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Tetrel-Bonding Interaction: Rediscovered Supramolecular Force ?**

Antonio Bauza, Tiddo J. Mooibroek, and Antonio Frontera*

Noncovalent bonding interactions are crucial in many chem-
ical and biological phenomena and they have been intensively
investigated for many years."! The hydrogen bond (AH-~D) is
probably the most studied and analyzed noncovalent inter-
action, where A (acceptor) can be basically any atom more
electronegative than H and D (donor) can be any entity with
the ability to act as an electron donor (lone pair, 7 system,
anion, etc.).’)’. Among many interactions, those involving
halogen, chalcogen, and pnictogen atoms have attracted
considerable attention in recent years and they are increas-
ingly being recognized by scientists and used in supramolec-
ular chemistry, crystal engineering, and biochemistry.”! These
interactions are moderately strong and directional because of
the localization of a positive region on the extension of the
covalent bonds (o0 hole) in the acceptor molecule. This class of
interactions has been also observed for the group IV ele-
ments. For instance, Si--N contacts have been described in the
solid-state structure of Si(ONMe,), and related compounds
by Mitzel etal.,™ and Si-halide contacts have been
described in perhalocyclohexasilane compounds.! Moreover,
group IV interactions have been recently included as a sub-
group of a general definition of o-hole-bonding interactions
by Politzer and co-workers.”)

Herein we coin the term tetrel bonding for describing the
tendency of heavier tetrel atoms (Tr) to interact with anions
or lone-pair-possessing atoms (group IV elements are also
referred to as tetrels). The binding features and structural
properties of tetrel bonding are discussed, several fascinating
X-ray structures are selected to illustrate the importance of
this interaction, and a survey of the Cambridge Structure
Database (CSD) suggests that the tetrel bonding is common
in X-ray structures. The tetrel bonding is expected to be an
effective and reliable instrument in crystal engineering,
supramolecular chemistry, biochemistry, etc. As far as our
knowledge extends, this term has not been used before to
describe this interaction, which has been scarcely studied in
the literature.
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Recently, Taylor et al.’! reported that the synthesis of
spherosilicates is significantly improved using n-butylammo-
nium fluoride (TBAF) as a catalyst. Interestingly, during the
reaction work-up a new class of cage compound was obtained
showing a fluoride ion perfectly centered within the octasil-
sesquioxane cage (see Figure 1).’)! Using NMR data the
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Figure 1. Right: A F~ ion encapsulated inside a TrsO,,R; cage. Left:
MEPS of SiO,,(OH); cage.

authors conclude that it essentially resembles a naked unco-
ordinated fluoride ion. These fluoride-encapsulated octasil-
sesquioxane cages can be used as small models for studying
the environment that exists in zeolites. It is well known that
fluoride anions act as templates in zeolite synthesis and also
acts as a stabilizing agent for the zeolite building unit by
electron-density transfer into the framework of silicon
atoms."®""! This type of encapsulated compounds has been
also reported for germanium-based T8 cages.?

We have computed the interaction energies of fluoride
complexes with TrgO,,(OH); cages (Tr=Si, Ge, and Sn; see
the Supporting Information for computational details). It can
be observed that the binding energies are very large and
negative, thus indicating a strong interaction. Consistent with
related o-hole-based interactions, the binding energy
becomes more favorable toward the heavier tetrels. Since
the fluoride establishes eight tetrel bonding interactions
simultaneously the charge transfer is very large (>50% of
the charge). In terms of energetic features, each individual
FTr interaction ranges from 11 to 15kcalmol™. The
optimized Si and Ge complexes are shown in Figure 2 and
the related X-ray structures retrieved from the CSD are also
shown for comparison purposes. The energetic results gath-
ered in Table 1 are in disagreement with experimental results,
and suggests that the interaction of F~ with the Si atoms is
almost negligible. This conclusion is based on the fact that
fluoride ion makes very little difference to the structure. That
is, the mean separation between the silicon atoms on opposite
vertices of the cube is only slightly shorter in the fluoride
encapsulated cage (5.306 A) than that in the free structure
(5.381 A), and the Si-F separation in these types of fluoride
cages is about 2.65 A, which is much longer than that of a full
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Figure 2. RI-MP2/aug-cc-pVDZ F~@Tr;O;,(OH); opt|m|zed complexes
and the equivalent X-ray structures. Distances in A.
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Table 1: Interaction energies without and with the basis set super-
position error (AE and AEg, respectively), and equilibrium distances
(R.) for F~@TrgO,,(OH)g complexes at the RI-MP2/aug-cc-pVDZ level of
theory.

Complex AE AEcp AEp/8 R.
[kcalmol™]  [kcalmol™']  [kcalmol™]  [A]

F @Si;0,,(OH);  —98.0 —89.3 112 2.683

F-@Ge;0,(OH);  —116.8 ~108.9 ~136 2.815

F-@Sns0,(OH);  —124.8 “119.1 148 3.113

Si—F covalent bond (1.709 A). This assessment is certainly
true in terms of covalent bonding (the absence of any
measurable Si-F coupling has been used to confirm the low
degree of silicon—fluoride interaction). However, in terms of
noncovalent bonding, the reported changes on the *Si and
F NMR spectra along with structural changes (the Si atoms
approximate to the F~ upon binding) are in agreement with
a moderately strong noncovalent interaction, as those
observed in Table 1. Moreover, the molecular electrostatic
potential surface (MEPS) mapped onto the van der Waals
surface shows a small region of positive potential in the center
of the cage (see Figure 1).

An interesting experimental finding that nicely illustrates
the importance of noncovalent tetrel-bonding interactions is
the formation of a crystalline chloride-bridged disiloxane.!"!
The X-ray structure is shown in Figure 3 (QOMBID, top) and
the bifurcated tetrel bond was defined by the original authors
as a dative bond to each of the silicon centers. This is
confirmed by reference to the Si-Cl distances, 2.887 and
2.731 A, respectively, which are both substantially longer than
normal covalent Si—Cl bonds (2.05+0.03 A)"* and signifi-
cantly shorter than the sum of the corresponding van der
Waals radii. Furthermore, in Figure 3 (bottom) we show the
X-ray structures of two binuclear pentacoordinate silicon
complexes of diketopiperazine. By means of variable-temper-
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Figure 3. X-ray fragments of CSD structures QOMBID, OYOMIZ, and
OYOMOZ. Distances in A.
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Figure 4. Top: complexes 1-15. Bottom: MEPS of the F;Tr-O-TrF;
molecules.

ature NMR spectroscopy and X-ray crystallography experi-
ments the Sy2 reaction mechanism has been studied for five
differently substituted analogous structures (X=F, Cl, OTf,
Br, and I)."! Two extreme cases are shown in Figure 3,
wherein a covalent bond (F-Si, OYOMIZ) is observed for
a very poor leaving group (F~) and a tetrel bond (I-Si,
OYOMOZ) is clearly formed for a good leaving group (I7).

We have studied computationally the tetrel-bonded com-
plexes of perfluorodisiloxane, as a theoretical model of the
experimental structure described above (QOMBID, see
Figure 3), with halides. In addition we have extended our
study to perfluorodigermoxane and perfluorodistannoxane to
analyze the influence of the tetrel atom on the interaction
strength. In addition to the anionic donors (F~, Cl~, and Br)
we have also included in the study neutral donor molecules
(H,O and H.,S), as represented in Figure 4 (top). Previous to
the optimization of the complexes we calculated the MEP
surfaces of the F;Tr-O-TrF; (Tr=Si, Ge, and Sn) molecules.
The three surfaces are very similar and we have only
represented the one obtained for F;Si-O-SiF; in Figure 4
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(bottom). The presence of four equivalent o holes at one side
of the molecule (Figure 4, bottom left) and two o holes at
both ends of the molecule (Figure 4, bottom middle) can be
observed. These six o holes are almost isoenergetic. The most
positive part of the MEPS is found opposite to the four
equivalent o holes as a consequence of the superposition of
two o holes along the bisectrix of the Si-O-Si angle (obtuse
part). The MEP value at this point is 37 kcalmol™ for Si,
41 kcalmol™! for Ge, and 45 kcalmol™" for Sn. Therefore the
o hole becomes more positive toward the heavier tetrels.
The binding energies and equilibrium distances for the
anionic complexes 1-9 are gathered in Table 2. The energies
are very large in fluoride complexes because of the partial
covalent bond as suggested by the very short equilibrium

Table 2: Interaction energies without and with the BSSE (AE and AEc,,
respectively), equilibrium distances (R.), Tr-O-Tr angle, and Merz—
Kollman charges (Qyy) for the complexes 1-9 at the RI-MP2/aug-cc-
pVDZ level of theory.

Complex  AE AEcp R. XTr-O-Tr  Qux
[kcalmol™]  [kcalmol™]  [A] ] e]

1 —89.7 —83.6 1.917  109.6 —0.43
2 —38.9 —34.0 2.497  125.0 —0.45
3 —~28.9 —~24.0 2.726 1301 —0.49
4 -103.9 —96.5 1.994 1083 —0.48
5 —57.6 —51.5 2490 1193 —0.40
6 —47.7 -41.7 2.662 1223 -0.38
7 -121.0 -115.7 2147 108.0 -0.53
8 —80.6 —~75.4 2621 117.0 —0.40
9 ~722 —66.8 2.774 1193 ~0.34

distances. The energetic features of complexes involving Cl~
and Br~ are more modest and comparable to the explanation
given above for the TrgO,(OH); cages. As predicted by the
MEPS, the energies are more favorable for the heavier tetrels
and the charge transfer is very important (47-66%). It is
interesting to note the variation of the Tr-O-Tr angle, which
increases upon going from fluoride to bromide and decreases
upon going from Si to Sn to facilitate the simultaneous
interaction with both tetrel atoms. The strong interaction
energies observed for F~ complexes suggest that the obser-
vation of this interaction in solution would be difficult for this
anion (Sy2 reaction will likely occur), however it would be
possible for the higher halides.

The binding energies and equilibrium distances for the
neutral complexes 10-15 are summarized in Table 3. The

Table 3: Interaction energies without and with the BSSE (AE and AEcy,
respectively), equilibrium distances (R.), and Tr-O-Tr angle for the
complexes 10-15 at the RI-MP2/aug-cc-pVDZ level of theory.

Complex AE AEcp R. X Tr-O-Tr
[kcal mol™"] [kcal mol™"] Al ]
10 -9.3 —6.2 2.740 140.5
1 —-2.8 -1.1 3.748 147.5
12 —15.2 -9.9 2.487 127.2
13 —-33 -1.2 3.647 136.8
14 —24.3 —19.1 2.521 121.4
15 —-83 —4.6 3.159 135.2
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energies are obviously less favorable than those computed for
the anionic complexes because of the different electrostatic
nature of the donor atom. The equilibrium distances are
longer, and consequently the Tr-O-Tr angle considerably
increases with respect to the anionic complexes to facilitate
the interaction of the lone pairs of the O/S atoms with the
o holes. The interaction energies of the water complexes are
considerably more favorable than the H,S ones and the
equilibrium distances shorter, all of which is in line with the
higher basicity of the oxygen atom. The geometries of some
representative complexes are shown in Figure5. In all
complexes the X - Tr-F angle is close to 180°, thus indicating
that the interaction is highly directional, which is similar to
a halogen-bonding interaction.

Figure 5. RI-MP2/aug-cc-pVDZ optimized geometries of some repre-
sentative F;Tr-O-TrF; complexes. Distances in A.

Finally, we would like to highlight the solid-state structure
of tetramethylammonium fluoride octadecasil as it has been
elucidated based on powder X-ray diffraction data.l'”! The
topology is defined by rhombododecahedral [4°6'?] cages,
which are linked together by hexahedral [4°] cages, commonly
referred to as double 4-rings (D4R; Figure 6). Interestingly,
the octadecasil structure is acting as a ditopic carcerand,
wherein the fluoride guest is confined within the D4R unit,
thus forming eight tetrel bonds, and the counterion is located

D4R

IVEPUV

Figure 6. Partial view of the X-ray structure of TMA*F-octadecasil,
showing D4R units with the guest fluoride, and the [4°6'%] cage with
tetramethylammonium ion. For clarity, the oxygen atoms have been
omitted in the representation shown in the right.
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Figure 7. Plots of the frequency count [%] as a function of the R;Tr--Cl distance [A] for Tr=Si (a), Ge (b), and Sn (c). The solid lines are added as
a guide to the eye and the vertical dashed lines indicate the sum of the van der Waals radii of Tr and Cl. The inset numbers represent the total
amount of data (N,,) and the absolute and relative mount of data displaying van der Waals overlap.

in the interior of the rhombododecahedral cages, thus forming
a large number of C—H---O interactions. The oxygen atoms of
the D4R units are pointing toward the exterior of the cage
and concurrently toward the interior of the [4°%6"] cage,
thereby facilitating both tetrel-bonding interactions in the
former and the hydrogen-bonding interactions in the latter.

The Cambridge Structure Database was inspected to
assess whether tetrel bonding could be a generally occurring
interaction within crystal structures (see the Supporting
Information for details). Table 3 lists some numerical data
of intermolecular distances (d) between a tetravalent tetrel
atom (Tr = Si, Ge, Sn) and an electron-rich atom (ELR. = O°,
F, Cl, Br, I) where d = ¥, gwaais0.5 A. The amount of data where
overlap of van der Waals shells was observed is listed
separately and, for comparison, also expressed as percentage
of the total amount of data. The fraction of van der Waals
overlap seems to increase on the order of Si < Ge < Sn and
O<F<ClI<Br<lI. The data for R,Si-~F seems to be an
exception and manual inspection of the data revealed that
about '/; of the cases of van der Waals overlap are found
within (engineered) cage structures such as the one shown in
Figure 1.1 As a typical example, Figure 7 shows plots of the
frequency count versus the intermolecular R, Tr---Cl distance
(comparable plots for the rest of the data given in Table 4 can
be found in the Supporting Information and reveal similar
features).

For the distances involving R,Si--Cl (Figure 7, left), the
majority of the data is found to be above the X gwaas
benchmark, yet a small peak centered around 3 A is observed.
Such peaks are also present for the other halides as the
interacting atom (not for oxygen; see the Supporting Infor-
mation). These Si--Hlg data are about 0.8 A within the sum of
the van der Waals radii of the elements involved. This means
that these interactions are very significant, yet not as strong as
a conventional Si-Hlg bond (2, gw.a-Si-HIg < 1.76 A). Such
peaks were not found for R,Ge--Cl (center) and R,Sn--Cl
(Figure 7, right), but the relative amount of overlap of van der
Waals shells clearly increases on the order of Si< Ge < Sn.
For R,Sn--Cl, more than half of the data actually is found
within the 2, qyw,as benchmark (3.92 A) and a number of short
distances are found around 3 A.

The CSD data presented above clearly suggests that
noncovalent interactions with the tetravalent tetrel entities
investigated are rather common within the CSD (16 % of all
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Table 4: Numerical overview of data retrieved from the Cambridge
Stucture Database involving tetravalent tetrel atoms and a charge-
neutral oxygen or halogen atom.

R,Si R,Ge R.Sn
ELR Ntot[a] NvdW[b] Ntot[a] NvdW[b] Ntot[a] NvdW[b]
o° 3449 118 626 177 678 293
(5.5%) (28%) (43%)
F 1030 143 48 2 109 35
(14%) (4.2%) (32%)
cl 860 68 81 17 326 182
(7.9%) 21%) (56%)
Br 151 16 8 3 45 50
(11%) (38%) (44%)
| 102 28 9 4 25 16
(28%) (44%) (64%)

[a] Number of data with intermolecular distances less than or equal to
the sum of the van der Waals radii of Tr+ EL.R. [b] Number of data with
intermolecular distances less than or equal to the sum of the van der
Waals radii of Tr4-EL.R. +0.5 A. Value within parentheses is the per-
centage of the van der Waals overlap (N,qw/Ny) X 100.

the data involve overlap of van der Waals shells). It must be
stressed that the majority of these data are mere accidental
occurrences rather than engineered. Actually, the very short
(and relatively rare) Tr--ELR. distances highlighted in this
paper imply that the strength of tetrel bonding can be
significantly tweaked. Clearly this phenomenon presents an
opportunity for (supramolecular) chemists to further explore
the potential of this novel interaction.

In conclusion, we propose the use of tetrel bonding to
refer to the noncovalent interaction between tetrel atoms
acting as Lewis acids and any entity with the ability to act as
an electron donor (lone pair, anion, etc.). Tetrel bonds have,
as a minimum, comparable strength to hydrogen bonds and
other o-hole-based interactions, they are highly directional,
and might serve as a new possible molecular linker. The
tetrel-bonding interaction is expected to be involved in new
effective and reliable instruments for crystal engineering,
supramolecular chemistry, and catalysis.
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