site; there is little distinction between the two sites for the intermediate-
sized Sn.

With respect to the electron-withdrawing power of the phenyl group, trisubstitution by F or
CHs groups have the expected effects upon the binding and interaction energies. The trifluoro-
substituent is particularly potent, especially with regard to the T-C site opposite the ring,



amplifying these energetic measures by several kcal/mol. On the other hand, the electron-
withdrawing capacity of the ring is unable to reverse the preference of a nucleophile for the T-F
vs T-C site.
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Table 1. Molecular electrostatic potential maxima (in kcal/mol) on the 0.001 a.u. surface of the
electron density (Vsmax) of TF3Ce¢H2R3 monomers calculated at the MP2/aug-cc-pVDZ level of
theory.

Vs max Vs max

Isolated molecule (T-F) o-hole (T-C) o-hole
CF3CsHs 8.6 L4
CF3CsHoFs 17.8 29
CF3CsH2(CHs)a 5.0 21
SiFsCeHs 318 224
SiFsCeH2F3 42.0 1
SiF3CsH2(CHa)s 274 210
GeF3CeHs 38.3 234
GeF3CeH:F3 46.3 320
GeF3CeH2(CH3)3 336 190
SNF3CeHs 54.3 332
SnF3CsH2F3 64.9 44.3
SnF3CsH2(CHa)3 46.6 283
PbF3CeHs 53.7 185
PbF3CeH2Fs 64.5 290
PbF3CsH2(CHs)s 49.1 153




Table 2. Difference (kcal/mol) in electronic and Gibbs free energy at 25 C (in parentheses)
between T-F vs T-C complex of indicated molecules with NH3, calculated at the MP2/aug-cc-
pVDZ (1), and BLYP-D3/aug-cc-pVDZ (1), levels of theory.
) ()
SiF3CeHs 2.14 (2.56) | 1.45(1.84)
SiF3CeH2F3 0.18 (0.56) | -0.32(0.10)
SiFsCeH2(CH3)s | 2.78 (2.86) | 2.03 (2.55)

GeF3CeHs 0.64 (0.52) | 0.14(-0.17)
GeFsCoHoFs | -0.88 (-1.40) | -1.23 (-1.07)
GeFsCeH2(CH3)3 | 1.31(0.87) | 0.72 (1.14)

SnFsCeHs | -0.71 (-1.49) | -1.99 (-1.87)
SnFsCeHzFs | -1.60 (-3.00) | -2.73 (-2.60)
SNF3CeHa(CHa)s | -0.12 (-1.05) | -1.45 (-1.18)

PbF3CsHs -3.71 (-2.92) | -3.55 (-3.32)

PbFsCeHoFs | -4.32 (-3.76) | -4.11 (-3.25)

PbF3CsH2(CHs)s | -3.42 (-2.26) | -3.27 (-2.79)
& Gibbs free energies are given in parenthesis.

Table 3. Binding energies (Ep, kcal/mol) of TFsCsH2R3 complexes with NH3 calculated at the
MP2/aug-cc-pVDZ (1), BLYP-D3/ aug-cc-pVDZ (Il) and CCSD(T)/aug-cc-pVDZ (111) levels of
theory.

(T-F) o-hole (T-C) o-hole
(1) an | am | an | am
SiF3CeHs 445 | -394 | -373 | -2.14 | -2.19 | -1.63

SiFsCsH2F3 -5.64 | -5.57 | -5.15 | -5.29 | -5.20 | -5.02
SiFsCeH2(CHs)s | -3.94 | -3.29 | -3.37 | -0.90 | -1.00 | -0.56

GeFsCeHs -8.22 | -7.87 | -7.67 | -6.33 | -7.51 | -5.67
GeFsCeH2Fs3 -9.69 | -9.32 | -9.30 | -9.42 | -10.33 | -8.95
GeFsCeH2(CH3)3 | -7.75 | -7.18 | -7.32 | -5.11 | -6.19 | -4.60

SnFsCeHs -17.02 | -15.01 | -16.79 | -17.77 | -17.42 | -17.43
SnF3CeH2F3 -18.87 | -16.90 | -18.71 | -20.40 | -20.01 | -20.22
SnF3CsH2(CHag)3 | -16.43 | -14.50 | -16.27 | -16.46 | -16.29 | -16.25

POFsCeHs | -15.11 | -14.45 | -14.78 | -17.66 | -18.16 | -16.85
PbFsCeHoFs | -16.71 | -16.30 | -16.41 | -20.11 | -20.47 | -19.45
PbF3CeH2(CHs)s | -14.29 | -13.69 | -14.02 | -16.68 | -17.10 | -15.97




Table 4. Structural parameters (distances in A, angles in degrees) in TFsCsH2R3 (T = Si, Ge, Sn,
Pb; R = H, F, CH3) complexes with ammonia calculated at the MP2/aug-cc-pVDZ level of

theory.
(T-F) o-hole (T-C) c-hole
R(T-N) | 8(F-T-N) | ®(C-C-T~N) | yoE-T-F) (A)2 | R(T=N) | O(C-T-N) | 5oF-T-F) (A)?

SiFsCeHs 2.168 173.4 62.5 310.0 (-10.7) 2.089 179.6 352.9 (32.2)
SiFsCsH2F3 2.152 173.6 61.6 311.4 (-11.2) 2.069 179.4 354.0 (31.4)
SiFsCeH2(CH3)s | 2.170 173.0 58.8 309.2 (-10.6) 2.097 179.4 352.5 (32.7)
GeFsCeHs 2.221 169.2 35.3 304.6 (-11.8) 2.117 179.0 351.5 (35.1)
GeF3CeH2F3 2.205 169.2 25.1 305.4 (-13.3) 2.104 178.7 352.6 (33.9)
GeFsCsHa(CHs)s | 2.222 168.6 30.4 303.3 (12.0) 2.121 178.8 351.2 (35.9)
SnF3CeHs 2.346 167.1 0.0 301.4 (-11.3) 2.246 174.0 349.2 (36.5)
SnF3sCeH2F3 2.337 168.6 0.0 303.5 (-12.0) 2.235 173.2 349.9 (34.4)
SnFsCeH2(CH3)s | 2.350 166.8 0.0 300.5 (-11.0) 2.245 173.6 347.8 (36.3)
PbF5CeHs 2.501 164.2 0.0 293.6 (-11.1) 2.278 1711 346.0 (41.3)
PbF3sCeH:F3 2.479 167.6 0.0 296.8 (-10.8) 2.275 170.8 347.6 (40.0)
PbFsCeH2(CHa)s | 2501 165.4 1.2 293.6 (-10.0) 2.279 1717 345.4 (41.8)

4change from optimized monomer.




Table 5. Deformation energies (Eder, kcal/mol) of TF3Ce¢H2R3 complexes with NH3 calculated at
the MP2/aug-cc-pVDZ level of theory.

(T-F) o-hole
Edef(TF3CeH2R3) | Eder(NH3) Edef Vs max (A)
SiFsCeHs 14.08 0.06 14.14 65.1 (+33.2)
SiF3CoHzF3 15.24 005 | 15.29 75.9 (+33.9)
SiFsCeH2(CHs)s 13.89 0.06 | 13.95 60.4 (+33.0)
GeFsCeHs 12.09 011 | 12.20 711 (+32.8)
GeFsCoH2Fs 13.22 010 | 13.32 83.6 (+37.3)
GeFsCeH2(CHs)a 11.95 011 | 12.06 66.8 (+33.2)
SNF3CeHs 6.94 0.10 7.04 76.8 (+22.5)
SNF3CeH2Fs 7.27 0.10 7.28 87.8 (+22.9)
SNFsCsHa(CHa)s 6.74 0.11 6.84 72.2 (+25.5)
PbFaCeHs 3.34 0.13 3.47 65.1 (+11.3)
PbFsCoHaFs 3.17 0.09 3.26 75.5 (+10.9)
PbFaCeH2(CH3)3 281 0.10 291 59.9 (+10.8)
(T-C) o-hole

SiFsCsHs 22.72 0.09 | 2281 83.3 (+57.9)
SiFsCeHaF3 23.12 0.08 | 2320 93.9 (+58.8)
SiFaCsH2(CHa)s 22.72 009 | 2281 79.6 (+68.6)
GeFsCoHs 20.45 016 | 2061 80.3 (+56.9)
GeFaCeHaF3 20.43 015 | 20.47 90.4 (+58.4)
GeFsCsH2(CHs)a 20.63 016 | 20.79 76.8 (+75.1)
SnF3CeHs 14.47 0.31 14.78 86.9 (+53.8)
SnFsCeH2Fs 13.29 014 | 13.44 95.4 (+51.2)
SNFsCeH2(CHa)s 13.81 0.16 13.97 81.8 (+53.5)
PbFsCsHis 12.46 068 | 13.12 65.5 (+47.1)
PbFsCeHaFs 12.05 063 | 12.68 74.8 (+18.8)
PbFsCsH2(CHs)a 12.66 070 | 13.36 61.3 (+48.0)




Table 6. Interaction energies (Eint, kcal/mol) of TF3CeH2R3 complexes with NHz calculated at the
MP2/aug-cc-pVDZ (1), BLYP-D3/aug-cc-pVDZ (I), and CCSD(T)/aug-cc-pVDZ (111) levels of
theory.

(T-F) o-hole (T-C) o-hole
() an | am | (1 an | (i)
SiF3CsHs -18.59 | -14.67 | -17.79 | -24.94 | -21.26 | -24.93

SiFsCeH2F3 -20.93 | -17.28 | -20.35 | -28.50 | -25.16 | -28.53
SiF3CsH2(CHs)s | -17.89 | -13.59 | -17.23 | -23.71 | -19.70 | -23.76

GeFsCeHs -20.42 | -16.81 | -19.72 | -26.94 | -23.89 | -26.73
GeFsCeHoFs | -23.01 | -19.17 | -22.45 | -29.88 | -26.82 | -29.69
GeFsCeH2(CHa3)3 | -19.81 | -15.69 | -19.22 | -25.91 | -22.71 | -25.77

SnF3CeHs -24.06 | -20.29 | -23.67 | -32.55 | -28.79 | -32.44
SnF3CeH2F3 -26.24 | -22.56 | -25.92 | -33.84 | -30.99 | -33.74
SnF3CeH2(CH3)s | -23.28 | -19.55 | -22.97 | -30.43 | -27.84 | -30.38

PbF3sCeHs -18.58 | -16.79 | -18.16 | -30.79 | -26.34 | -30.14
PbF3CeH2F3 -19.97 | -18.91 | -19.58 | -32.79 | -28.22 | -32.14
PbF3CeH2(CH3)s | -17.20 | -15.86 | -16.84 | -30.05 | -25.37 | -29.48

Table 7. AIM bond critical point (BCP) properties: electron density p, Laplacian of electron density
V?p and total electron energy density (H) of tetrel bonded complexes with ammonia obtained at
the MP2/aug-cc-pVVDZ level. Data in atomic units.

(T-F) o-hole (T-C) o-hole
p Vp H p Vep H
SiF3CeHs 0.050 | 0.111 | -0.018 | 0.057 | 0.185 | -0.017
SiF3CeH2F3 0.051 | 0.125 | -0.018 | 0.059 | 0.201 | -0.017

SiFsCeH2(CHs)s | 0.049 | 0.110 | -0.018 | 0.056 | 0.179 | -0.017

GeF3CeHs 0.058 | 0.138 | -0.017 | 0.073 | 0.183 | -0.024
GeFsC¢H2F; | 0.060 | 0.143 | -0.018 | 0.075 | 0.191 | -0.025
GeF3CsH2(CHgs)s | 0.058 | 0.137 | -0.016 | 0.072 | 0.182 | -0.024

SnF3CeHs 0.057 | 0.167 | -0.009 | 0.072 | 0.218 | -0.016
SnF3CeH2F3 0.058 | 0.171 | -0.009 | 0.073 | 0.227 | -0.016
SnF3CeH2(CHs)s | 0.056 | 0.166 | -0.009 | 0.072 | 0.222 | -0.015

PbF3CeHs 0.049 | 0.135 | -0.005 | 0.080 | 0.219 | -0.018
PbF3CeH2F3 0.051 | 0.144 | -0.006 | 0.080 | 0.220 | -0.019
PbF3CsH2(CH3); | 0.049 | 0.137 | -0.005 | 0.079 | 0.219 | -0.018




Table 8. NBO values of sum of the E(2) for NHs LP(N) donation (kcal/mol) to Lewis acid
orbitals and total charge transfer (CT, me) from NHz to acid obtained at the BLYP-D3/aug-cc-

pVDZ level.
(T-F) o-hole (T-C) o-hole

LP(N)>LV*(T) | LP(N)>c*(T-C) | CT | LP(N)»LV*(T) | LP(N)>c*(T-C) | cT
SiF3CeHs 50.8 7.0 143 113.9 13 170
SiF3CeH2F3 55.6 7.8 153 122.8 1.4 181
SiF3CsH2(CHs)s 49.2 6.6 139 109.8 12 165
GeF3CsHs 435 7.9 151 98.7 0 200
GeFsCgH2F3 46.2 8.7 160 104.2 0 209
GeF3CsH2(CHs)s 41.9 75 147 96.4 0 197
SnF3CeHs 35.9 8.5 151 60.0 1.9 208
SnF3CsH2F3 37.8 10.0 160 62.3 1.8 215
SnF3CsH2(CHs)s 35.2 8.1 148 56.7 20 205
PbF3CsHs 20.9 6.2 121 355 4.5 226
PbF3CeH2F3 228 6.9 135 35.9 4.2 233
PbF3sCsH2(CHa)s 20.2 5.6 116 32.5 4.6 222




Fig. 1. Structures (A - top and B, C - side views) of optimized TF3Ce¢H2R3 (T = Si, Ge, Sn, Pb;
R =H, F, CHz) monomers.
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Fig. 2. MEPs of isolated Ge-containing molecules, computed on the 0.001 au isodensity surface

at the MP2/aug-cc-pVDZ level. Colour ranges, in kcal/mol, are: red greater than 20, yellow
between 10 and 20, green between 0 and 10, blue below 0 kcal/mol.



A T-F o-hole bonded complex

Fig. 3. MP2/aug-cc-pVDZ optimized structures (top and side views) of complexes of NHz with
TF3CeH2R3 (T = Si, Ge, Sn, Pb; R = H, F, CH3).



