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Pentagermapyramidane: Crystallizing the “Transition-State”
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Abstract: The first example of the homonuclear pyramidanes,
pentagermapyramidane, was synthesized, fully characterized,
and computationally studied to reveal its peculiar structural
features and the nature of its apex-to-base bonding interactions.
Both solid-state and solution structures of pentagerma-
pyramidane are discussed based on the computed stabilities
of its square-pyramidal and distorted forms.

The classical theory of chemical bonding in organic chemis-
try is based on the tetrahedral geometry of the carbon atom,
the revolutionary concept of van’t Hoff and Le Bel that was
proven to be true for the overwhelming majority of organic
compounds.!! The major reported departures from the
classical tetrahedral nature of carbon are planarity and an
“inverted” tetrahedral geometry at the carbon center, leading
to changes both in its hybridization and in its bonding

k 4
/NN

propellane-type pyramidane-type

Scheme 1. Inverted tetrahedral geometries at the carbon atom.
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nature.”) As shown in Scheme 1, the inverted stereochemistry
at the carbon center may be of the propellane typel
(C;, symmetric with three bonds arranged about the central
bond) or the pyramidane type**! (C,, symmetric with all
four bonds symmetrically oriented about the central axis).

Although many propellanes, including the most syntheti-
cally challenging [1.1.1]propellanes, are known to be stable
entities,’! pyramidanes were virtually unknown until very
recently.”** The first recognized examples of the pyramidane
family of the Group 14 elements, namely, germa- and
stannapyramidane derivatives, were reported by us recently.!
However, all reported pyramidanes have been heteronuclear,
featuring different atoms at the apex (Ge or Sn) and in the
base (C), causing a polarization of the apex-to-base bonds as
a result of the natural difference in the electronegativity of
Ge/Sn versus C atoms. The ideal model for structural studies
of pyramidal compounds, in particular to study the nature of
their nonclassical apex-to-base bonding interactions, is
a homonuclear pyramidane, in which apical and basal atoms
are of the same type, thus causing minimal electronic
perturbation to the system as a whole. However, the
preparation of such homonuclear pyramidanes is challenging
when applying our previously reported synthetic strategy
based on the reaction of the cyclobutadiene (CBD) dianion
derivative and a Group 14 element dihalide.! For
example, CBD dianion derivatives are synthetically acc-
essible only as the carbon ([(Me;Si),C,]>-2Li"),"
silicon  ([(fBu,MeSi),Si,]*[K*(thf),],),”! and germanium
([(Bu,MeSi),Ge,]*[K*(thf),],)”) versions, whereas stable
dihalides are available only in the case of germanium
(GeC(l,-diox; diox = 1,4-dioxane), tin (SnCl,-diox and SnCl,),
and lead (PbCl,)."” Thus, evidently the only synthetically
available combination of identical apical and basal atoms is an
all-germanium version, namely, the pentagermapyramidane
derivative Ge[Ge,(SiMerBu,),] (1). The synthesis of this
target compound, its structural characterization, and compu-
tational studies of its bonding situation are the focus of the
present Communication.

As was anticipated, the target pentagermapyramidane
1 was readily prepared by the straightforward reaction of the
dioxane complex of dichlorogermylene GeCl,-diox!'!! with the
dipotassium salt of the tetragermacyclobutadiene dianion
{[(1BBu,MeSi),Ge, > -[K*(thf),],)) (denoted 2> -[K*(thf),],;
Scheme 2)."”! Pentagermapyramidane 1 showed only one set
of resonance signals for all four tBu,MeSi substituents in the
NMR spectra ('H, *C, ¥Si), indicative of its highly
symmetrical composition in solution.

For structural and bonding insights, at the beginning we
approached the problem from a computational viewpoint.!"!
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Scheme 2. Synthesis of the pentagermapyramidane 1.

First, we found that the model compound Ge[Ge,H,], with
a planar pyramidal C,,-symmetric structure A (R =H), is the
third-order saddle point on the GesH, potential energy
surface (PES) with three imaginary frequencies (4 =3) at all
levels of theory (likewise the analogous pyramidal Si[Si,H,]
system) (Scheme 3).' The nearest local minimum is repre-
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Scheme 3. Most representative structures of the GesR, PES: planar
pyramidal A, hydrogen-bridged B (R=H), and distorted pyramidal C.

sented by the H-bridged C,,-symmetric structure B that is
17.2 kcalmol ™' (with zero-point energy (ZPE) corrections)
more favorable than pyramidane A, whereas the folded
pyramidal C,,-symmetric structure C is a transition state (TS)
of the permutational rearrangement that occurs between
degenerate structures B (here and throughout the text we
employed the B3LYP/6-311+G** level of theory)
(Scheme 3). However, the relative stabilities of the planar
pyramidal form A and folded pyramidal form C are finely
balanced with the effect of substituents playing a decisive role
(see Figure S1-S3 in the Supporting Information). Thus, the
increase in the steric bulk of the substituents on going from
the minimal H substituent to the substantially bigger
H;Si groups makes the folded pyramidal isomer C a local
energy minimum (Table S1). Further increase in the size of
substituents from H;Si to Me;Si and then to rBu,MeSi groups
stabilizes the planar pyramidal structure A as a TS, decreasing
its energy gap with the local minimum C to as low as
2.9 kcalmol™' (an even smaller value of 2.3 kcalmol™' was
obtained with the Def2TZVP basis set; Table S1). Thus, it was
found that for the real compound Ge[Ge,(SiMerBu,),] (1),
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Scheme 4. Interconversion between the degenerate distorted pyramidal
structures C and C’ (energy minima) and square-planar pyramidal
structure A (TS).
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the conformational rearrangement of the folded pyramidal
minima C through the planar pyramidal TS A proceeds with
an exceptionally low inversion barrier (Scheme 4). These
calculations can explain the fact that only one set of NMR
resonance signals were detected for 1, caused by the smooth
and fast (Gel-Ge2-Ge3-Ged)-base flipping on the NMR
timescale, resulting in an averaging of the signals.

Most strikingly, this theoretical prediction was corrobo-
rated by the results of the characterization of pentagerma-
pyramidane 1 by X-ray crystallography. Upon crystallization
of 1, two distinct sets of single crystals were isolated (both
crystallizing in the same P1 space group), that manifested
remarkably different geometries of their Ge, bases."? In the
first set of crystals (1a; Figure 1a), the Ge, base is notably

1a (distorted)

1b (planar)

Figure 1. Crystal structures of two structural variations of pentagerma-
pyramidane 1: a) 1a with the distorted Ge1-Ge2-Ge3-Ge4 base and

b) 1b with the planar Ge1-Ge2-Ge3-Ge4 base. ORTEP representations
are shown and thermal ellipsoids are set at 40% probability. Only the
main positions of both disordered structures are depicted for clarity.

distorted (Ge, ring-folding angles are 17.59° and 17.69°) and
accordingly the GeS5 apex features two shorter bonds to the
Ge, base (Ge5—Gel 2.546(5) A, Ge5—Ge3 2.514(4) A; calcu-
lated value 2.54 A) and two longer bonds (Ge5—Ge2
2.707(8) A, Ge5—Ged 2.765(5) A; calculated value 2.98 A).
In contrast, in the second set of crystals 1b, the Ge, base is
planar with negligible folding of 0.09° and the GeS5 apex is
evenly perhaptocoordinated to the base, which overall con-
stitutes a regular square-pyramidal shape (Figure 1b). Both
1a and 1b showed disorder of the molecule with occupancy
ratios of 51/49 (1a) and 56/41/3 (1b), respectively. To ensure
that our assignment of the different disordered groups is
reliable for both structures 1a and 1b, the occupancies of all
Ge and Si atoms were refined independently.

The origin of the skeletal disorder in both cases is the
slight shift of the whole molecule along the vertical axis
running through the apical Ge atom and the center of the
Ge, base. Although disorder in 1a and 1b precludes accurate
discussion of their metric parameters, it should be emphasized
that the Ge—Ge bond lengths within the Ge, base in both
conformations range from 2.327(2) to 2.399(4) A (calculated
values 2.41-2.46 A), and are thus intermediate between the
sum of the single-bond covalent radii of the Ge atoms
(2.42 A)" and the sum of their double-bond covalent radii
(2.22 A).") This intermediacy in Ge—Ge bond lengths within
the Ge,base implies cyclic electron delocalization."” In
contrast, in 1b the apex-to-base Ge—Ge bonds are notably
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longer than the basal Ge—Ge bonds, ranging from 2.797(7) to
2.873(7) A (calculated value 2.72 A). Remarkably, in the
planar pentagermapyramidane 1b, all four silyl substituents
are bent towards the germanium apex GeS5 (Figure 1). This
structure can be considered as the first experimental verifi-
cation of that theoretically predicted for the all-carbon
analogue C[C,H,] to compensate for the decreased
Pbasal Plapical ) bonding orbital overlap (Scheme 5)."* Thus,
1b represents a puzzling structure, experimentally realized
for the first time, in which all skeletal atoms have inverted
DCEO H substituents bend

tetrahedral geometry.
C.
H&:é ECZH towards the C, apex H\OC%? a@CCB/H

normal tetrahedral
basal Cy, atoms:
poor p-orbital overlap

inverted tetrahedral
basal Cy, atoms:
better p-orbital overlap

Scheme 5. Orbital interaction in the normal tetrahedral (left) and
inverted tetrahedral (right) geometries of the parent pyramidane
CICH.].

Opverall, the structure of the distorted pyramidal isomer
1a (Figure 1) corresponds to the computationally established
energy-minimized structures C and C' (Scheme 4), whereas
the planar pyramidal form 1b (Figure 1) represents
a “frozen” TS A on the GesR, PES (Scheme 4). Isolation of
the planar pyramidal structure 1b is therefore of particular
importance, given the commonly accepted view of the
“transition state” as the hypothetical local-energy maximum
along the reaction coordinate on the way from the substrate
to the product, that typically cannot be isolated as an
individual compound."! Definitely, crystallization of the
transition state A in the form of 1b was enabled by the
exceptionally low inversion barrier theoretically predicted for
the folded pyramidal structure C (Scheme 4).*"!

Atoms-in-molecules (AIM) topological analysis!'®! clearly
demonstrated the presence of the bonding paths between the
basal and apical Geatoms in the model compound
Ge[Ge,H,] (Figure S4). Importantly, although the values of
the electron density p(r) are relatively small for the basal
Ge—Ge bonds, the negative values of the Laplacian of the
electron density /*0(r) point to their predominantly covalent
nature (Table S2). Classification of the pyramidal Ge—Ge
bonds between the apical and basal Ge atoms is not that
straightforward because of the positive values of /%0(r).
However, these bonds can be qualified as homopolar covalent
bonds (intermediate interaction; Table S2) because of the
negative values of the local electron energy 4.(r) (h.(r) <0 for
covalent bonding**!) that is defined by the equation A (r) =
v(r) 4+ g(r),”>*! where v(r) and g(r) are the local potential-
and kinetic-energy densities, respectively.

Opverall, in contrast to the heteronuclear germa- and
stannapyramidanes E[C,(SiMe;),] (E = Ge, Sn),’" for which
the ionic form is of crucial importance as a result of the high
E—C bond polarity, the contribution of the ionic resonance
form ([tBu,MeSi),Ge,]*"—Ge*") is less important for the
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homonuclear pentagermapyramidane 1. In accord with such
a conclusion, 1b shows a negligible natural charge separation
within the molecule (—0.11 for the apical Ge atom and —0.15
for each of the basal Ge atoms), whereas in germapyramidane
Ge[C,(SiMe;),] the charge separation was substantially
greater (natural charges are +0.69 for the apical Ge atom
and —0.65 for each of the basal C atoms)”. Furthermore,
according to the natural bond orbital (NBO) analysis, the
pyramidal Ge—Ge bonds in 1b are insignificantly polar
(polarization coefficients are 0.59 and 0.41 for the basal and
apical Ge atoms, respectively), whereas in Ge[C,(SiMe;),] the
pyramidal Ge—C bonds are remarkably polarized towards the
basal C atoms (polarization coefficients are 0.75 and 0.25 for
the basal C and apical Ge atoms, respectively).

Considering the electron localization function (ELF)
topological analysis,”*! two features can be identified: a) the
presence of the lone pair with very high s character (87 % for
1b by NBO analysis) at the apical Ge atom and b) remark-
ably weaker pyramidal Ge—Ge bonds compared with the
basal Ge—Ge bonds (Table S3, Figure S5). Even more so, the
basin population N for the pyramidal Ge—Ge bonds pro-
gressively increases (from 0.77 to 0.91) with increasing steric
bulk of the substituents from H to rBu,MeSi groups
(Table S3). This is in line with the above-drawn conclusion
that the larger substituents better stabilize the planar
pyramidal shape.

The molecular orbital (MO) interaction diagram
(Figure 2) clearly shows the presence of a lone pair at the
Ge apex seen in the HOMO-2 (4a,;; HOMO = highest occu-
pied molecular orbital) and stabilizing bonding interactions
resulting from the formation of the doubly-degenerate
HOMO and HOMO-1 (3e). Inspection of the lower-energy
orbital 2a, shows the bonding interaction between the apex
and base. However, the extent of this interaction is notably

H—Ge—Ge—H Ge
H——Ge—Ge\H Ge
H///S\ _H
H [ Gey—Ge
~Gem=—Gé—H

Figure 2. Schematic MO interaction diagram showing the formation of
the principal orbitals from fragment orbitals, as computed at the

.....

pyramidane Ge[Ge,H,]. Only bonding interactions are shown.
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smaller than in the case of the previously reported all-carbon
pyramidane C[C,H,], thus leading to weaker Ge—Ge pyr-
amidal bonds in pentagermapyramidane, compared with their
C—C congeners in all-carbon pyramidane. This can be seen by
comparison of the values of the Wiberg bond indices (WBI)
for pentagermapyramidane 1b and carbon pyramidane
C[C,H,]: 0.66 versus 0.70 (for the pyramidal bonds) and 1.01
versus 1.10 (for the basal bonds).

Overall, in this study we present the first example of
a homonuclear pyramidane, the pentagermapyramidane
derivative 1. The peculiar structural and bonding features of
1 are studied both experimentally and computationally to
show its particular nature as a nonclassical polyhedral
compound.

Keywords: cage compounds - density functional calculations -
germanium - NMR spectroscopy - X-ray diffraction
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