Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemPhysChem doi.org/10.1002/cphc.202400329

www.chemphyschem.org

Deciphering Pyramidanes: A Quantum Chemical Topology

Approach

Lucia Vidal*,*" Daniel Barrena-Espés*,”” Jorge Echeverria,” Julen Munérriz,*' and

Angel Martin Pendas*®

C[C,H,], the simplest compound of the [4]-pyramidane family,
has so far eluded experimental characterization, although
several of its analogs, E[C,(SiMes),] in which the E apex atom is
a tetrel group element, have been successfully prepared. The
non-classical bonding mode of E, similar to that found in
propellanes, has prompted a considerable number of theoret-
ical studies to unravel the nature of the apex-base interaction.
Here, we contribute to this knowledge by analyzing the
electron localization function (ELF) and classical QTAIM descrip-
tors; as well the statistical distribution of electrons in atomic

Introduction

The design and synthesis of molecular structures imitating
captivating objects with exotic properties has consistently been
a wellspring of inspiration for chemists” In this regard,
pyramids are mesmerizing objects that have always been a
source of fascination for humanity. It is not surprising, therefore,
that there has been a prolonged quest for synthesizing
molecular compounds with pyramid-like geometries, commonly
known as pyramidanes. Compounds of this nature, featuring a
trigonal to hexagonal pyramid structure, may either consist of a
purely carbon-based skeleton (often existing solely as theoret-
ical constructs) or include an electronically equivalent main
group element at one or more vertices.”

In this contribution, we report on tetragonal pyramid
compounds, commonly known as [4]-pyramidanes (where ‘4’
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regions by means of the so-called electron distribution
functions (EDFs), calculation of multicenter indices (MCI) as
aromaticity descriptors and by performing orbital invariant
energy decompositions with the interacting quantum atoms
(IQA) approach on a series of E[C,(SiMe;),] compounds. We find
that the bonding evolves from covalent to electrostatic as E
changes from C to Pb, with an anomaly when E=Si, which is
shown to be the most charged moiety, compatible with an
aromatic [C,(SiMe;),]>~ scaffold in the pyramidane base.

denotes the number of atoms in the base),” or more frequently
just as pyramidanes. The nomenclature for this novel class of
main group-based clusters stems from the partner compound,
the simplest all-carbon system exhibiting a square planar
pyramid geometry, C[C,H,] (Chart 1) which is generally known
as pyramidane (with the IUPAC name being tetracyclo-
[2.1.0.0"*.0*°]pentane).’! This geometric arrangement involves
the apex carbon atom in a tetracoordinate geometry distinct
from the tetrahedral one, an example of an inverted tetrahedral
(or “umbrella”) configuration —a bonding mode also observed in
the extensively studied propellane family."!

The stability of C[C,H,] has undergone comprehensive
theoretical scrutiny since the late seventies, employing a
spectrum of methodologies, including semiempirical, HF, MP2,
DFT, and CCSD(T) levels of theory.” ' Predictions derived from
these studies consistently affirm that it represents a stable
minimum on the potential energy surface (PES), exhibiting
kinetic stability against ring-opening processes. However,
despite these theoretical assertions, its elusive nature persists to
date.

C[C4H4] E[C4(SiMe3)4]
pyramidane -V
[E: C, Si, Ge, Sn, Pb]

Chart 1. Parent pyramidane compound and derivatives studied in this

contribution.

In contrast, various analogues to C[C,H,], wherein the vertex
is substituted with a formally isoelectronic group 14 element,
have been successfully isolated and characterized."” Notably,
this set encompasses species such as E[C,(SiMe;),] with E=Si
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(," Ge (I, Sn (IV)," and Pb (V)" as illustrated in Chart 1, Covalent lonic

while the carbon-based analogue (I) remains inaccessible. Such E g2+

family constitutes the central theme of this contribution as it Me.Si— A Me.Si i Site

will be explained later. Exotic pentagerma- and pentastannapyr- ©a! SiMes 1LY :
amidane species have also been prepared by Lee et al™ as Me;Si SiMes ) Me;Si SiMe;

[E: Ge, Sn, Pb]

well as other derivatives in which carbon atoms of the pyramid
base are substituted by phosphorous.">'®

Another relevant isoelectronic analogue is that in which the
C apex is replaced by a C—H group, the final moiety being thus
positively charged. While (CH)[C,H,]* has not been isolated, a
methyl disubstituted derivative has been obtained when work-
ing in superacidic medium (SO,CIF/FSO,H, 3:2)."7'® In this
direction, isoelectronic cationic phosphapyramidanes have also
been prepared, including examples with a phosphorous atom
at the apex."” Consistent with these findings, replacement of
the (CH)* apex with a B-R functional group (also isoelectronic
to E) has resulted in several instances of the so-called
borapyramidanes. Intriguingly, these structures have demon-
strated interconversion with their planar 5-member borole
analogues through thermolysis® or reduction processes.”"”
Notably, the latter leads to the formation of the corresponding
6-1 aromatic ring, featuring two negative charges. Such kind of
transformation has also been reported for a phosphorous-
substituted germapyramidane,™ and has been the subject of
theoretical examination.””

Be that as it may, considering the aforementioned non-
classical bonding mode exhibited by the apex atom, there has
been a concentrated effort to understand both the nature of
the apex-base interaction and the chemical bonding within the
base."™! Theoretical investigations encompass the analysis of
canonical molecular orbitals (MOs), natural bond orbitals
(NBOs), and Wiberg bond indices; in addition to the examina-
tion of electron density and related scalar fields, including its
Laplacian, within the Quantum Theory of Atoms in Molecules
(QTAIM)Z! formalism.'*141924251 Moreover, other scalar fields
defined in real space, such as the Electron Localization Function
(ELF),* have been employed."**@ The four-membered base
ring has also been proposed to exhibit a significant aromatic
character®*' on the basis of its MOs and negative nucleus-
independent chemical shifts (NICS) and NICS(1),,.”” More
recently, the energy decomposition analysis with natural
orbitals for chemical valence® (EDA-NOCV) has been applied to
the silapyramidane IL"? These studies indicate covalent bond-
ing between the adjacent carbon atoms comprising the base,
while the interaction between the apex and the base is
primarily governed by electrostatic interactions. The only
exception is the case of the carbon analogue (1), for which this
interaction would still be covalent; although the bonding
descriptors (such as Wiberg bond indices and C—C distances)
indicate a bond order lower than 1, revealing that it is not a
classic two-center two-electron bond."” Such finding agrees
with experimental observations, based on NMR and Mdssbauer
spectroscopy, in addition to X-ray crystallograpgy.'” As a result,
group 14 pyramidanes (lll-V, E=Ge, Sn, Pb) have been proposed
to be better described as a properly weighted resonance
between covalent and ionic forms, as shown in Scheme 1.*'¥
Solely based on naive analyses of these resonance forms,
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Scheme 1. Proposed resonance forms for pyramidanes Ill to V.

several structural and electronic properties, among which we
simply mention the deviation from planarity of the C,—Si,
scaffold or its degree of aromaticity, can be attributed to a
change in the weight of the covalent/ionic contributions. In this
regard, we should mention that the bonding in these systems
can be rationalized by resorting to the Wade-Mingos-Rudolph
rules, as pyramidanes can be considered as nido-cluster
compounds with n framework atoms.?® Their electronic frame-
work is formed by (n+2) binding electron pairs, and they have
a total of 5 framework atoms, which leads to 7 electron pairs.
As 4 pairs are assigned to the o-bond framework of the base,
the apex-base interaction (including five centers) is formed by
6 electrons (3 pairs), pointing to a delocalized bonding
character and to a formal bond order equal to 3/, for each of
these interactions.”

It is also worth noting that pyramidanes can, at least
formally, be considered as derivatives of a cyclobutadienyl-
based scaffold coordinated to a p-block atom located at the
apex. This observation holds significance, as complexes involv-
ing -5 d-B" and f-block® elements are abundant, while
examples involving p-block atoms are still very scarce. This way,
the predominance of the ionic resonance forms in several
pyramidanes could set the stage for the synthesis of analogs
resembling cyclobutadienyl structures, [(CR;),]*".">"

It is our purpose to further contribute to their under-
standing by applying state-of-the-art real-space techniques
included within the Quantum Chemical Topology (QCT)
framework.®® For that, we resorted to the Interacting Quantum
Atoms (IQA) energy decomposition scheme.®¥ In our view, this
methodology offers an important advantage over other energy
decomposition schemes as it relies on orbital invariant quanti-
ties (the reduced first-order density matrix and the pair density),
remaining independent of any arbitrary reference state.
Furthermore, it rigorously partitions the system’s energy into
physically meaningful components and enables the decomposi-
tion of interactions between two atoms or groups of atoms.
This decomposition results in a classical term (V,), typically
associated with the electrostatic contribution of the interaction,
and an exchange-correlation term (V,), which is considered as
its covalent counterpart®* Amidst various applications that
have been recently reviewed,®® the relevance of IQA is
particularly pronounced in characterizing exotic interactions.
This encompasses interactions like those between Co/Mn and
pentafluoroorthotellurate groups,®” aurophilic and argento-
philic interactions,”® and the recently proposed, albeit not
exempt from controversy, collective interactions among orga-
nometallic compounds.®® We also evaluated two- and multi-
center bond orders. The two-center delocalization index (DI)
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between QTAIM basins (either atomic or those corresponding
to functional groups) can be interpreted as the number of
electron pairs shared by two basins and is considered as the
real space analog of the bond order.”” The DI is directly related
to V., in such a way that, to a zero-th order approximation,
Ve~ — " Similarly, the multicenter index, MCI, provides a
quantification of the multicenter bond order that exists
between a set of atoms or groups, and can be applied as a
measure of aromaticity.””

We integrated the previous approaches with the statistical
interpretation of chemical bonding provided by the so-called
electron distribution functions (EDFs),*® which provide the
probability of finding a given partition of the N electrons of a
molecule in a set of predefined spatial regions that fill the
space. By using a QTAIM decomposition, we can determine the
probability of locating a specific distribution of the electrons
into the atoms or functional groups we are interested in. This
methodology recovers an appealing, comprehensive, and
chemically insightful depiction of the system’s chemical
bonds.""

We have selected systems I-V (Chart1) as illustrative
instances of the pyramidane family: II-V are among the few
synthesized pyramidane examples, while | is identified as a
coveted long-term synthetic target. Furthermore, the apex of
the pyramid, the E atom, encompasses the five most significant
representatives of Group 14. For the sake of comparison, we
have also analyzed the analogous systems in which the
trimethylsilyl (TMS) group has been substituted by H and SiH,
groups. This way, the study of these systems enables us to
meticulously analyze the evolution of the E-base bonding
pattern as we traverse Group 14 and examine its influence on
its bonding within the base.

Results and Discussion

We first conducted structure optimizations for compounds -V
utilizing the B3LYP—D3BJ/def2-TZVP level of theory. In this
regard, we note that we also tested other DFT functionals (M06,
MO06-L and TPSSh), and all of them provided consistent results,
as explained in the Computational Details section and the
Supporting Information. This way, we selected B3LYP method,
which has also been applied by some of us in IQA and EDF
studies, yielding insightful and consistent results.*’* To our
surprise, our investigation unveiled the presence of two distinct
local minima, each characterized by the arrangement of the
trimethylsilyl substituents at the base of the pyramid, as
illustrated in Figure 1. This conformational flexibility seems to
have been overlooked in previous theoretical studies. In the
first geometrical scenario, denoted as #1, the C—C-Si angles
pair off evenly, with TMS groups positioned in opposite planes
at adjacent corners, resulting in a system’s symmetry akin to C,,.
Conversely, in the alternative configuration #2, all C—C-Si
angles are identical, and the TMS groups are situated behind
the base plane relative to the E atom, showcasing an
approximate C,, symmetry. The electronic energy differences
between structures #1 and #2 are very small, as shown in
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(a) Geometrical structure
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Geometry #1 Geometry #2

(b) Structure of ll

1
< 4

Geometry #2

Geometry #1

Figure 1. (a) Possible geometrical structures obtained for compounds I-V
and [C,(SiMe;),]>~ and geometrical parameters depicted in Table 1. (b)
B3LYP—D3BJ optimized geometrical structures for system Il.

Table 1, structure #1 being more stable in I (3.7 kcalmol™), 1l
(0.5 kcalmol™") and 11l (0.2 kcal mol™"), while possibility #2 would
be preferred in IV and V (in both cases by about a marginal
energy difference of 0.5 kcalmol™).

To validate our findings, we conducted supplementary
calculations employing the M06, M06-L, and TPSSh exchange-
correlation functionals, which consistently corroborated our
observations, (see Tables S1-S4 provided in the Supporting
Information). Moreover, an analysis of the crystallographic
structures of Il-V, revealed that, in the four cases, the geo-
metrical structures correspond to #1."*'¥ This finding agrees
with our calculations, especially after considering that crystal
packing effects can favor structural arrangement #1 in cases
where it is slightly less favored in the gas-phase (as in IV and V).
Given the very small energy difference between both structures,
we expect a dynamic equilibrium between them in solution.

We consider that the steric hindrance due to the disposition
of bulky TMS groups plays an important role in the appearance
of both potential geometries. However, electronic effects
should not be overlooked. In this regard, we note that the
structure of closely related cyclobutadiene-based anions

Table 1. Main geometrical parameters for systems I-V and [C,(SiMe;),]*~
when their geometrical structure corresponds to alternative #1.

System d(E-Q)/A d(c—Q/A /(Si—C—Cy
I 1.653 1.466 53
1.650 —-14.6
[ 2,036 1.478 13.1
2,033 1.477 4.0
I[ 2.155 1.479 13.8
2.147 1.477 —2.8
v 2.362 1.478 155
2.356 1.480 —0.4
\ 2463 1.479 154
2.456 1.477 -1.4
[C,(SiMe), 1 - 1.475 11.0
1.477 —-11.0
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[(CRy),J* has been subjected to significant investigations by
means of theoretical calculations. They have shown that the
most stable structure does not correspond to a configuration
where all substituents align within the molecular plane, which
would correspond to a completely delocalized structure with
D4, symmetry. Instead, it is found in configurations exhibiting
closer-to-C,, symmetry (depending on the substituent), where
two substituents positioned non-consecutively extend above
the plane, while the remaining two are situated behind it."
This effect has been attributed to impact of the repulsive
interactions within the ring members, which reduces the
aromatic character of the ring.**¥ In the light of the geometrical
structure of pyramidanes I-V, such effect is also expected to be
present to some extent in these systems. In this line, and for the
sake of comparison, we computed the structure of [C,(SiMe;),]*
anion, which presents a similar scenario that includes two
potential structures. One exhibits a distorted configuration
where TMS groups are positioned above and behind the
molecular plane in even pairs (associated with #1), while the
other features a completely planar molecular skeleton. The
former is 1.3 kcalmol™" more stable.

We compared the previous systems with the ones that
occurs when bulky TMS groups are replaced by the much less
encumbered hydrogen (E[C,H,], denoted as I,-V,) and silyl
(E[C,(SiH;),], denoted as I,-V,) substituents. In both cases, only
one type of geometry was obtained, which is like geometry #2
in pyramidanes I-V; that is, all the E-C—H or E—C-Si angles are
similar. Moreover, the E-C distance in the three sets of systems
were very similar to each other, as shown in Table S7. In broad
strokes, this finding supports the relevant effect of steric
repulsion in the appearance of two potential molecular geo-
metries in I-V.

Turning back to I-V, their geometrical parameters, as well as
those of [C,(SiMe;),]I>", are summarized in Table 1, and will be
succinctly discussed. We only focus on results for experimen-
tally observed geometry #1 analogues, while the results for #2
are provided in the Supporting Information (Table S6). In this
respect, note that while for geometry #2 all E-C and C—C
distances are equal, for geometry #1, they are equal by pairs,
because of the breaking of the C,, symmetry (to an approximate
C,, one) due to TMS orientation.

Initially noticeable is the trend in the C—C-Si angle, which
opens to more positive values -we have set the positive
directionality when the E atom and the TMS groups are
positioned on opposite sides of the base plane. This shift
reflects the mounting steric hindrance between E and TMS as
the atomic number of E rises and its electron cloud expands,
and, in broad strokes, accounts for the relative stabilization of
geometry #2.

The E—C and C—C distances exhibit remarkable similarity
across both potential geometries. Therefore, only those pertain-
ing to the experimentally observed #1 alternative warrant
discussion. As expected, the E—C distance increases when
increasing the atomic number of E; and it is also longer than
typical purely covalent E—C bonds. For instance, for I (E=C) the
distance lies in the range 1.650-1.653 A; while in standard
single C—C bonds it typically hovers around 1.54 A¥" This
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reflects the considerable strain present in this non-classical
bond. For silapyramidane Il, the computed E—C distance lies
between 2.033 and 2.036 A, being considerably larger than in
classical Si—C bonds,”” and pointing also towards significant
electrostatic character. The same idea applies to llI-V, for which
the E—C distances are about 2.15 A (lll), 2.36 A (IV) and 2.46 A
(V), while covalent distances computed on the basis of covalent
radii would be around 1.95 A (Ill), 2.15 A (IV) and 2.19 A (V),
respectively. Note that our calculated bond distances agree well
with reported values for IL"? 11,7 IV and V.1

Another aspect to consider is the evolution of the C—C
distance within the base. To evaluate the influence of the apex
atom on the base’s electronic structure, we compare these
distances with those observed in [C,(SiMe;),]>~ system. This
molecule represents the extreme scenario of very polar bonding
(in which the E atom would donate two electrons to the base),
as depicted in the ionic resonance form in Scheme 1. It has a
C—C distance of 1.475-1.477 A (due to the distortions created
by the steric repulsions of TMS groups). Notice that the C—C
distance in | (1.466 A) deviates slightly from the values above,
while those in 1I-V closely approach the previous value, as well
as those of Li and Mg aromatic complexes with the cycobuta-
diene dianion,®” providing evidence for a significant electro-
static component in this interaction and also for the aromatic
character of the base, as previously put forward by Minayev
et al.™?

To provide further information on the bonding pattern
exhibited by these systems, we computed QTAIM charges (see
Table 2). As is well known, atomic charges are not directly
related to oxidation states, but provide a relevant average of
the atom-in-the-molecule electronic structure. Although it
might be a matter of debate, we have chosen QTAIM charges
for consistency. Other possibilities, like the NPA charges of
Weinhold and coworkers™® have also been heavily criticized.””
In this regard, the E—C bond in | is expected to be mainly
covalent, and its charge is small, —0.19 a.u. On the contrary, the
charges of -V are significantly positive, with two clearly
different groups: the charge of Il is + 1.04 a.u., and that of llI-V
is about + 0.6 a.u. (+0.63 for Ill, +0.65 for IV and +0.59 for V).
This indicates a higher polar character for Il than for llI-V.

The Molecular Electrostatic Potentials (MEP) of the E[C,H,]
model systems is provided in Figure S4, and they clearly reveal
the different charges of the E atom in | and II-V. Namely, the
MEP (mapped onto a p=0.001a.u. surface) at the apex
becomes positive after Si, and its most negative site lies at the
center of the [C,H,] moiety in all systems but I, (C[C,H,]).

A much more detailed image can be provided by dissecting
these charges through a QTAIM/EDF analysis. For instance, g(E)
is a weighted sum of all the possible electron counts of atom E,
the weights being the probability of finding a particular number
of electrons in the QTAIM atomic region associated to E.“**¥ We
refer to the different possible distributions of the N electrons
within the molecule as a Real Space Resonance Structure
(RSRS); each of which is linked to a specific probability, p(S)."”
The distribution function of the RSRSs is called the Electron
Distribution Function, and provides a chemically intuitive
representation of chemical bonding, in such a way that a
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Table 2. QTAIM charges for E atom in pyramidanes I-V, and selected delocalization indices and IQA interaction terms (values in kcalmol™') for I-V (geometry
#1) and [C,(SiMe;),]*". Note that, given the asymmetry of pyramidanes, the E-C and C—C’ terms were equal by even pairs, although very similar to each
other; that is why mean values are reported.

q(E) E—[C4(SiMes),] E-C cC -
Eine Vy Vie DI Vye DI Vye DI Vye DI
| -0.19 —439.8 38.5 —478.3 3.24 —115.1 0.75 —206.2 1.1 —15.7 0.18
1l 1.04 —635.0 —397.9 —237.1 213 —55.6 0.48 —226.6 1.24 —-19.4 0.22
Ll 0.63 —384.2 —112.8 —2714 2.50 —63.8 0.57 —218.9 1.20 —15.7 0.19
v 0.65 —341.1 —97.4 —243.7 2.46 —56.7 0.55 —218.1 1.20 —16.6 0.19
Vv 0.59 —298.9 —65.0 —233.9 248 —54.3 0.55 —2174 1.19 —-16.0 0.18
[C,(SiMes),? - - - - - - - —224.4 128 —203 0.26

system characterized by a broad RSRS distribution is associated
with higher covalency due to increased electron delocalization.
Conversely, a sharper distribution is indicative of highly polar
bonding regimes where electrons tend to localize around
specific centers. In this regard, the position of the number of
electrons assigned to the probability peak is also indicative of
the electronegativity, given that more electronegative regions
attract more electrons.””

We partitioned the system into two different regions: the E
atom and the cyclobutadiene-based base, the results being
provided in Figure 2. Note that we comment on the results
involving geometry #1, those corresponding to #2 being
provided in the Supporting Information (Figure S1). Nonethe-
less, the differences on the EDF results between both geometric
patterns are marginal, and the same outcomes are obtained
regardless of the chosen geometry. In order to compare results
among systems with different number of electrons in the inner
shells, (the E atom belongs to a different period for each
system), only ns and np valence electrons of E atoms are
reported in Figure 2. That is, the neutral E atom would have 4
valence electrons in all cases.

The EDF analysis reveals two differentiated behaviors: for |,
a nearly symmetric RSRS distribution is found, the probability

0.4
_._]
—a— I
—u— [II
0.3 1 v
—_— V
‘o
£ 021
(=¥
0.1 A
0.0 T T T T T T =
0 1 2 3 4 5 6 7 8

ng

Figure 2. Two-domain EDF for the pyramidanes under study (I-V, geometry
#1). The probability that a given number of valence electrons be found in
the E atom is plotted against the number of electrons.
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peak (p=0.306) being located at 4 electrons (i.e. the valence
electrons of neutral C atom), which corresponds to the
C°[C,(SiMe,),]° RSRS. The following distributions, ordered by
relevance, are those in which 5 electrons are hosted in E, C*[C,
(SiMe,),1~, with a probability of 0.240, and the inverse one, in
which 3 electrons are found in the apex atom: C"[EC,(SiMe;),]7,
with a nearly equal probability of 0.221. Such wide and
relatively ~ symmetrical  distribution centered at the
C°[C,(SiMe;),I° RSRS is indicative of a highly covalent regime,™”
in which electrons are exchanged (shared) among E and the
base. Nonetheless, there is some asymmetry in the distribution,
clearly skewed to numbers of electrons larger than four (shifter
to the right in Figure 2), which results in the final small negative
charge of the apex C atom in I.

On the contrary, for lI-V the probability peak shifts to 3
valence electrons in the E atom, that is, to the E*[C,(SiMe;),]™
RSRS; with a probability that is similar in the four cases: 0.371
for silapyramidane Il, and about 0.35 for compounds IlI-V. This
result points towards a considerably more polar bonding
regime in the latter. Nonetheless, there are significant differ-
ences within the 11-V systems. Namely, while the EDFs of lll, IV
and V are nearly indistinguishable from each other (green, blue,
and purple lines in Figure 2), that of Il (depicted in orange)
shows a significantly different profile, being shifted to the left
(that is, to a lower number of electrons in the E atom).

More specifically, while the distribution with 4 electrons in
the E atom, E°[C,(SiMe,),l° is ranked second in llI-V (E: Ge, Sn,
Pb), with probabilities about 0.275; for Il, the second most
probable RSRS is that with only 2 electrons in Si (the Si**
[C,(SiMe;),]*~ RSRS, with a probability of 0.307), the RSRS with 4
electrons in Si (Si’[C,(SiMe;),I° having a much lower probability
of 0.202. These results correlate with the ones derived from the
charges, showing a significantly different bonding pattern in I,
in line with the well-known specific chemistry of silicon in the
tetrel group.®"

In passing, it is noticeable to remark that EDF distribution of
E[C,H,] and E[C,(SiH;),] systems (provided in Figures S2 and S8,
respectively) is virtually identical to that of E[C,(SiMe;),], which
provides further evidence that the effect of the TMS groups on
the structure of the considered pyramidanes is steric (rather
than electronic).
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To attain a rigorous assessment of the energetic signature
of the previous results, we resorted to an IQA analysis.** As we
are interested in electron sharing interactions (associated to the
covalent counterpart of the interaction), we base our analysis
on the V,. component. It has been proposed to be a reliable
indicator of bond strength, as its classical counterpart (V,) is
affected by the long-range character of electrostatic
interactions.” This way, we report V,, and E,, only for the whole
E—[C,(SiMe;),] interaction, for which charge separation is more
relevant, while for specific interactions we rely on the V,. term
only. In order to analyze in detail the effect of the apex atom on
the structure of the cyclobutadiene-based pyramidane base, we
also include the results for the [C,(SiMe,),]>” anion, taken as a
reference. As for the previous discussion, the results corre-
sponding to conformation #1 are presented and explained in
the main text (Table 2), while those corresponding to #2 are
provided in the Supporting Information (Table S7). Both data-
sets lead to the same conclusions.

When examining the E—[C,(SiMe;),] interaction, a notable
observation is the destabilizing nature of the V, term in I,
contrasting with its stabilizing nature in all other cases. This is
again characteristic of a very weakly polar covalent bonding
regime between basically neutral moieties in I, wherein the
interaction is sustained through electron-sharing interactions,
represented by V,. Conversely, the classical interaction is clearly
stabilizing in 1I-V, in agreement with the charge separation
between the apex (E atom) and the base (C,(SiMe;), scaffold).
The strength of the classical interaction peaks in silapyramidane
Il, owing to its highly positive charge on E. Subsequently, this
intensity decreases notably in gema-, stanna-, and plumbapyr-
amidanes (llI-V). Within the latter group, the decrease in V,
from Ill to V is more gradual. To understand this trend, it is
important to consider that electrostatic interactions increase
with the size of charges but decrease when the distance
increases. Here, it is thus the elongation of the E—[C,(SiMe;),]
distance which attenuates classical interactions according to
Coulomb’s law, even as the charges remain relatively stable.

Conversely, the V,. contribution, which directly reflects the
covalent interaction, exhibits a notably more stabilizing effect
for | (—478.3 kcalmol™) as compared to lI-V (ranging between
—233.7 and —271.4 kcalmol™). This observation aligns with the
previously discussed more covalent nature of the apex-base
interaction in I. Furthermore, V,,  reveals pronounced distinc-
tions within the more polar II-V series. Specifically, it decreases
as one moves down the group, indicating weaker covalent
interactions, with one notable exception: silapyramidane Il. In
this instance, V,. is significantly less attractive than for I and IlI,
diverging from the expected trend. Such anomalous behavior
also correlates with some distinctive characteristics typically
observed in C—Si compounds, which has also been related to
the controversial charge-shift bonds.®? Further independent
support for this specificity can be found in that the electro-
negativity of Si is lower than that of Ge.

As expected, the covalent contributions correlate with the
values of the delocalization indices (Dls), which are associated
to the number of electron pairs shared between two basins.
Namely, the DI between E and the C,(SiMe,), group is 3.19 for |,
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ranging between 2.13 and 2.50 for Il to V, in agreement with
their much larger polar character. When comparing the
bonding pattern of the latter group, significant differences are
unveiled, in the same line as those revealed by V,. The DIs can
be grouped into two sets: I, with a value of 2.13, and lll-V, in
which it ranges between 2.46 and 2.50. Again, and consistently,
this reveals a higher degree of covalency in the latter group,
driven by higher electron pair sharing. In this regard, it is again
worth noting that the V,. energy contribution is, in a first
approximation, inversely proportional to the bond distance, this
justifying why, while the DI of llI-V is nearly the same, as the
E—[C,(SiMe;),] distance increases its exchange-correlation attrac-
tion weakens.

The total interaction energy of both fragments, E;,, emerges
as most stabilizing for Il (—635.0 kcalmol™"), wherein the
significantly higher classical contribution compensates for a
relatively lower covalent interaction. Following this, |
(—439.8 kcalmol™") presents an inverse scenario, where V,,
counterbalances the positive value of V.. Subsequently, E,.
exhibits a gradual decrease from Il (—384.2 kcalmol™) to V
(—298.9 kcalmol™"), attributed to the weakening of both V, and
Ve

The analysis of the interaction between the apex atom and
the C atoms in the base (E—C) is consistent with previous results
on the E—[C,(SiMe,),] interaction; that is, the E—C interaction in |
is highly covalent (at least when compared to all the other
cases under study), with a DI of 0.75 and a V,, interaction of
—114.3 kcalmol ™.

Notice that this DI supports the naive electron count
coming from Wade-Mingos-Rudolph’s rules, as it corresponds to
the 3 electron pairs for the E—C,(SiMe;),] bonding divided by
the 4 hypothetical chemical bonds taking place.

The DI sharply decreases for Il (0.48), and then increases for
-V (0.55-0.57), which according to the Wade-Mingos-Ru-
dolph’s rules, would point to a decrease in the number of
bonding electrons between the base and the apex atom and of
the multicenter nature of this interaction. With respect to V,,
we note that, as it is highly affected by the E—C distance (in
addition to the number of electron pairs shared between both
atoms), the results are probably less intuitive in terms of
qualitative bond characterization. Be that as it may, they reveal
weak although relevant covalent interactions in 1I-V (between
—543 and —63.8 kcalmol™). These results correlate with
reports from Andrada and co-workers, who, based on EDA
calculations found important orbital contributions in the Si—C
interaction in IlI, independently of whether silicon is considered
as Si(0) or Si(ll)."?

At this point, we should also note that the above explained
results put forward a high degree of polarity for the bonding in
1I-V, which is in agreement with previous analyses performed
by resorting to QTAIM framework. Namely, bonding paths have
been found for the E—C interactions."" ™ Such results are also
reproduced by us, as shown in Figure S7 and Table S12 for the
1,-V, model systems. The E—C interaction in Il,-V, is charac-
terized by small electron density values, po(r), (0.05-0.08 a.u.),
and positive Laplacian of the electron density, Vo(r), (0.13-
0.14 a.u.) at the bond critical point, indicative of extreme bond
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polarization. This behavior differs from that observed in I,
which shows a large electron density (0.172 a.u.) and negative
Laplacian (—0.047 a.u.)."™

Additional insight, particularly on multicenter-bonding and
the presence of lone pairs (LPs), can be obtained through the
Laplacian and the ELF functions. Figure 3 shows isocontours of
V2o(r) and isosurfaces of ELF for systems I, Il, and V, as
representative examples. More details can be found in the
supplementary information, Figures S3, S5 and S6, and Ta-
bles S10 and S11. The Laplacian of p(r) had been reported to
show the presence of a LP at the apex atom of I1.'? As shown
here, this is also the case in I, and Il,, while the transition in the
rest of the systems to a closed-shell regime is accompanied by
considerably more spherical electron distributions around E,
although a Natural Resonance Theory (NRT) analysis in Ref. [14]
locates LPs also in these cases.

The ELF unveils that the apex atoms of I, and IlI, are
engaged in 3c,2e trisynaptic interactions with each of the pair
of C atoms forming one of the triangular faces of the pyramid.
Also, four weakly populated 2c bond basins appear between E
and each of the C atoms of the base. I, and II, also display lone-
pair-like valence basins pointing outwards the axis of the
pyramid, very populated in I,. The trisynaptic domains dis-
appear in lll,-V,, but monosynaptic C basins in the base remain
with a very small population. A clear evolution towards
sphericity (less hybrid character) of the apex LPs is also seen on
moving down the group. At the ELF isovalue chosen (0.75), the
LP in V, cannot be discerned, supporting its absence in the
Laplacian plot.

The effect of the E atom on the electronic structure of the
base was also analyzed by comparing the C—C interactions
within the complex and those in the free doubly charged

cyclobutadiene-derivative [C,(SiMe;),]*". Note that, because of
electron delocalization within the ring, there are significant
electron pair interactions not only between adjacent C atoms in
the ring (C—C interactions in Table 2) but also between C atoms
that occupy opposite positions (denoted as C—C' in Table 2). Dls
for adjacent C—C interactions are higher than 1, showing a clear
partial double bond character, while non-adjacent Dls take non-
negligible values between 0.18 and 0.22. It is noteworthy that
the base of Il displays DI values very close to those of
[C,(SiMe;),]*". Namely, the DI for adjacent C—C interactions in I
and [C,(SiMe;),]*~ take values of 1.24 and 1.28, respectively,
while the values for apposite interactions are 0.22 and 0.26. We
recall here that C—C’ Dls, which in a six-member ring would be
equivalent to the so-called para-delocalization indices (PDI)
have been successfully used as descriptors of aromaticity.®™ In
the same line, V,. takes very similar values for both systems
(—226.6 and —224.4 kcalmol™, respectively). This is a very
strong indication of similar electronic structures in [C,(SiMe),]*~
(which exhibits a very high degree of electron delocalization)
and the base of complex II.

We now focus on complexes llI, IV and V, for which there is
a decrease in V,. and DI with respect to Il, with similar values in
the three cases, about —218 kcalmol™" and 1.20, respectively
(see Table 2). In broad strokes, we attribute this effect to
stronger E-[C,(SiMe;),]*~ covalent interactions (characterized by
higher DIs and V,,, vide supra), which are translated into lower
electron density remaining in the base. Higher covalency in I is
also clearly revealed by an important decrease in the DI and V.
values for adjacent C—C bonds, having a DI of 1.11 and a V.
interaction term of —206.5 kcal mol™'; which derives from more
effective electron sharing in E—C bonds.

2.26

2.29 2.45

Figure 3. a) Laplacian function isocontours on a plane containing a diagonal of the base and the apex atom (solid-blue positive, dashed-red, negative); and b)
ELF isosurfaces (with isovalue 0.75) for the I,, Il, and V, systems. In green: disynaptic and trisynaptic basins; blue: C—H bond basins; purple: core basins; and
orange: monosynaptic basins). ELF populations (in number of electrons) of the monosynaptic V(E), trisynaptic V(C,C,E) and disynaptic V(C,E) basins are also
provided. Note that for the selected isovalue most of the basins do not appear for V, (see Figure S6 for other isovalues).
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As the aromaticity of the base is regarded, besides the C—C’
DI, we have computed several other aromaticity indices: HOMA,
FLU and MCL5*** They are found in Tables S14 and S15. Due to
their reference-free nature, we prefer to rely on both the MCI
and DI. As it can be seen from the Tables, these descriptors
fluctuate slightly with the conformer and the substituent R,
depending mainly on the nature of the apex atom E. It is
satisfying that, according to MCI, the C and Si bases are the
least and most aromatic of all, respectively, and that the group
llI-V is pretty homogeneous in this regard, with significant
aromatic MCls around 0.023 and C—C' DIs of 0.18-0.19. It is
remarkable to note that the significant aromatic character of
the pyramidane base revealed by these measures are also in
line with NICS, NICS(1) and NICS(1),, calculations performed by
other authors, which point towards significant n-delocalization
(and thus aromatic character) in the C,-base.""

All'in all, the combined EDF/IQA approach shows how both
the electron counting perspective provided by the EDF method,
which leads to numerous population-related descriptors, and
the detailed local energetic view provided by IQA can be put to
work together to unveil, from the orbital invariant analysis of a
given wavefunction, both the nature of the chemical bonding
in an exotic scenario and the plausibility of aromaticity of a
given fragment of a molecule. This has been shown to be the
case in Si[C,(SiMe;),], which is well described, broadly speaking,
as an aromatic dianion coupled mostly electrostatically to a Si
dication.

Conclusions

Much theoretical work has been done in the past to elucidate
the exotic bonding regime displayed by compounds belonging
to the the [4]-pyramidane family. In the case of the EC,(SiMe;),
set, E=C, Si, Ge, Sn, Pb, labelled as I-V, most works agree on a
transition from a covalent interaction between the E apex atom
and the remaining fragment (the base) to a very polar one with
considerable electrostatic component as we transition down
the group. Many also point out the relevant role that the
aromaticity of the base might play. Unfortunately, the methods
that are typically used to deal with covalency/ionicity and
aromaticity are not usually compatible, leading to unreliable
conclusions. We have shown how quantum chemical topology
tools, like those provided by the electron distribution functions
(EDFs), multicenter indices (MCl), and the interacting quantum
atoms approach (IQA), which analyze the electronic structure of
a system and its energetic interactions using a common orbital
invariant framework can be used to provide a consistent set of
results for all these properties. In this case, our results agree
well with previous proposals. In | and in llI-V, the apex-base
interaction evolves smoothly from covalent to very polar, while
in Il we find a system in which the Si atom donates two
electrons to the base, whose local electronic structure becomes
very close to that of an isolated [C,(SiMe;),]*~ aromatic anion.
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Computational Details

DFT calculations were performed by using the Gaussian 16°%
and Orca 5.0%” software packages. Geometry optimizations of
pyramidanes I, Il and llI, as well as [C,(SiMes),]*~ anion were
conducted with the B3LYP exchange-correlation functional,*® in
conjunction with D3BJ empirical dispersion correction
scheme,® and the Ahlrichs def2-TZVP basis sets, as imple-
mented in Gaussian 16. In order to perform all-electron
calculations for stanna- and plumbapyramidanes (IV and V,
respectively), we optimized their geometries at the B3LYP—D3BJ
level, in conjunction with the zeroth order regular approxima-
tion (ZORA) to take into account relativistic effects.”” In the
former case, we considered the SARC-ZORA-TZVP basis set for
Sn and Pb, and the SARC/J auxiliary basis sets® together with
the RIJCOSX approximation to accelerate the calculations.
Geometries of IV and V were also optimized by using the def2-
TZVP basis set with electron core potentials (ECP), and showed
marginal differences with respect to those obtained with the
ZORA approximation (Pb—C and Sn—C distances differ about
0.01 A). Given this minor differences, we used this methodology
to compute geometries of I-V with the M06,*” M06-L™" and
TPSSh® functionals. Note that, given the smooth potential
energy surface of the systems, we needed to freeze methyl
groups in the trimethylsilyl groups in some cases, as explained
in the Supporting Information. E[C,H,] and E[C,(SiH,),] families
of systems were also computed at the B3LYP—D3BJ/def2-TZVP
level of theory (including ZORA framework for Sn and Pb
atoms).

EDF calculations were performed by means of the EDF
program®® and IQA, QTAIM, and MEP analysis was carried out
with the AIMALL software.™” ELF calculations were carried out
with TopMod.*® In all cases we used the corresponding B3LYP
pseudo-single-determinant Kohn-Sham wavefunctions. Aroma-
ticity indices were computed with ESI-3D.®* Graphical represen-
tations were performed with VESTA."*?

Supporting Information Summary

The supporting information contains: raw energy data, struc-
tural parameters for compounds I-V in geometry #2, Laplacian
isocontours, ELF and MEP isosurfaces, molecular graphs and
densities and Laplacians at bond critical points for systems I,—
V,. Also EDF and IQA results for systems I-V in geometry #2,
and aromaticity indices for I,-V, and I,-V,, together with
Cartesian coordinates for all of the systems.
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The [4]-pyramidane E[C,(SiMe;),] (E=C, Pyramidanes L. Vidal, D. Barrena-Espés, J. Echeverria,
Si, Ge, Sn, Pb) family is studied, E[C,(SiMea)d] J. Mundrriz*, A. M. Pendds*
focusing on the characterization of E=C, éi, Ge, 33,‘: Pb

the interaction between the pyramid

1-1

apex (E) and the cyclobutadiene- Deciphering Pyramidanes: A
based base. Orbital invariant techni- R Quantum Chemical Topology
ques based on Quantum Chemical ‘ - Approach

Topology, including QTAIM and ELF
analyses, electron distribution
functions (EDFs), and IQA energetic
decompositions are used.
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