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yramidanes are nonclassical cage compounds of the general 
ormula C4R4E or Ge4R4E containing an apex E atom in tetrahedral 
nverted valence state, called pyramidal (Scheme 1). Structures 1–7 
epresent pyramidanes investigated in this work by quantum 
hemistry methods. Compounds 1–3 are the first reported 
xamples of this class having the 14 group elements Ge, Sn or Pb as 
he pyramidal atoms.1 A stable analogue of pentagermanium 
yramidane 4 bearing di-tert-butyl (methyl)silyl groups is known 
o exist in its crystal in two forms, namely pyramidal and slightly 
istorted ones corresponding to structures 4a and 4b, respectively.2 
n the last five years compounds 5 and 6 with boron and phosphorus 
toms in the apex position have been reported.3,4

The pyramidal valence state cannot be described by classical 
onding, therefore its electronic structure has been investigated 
sing various theoretical and experimental methods.†,1–7 The 
–C interaction in structures 1–6 has been found to be polar 
ovalent, contrary to the ionic one in magnesium-containing 
ompound 7.6 Using the nucleus-independent chemical shift 
NICS) scan and Raman data we proposed a three dimensional 
onjugation in molecules 1–3.6 Multicentered E–C bonds in 
yramidanes 1–6 originate from three orbital interactions, namely 
hree p-orbitals of the C4R4 moiety and three p-orbitals of the E 

atom.1–4 Therefore, the six interstitial electrons correspond to the 
known 4n+2 rule of aromaticity for pyramidane-like molecules,8 
whereas the lone pair of the apex atom E in compounds 1–5 is 
excluded from the conjugation. The four-membered base in 
pyramidanes 1–7 is trivial p-aromatic.1,2,5–7 Probing the three 
dimensional delocalization represents an intricate challenge and 
requires the corresponding criteria to clarify it. In this work we 
employed electron density of delocalized bonds (EDDB)9 and 
gauge-included magnetically induced currents (GIMIC)10 as the 
modern and reliable criteria of aromaticity to explore delocalization 
in the series of compounds 1–7. For comparison, the computations 
were also performed for simplified model molecules 1'–6' (C4H4E 
or Ge4H4Ge)† bearing hydrogen atoms instead of the silyl 
substituents.

The GIMIC criterion for pyramidanes 1–7 was applied at the 
recommended level of theory B3LYP/Def2-TZVP.11 Induced 
currents (ICs) distribution depends on the magnetic field direction, 
thus for these structures two orthogonal directions should be 
considered,† namely the Z-direction normal to the C4 or Ge4 base, 
which clearly characterizes this base, as well as the X-direction, 
which reveals delocalization in the C2E or Ge2Ge face and the 
whole cage. The plotted Jmod isosurfaces and streamline maps 
allow one to divide molecules 1–7 into three types. 

Pyramidanes 1–3, 4a with pyramidal non-distorted geometry 
as well as compounds 5 and 6 all belong to type I, an example is 
given in Figure 1 for the simplified structure 1'. For this type of 
substances, both field orientations provide a Jmod isosurface with 
diamagnetic ICs flow along the polyhedron edges and also 
between them, thus covering the whole polyhedron (see 
Figure 1),† while the paramagnetic ICs are weak. The IC streamline 
maps† confirm that the Jmod isosurfaces are formed mainly by net 
diamagnetic current. It is the net current that spins outside of the 
polyhedra around the E–C and C–C bonds.† Thus, the GIMIC 
visualization clearly demonstrates the three dimensional aromaticity 
in structures 1–3, 4a, 5 and 6.

For ionic pyramidane 7, which belongs to type II, the Jmod 
isosurface is concentrated in the region of the C4 cycle (Figure 2). 
In the Z-field direction, the IC density distribution is typical of 
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Scheme 1 The known pyramidanes 1–7.
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classical p aromatic ring [Figure 2(a)].10 In the X-field direction, 
the density in the region of Mg–C interaction is negligible 
[Figure 2(b)]. Thus, ionic magnesium pyramidane 7 demonstrates 
only p-aromatic ICs in the C4 base, as expected.

Pentagermanium cage structure  4b with slightly distorted 
geometry exhibits the Jmod isosurface of type III (Figure 3). In both 
field directions, the diamagnetic ICs flow along the shortest Ge···Ge 
distances, i.e., the Ge–Ge bond paths.2 In the area of the longest 
Ge···Ge spacings, the IC density is the lowest. The streamline 
maps† determine the presence of net diamagnetic current, which 
flows along the Ge–Ge bonds (see Figure 3 and Online Supple
mentary Materials). Thus, the IC distribution confirms that the 
pseudo-pyramidane structure 4b exhibits three dimensional 
aromaticity as well, but its topology differs from the one for 
compound 4a.

The induced ring current strength values† for the Z-direction 
(IRCSZ) characterize only aromaticity in a four-membered base, 
whereas the IRCSX values reflect the degree of three dimensional 
delocalization (Table  1). The IRCSZ values are significantly 
smaller than the IRCSX ones, as expected. Among the molecules 
explored, the IRCSZ value is the smallest for ionic structure 7. For 
covalent pyramidanes 1–6, the IRCSX values are 12.6–
18.0 nA T–1, in contrast to that for compound 7 (1.3 nA T–1), for 
which no three dimensional delocalization has been observed. 
Note that the introduction of SiMe3 substituents slightly 
decreases the IRCS values up to ~1 nA T–1, as expected. The 
degrees of aromaticity for structures 2 and 3, namely 14.9 and 
15.2  nA  T–1, can be considered as nearly equal. Thus, the 
quantitative GIMIC data of Table 1 demonstrates that the degree 
of aromaticity for C4E pyramidanes diminishes in the series P 
(compound  5) > Ge (compound  1) ³ Sn (compound  2) ~ Pb 
(compound 3) > B (compound 6).

In spite of the different topology of IC density for the two 
geometric isomers of the pentagermanium pyramidane 4, namely 
4a of the type I and 4b of the type III, their IRCS values are close 

with the difference 0.4 – 0.9 nA T–1 and change their sign for the 
hydrogen-substituted simplified model compounds. This fact 
suggests the nearly equal degree of aromaticity and corresponds 
to a small energy gap between the di-tert-butyl(methyl)silyl 
counterparts of isomers 4a and 4b coexisting in the crystal.2

The results of EDDB population analysis† demonstrate that 
only three natural orbitals of delocalized bonds (NODBs) are 
characterized by high populations with nearly equal values, 
which proves the conjugation of six delocalized interstitial electrons. 
Compounds 1–3 exhibit the highest NODB population of ~1.2 e–, 
pyramidanes  5 and 6 have the medium population of ~0.9  e–, 
while structures 4a and 4b reveal the lowest one of ~0.6 e–. The 
forms of the three NODBs† resemble canonical molecular orbitals 
responsible for pyramidane bonding.1–4 The similarity of orbitals 
for isomeric structures 4a and 4b is notable.† The forms of NODBs 
with significant participation of the E atom point to delocalization 
over the cage, thus the EDDB(r) isosurfaces for compounds 1–6 
are mainly created by delocalized pyramidane bonds (Figure 4). 

According to Figure 4, a cavity around the apex atom is present, 
which originates from the exclusion of the inner shell of heavy E 
atom from the EDDB(r) function. The reduced density in the region 
of E atoms, i.e., the E–C bonds, is observed, though this effect is 
smaller compared with the one reported for E–N bonds in 
tetrylenes.12 The EDDB(r) isosurface data allows one to divide 
the pyramidane series into the following three types. Structures 
1–3, 4a, 5 and 6 all belong to type I [Figure 4(a)–(d ),(  f  ),(g)], ionic 
compound 7 is of type II as a p-cloud [Figure 4(h)] and finally 
distorted structure 4b is of type III [Figure 4(e)]. This classification 
coincides exactly with the GIMIC visualization results. It is notable 
that the isovalue for compounds 5 and 6 is greater than that for 
structures 1– 4, which indicates a high density of the EDDB(r) 
function due to the smaller cage size [see Figure 4(  f  ),(g)].

The integrated EDDB values were estimated considering (i) 
all atoms in the molecule (EDDBH) as well as (ii) the C4E-poly
hedron and C4 base moieties (EDDBF) (Table 2). The EDDBH 
values are greater than their counterparts dissected by the three 
NODBs and the EDDBF values for the C4E cage, which points 
out the significant participation of conjugated SiMe3 groups. The amount 
of efficient delocalized electrons in the C4E cage (EDDBF) for 
structures 1–7 is 2.28–4.05 e–. For the covalent pyramidanes 1–6 
these values are doubled compared with those for the C4 base, 
and this observation additionally proves the three dimensional 
effect. For ionic compound 7, the EDDBF values for the C4 base 
and C4Mg moieties are nearly equal, namely 3.44 and 3.54  e–. 
Therefore, the delocalization with a degree of 57% in structure 7 
is only of a p-type for the C4-ring, in contrast to the three dimensional 

(a) (b)

Figure  2  Jmod isosurfaces at 0.03 a.u. isovalue for structure 7 in the magnetic 
field directions (a) Z and (b) X. C, H and O atoms are omitted for clarity. 
Diamagnetic ICs are in blue and the paramagnetic ones are in red.

(a) (b)

Figure  3  Jmod isosurfaces at 0.025 a.u. isovalue for structure 4b in the magnetic 
field directions (a) Z and (b) X. C and H atoms are omitted for clarity. 
Diamagnetic ICs are in blue and the paramagnetic ones are in red.

Table  1  IRCS values obtained for the magnetic field directions Z and X.

Molecule IRCSZ /nA T–1 IRCSX /nA T–1

1    [C4(SiMe3)4Ge] 8.1 16.1
2    [C4(SiMe3)4Sn] 7.6 14.9
3    [C4(SiMe3)4Pb] 7.6 15.2
4a  [Ge4(SiMe3)4Ge] 9.0 18.0
4b  [Ge4(SiMe3)4Ge] 8.7 17.1
5    [C4(SiMe3)4P+] 9.1 18.2
6    [C4(SiMe3)4BCl] 6.3 12.6
7    [C4(SiMe3)4Mg-3THF] 4.2   1.3
1'   (C4H4Ge) 8.4 16.8
2'   (C4H4Sn) 8.3 16.2
3'   (C4H4Pb) 8.1 15.3
4'a (Ge4H4Ge) 8.9 16.7
4' b (Ge4H4Ge) 8.6 17.3
5'    (C4H4P+) 9.3 18.5
6'    (C4H4BCl) 6.4 13.1

(b)(a)

Figure  1  Jmod isosurfaces at 0.04 a.u. isovalue for structure 1' (C4H4Ge) in 
the magnetic field directions (a) Z and (b) X. Diamagnetic ICs are in blue 
and the paramagnetic ones are in red.
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aromatic molecules 1–6. The quantitative EDDB results demonstrate 
that the aromaticity degree for C4E pyramidanes decreases in the 
series Pb (compound 3) ³ Sn (compound 2) ³ Ge (compound 1) > B 
(compound 6) > P (compound 5).

In this series the strongest aromaticity with ~60% delocalization 
degree is obtained for pyramidanes 1–3 of the group 14 elements, 
which disagrees with the GIMIC results. Note that the EDDB 
values for isomeric structures 4a and 4b are practically the same 
with less than 2% difference and indicate the smallest aromaticity 
degree for compound 4 among the pyramidanes investigated, which 
corresponds to the GIMIC data.

In conclusion, the results from the two methods applied agree 
qualitatively with each other and demonstrate the three dimensional 
aromaticity for compounds 1–6. According to the quantitative 
data for C4E-pyramidanes 1–3, 5 and 6, two different series of 
the aromaticity degree are obtained, namely P > Ge ³ Sn ~ Pb > 
B using GIMIC and Pb ³ Sn ³ Ge > B > P with EDDB. The 
GIMIC results for compounds  1–3 correspond to NICS scan 
data, whereas the EDDB ones agree well with Raman spectra.6 
Analogous series aromaticity degree have been demonstrated for 
aromatic tetrylenes.13,15 According to both methods employed, the 
aromaticity degrees for isomeric pentagermanium compounds 
4a and 4b are nearly equal and represent the smallest ones in the 
series explored. The little difference between structures 4a and 4b 
is not surprising due to their similar molecular orbital patterns.

The phenomenon of aromaticity represents a multidimensional 
property and cannot be measured directly, thus an incongruity of 
qualitative descriptors frequently occurs for various hydrocarbons 
as well.9,16,17 Probably, the discrepancies for the pyramidane 
series are associated with characteristics of the methods employed† 
as well as s-conjugation, because the EDDB approach in some 
instances cannot provide an accurate estimation for the 
s-aromaticity,18 contrary to the GIMIC method.11,19 

The article is dedicated to the cherished memory of Larissa 
A. Leites. This work was supported by the Ministry of Science 
and Higher Education of the Russian Federation.
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Table  2  Amount of delocalized electron in molecules  1–7 (EDDBH) as 
well as their C4 and C4E moieties (EDDBF).

Molecule EDDBH

EDDBF Dissected 
EDDBH

a
C4 C4E

1    [C4(SiMe3)4Ge] 6.05 1.70 3.50 3.45
2    [C4(SiMe3)4Sn] 6.29 1.72 3.60 3.70 
3    [C4(SiMe3)4Pb] 7.70 1.46 3.70 3.86
4a  [Ge4(SiMe3)4Ge] 5.69 1.03 2.78 2.00
4b  [Ge4(SiMe3)4Ge] 5.56 1.04 2.65 1.74
5    [C4(SiMe3)4P+] 4.78 0.89 2.38 2.27
6    [C4(SiMe3)4BCl] 5.96 1.27 2.91 2.43 
7    [C4(SiMe3)4Mg-3THF] 8.06 3.44 3.54 4.05

a Dissected EDDBH represents a sum of NODB1, NODB2 and NODB3 
populations. For comparison, the EDDBH value for p-aromatic cyclobutadiene 
dianion is 4.71 e–.
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Figure  4  EDDB(r) isosurface for structures 1–7 at isovalue range of 
0.007–0.075 e–. C and H atoms are omitted for clarity. 
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