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Abstract: Guided by the 2(N + 1)? electron-counting rule for spherical aromatic molecules, we have designed
various spherical sila- and germa-homoaromatic systems rich in group 14 elements. Their aromaticity is
revealed by density-functional computations of their structures and the nucleus-independent chemical shifts
(NICS). Besides the formerly used endohedral inclusion strategy, spherical homoaromaticity is another
way to stabilize silicon and germanium clusters.

Introduction benzend? and stable silylenéshave been synthesized; sifa-
and germa-benzeré Psilicon-substituted polycyclic systeri,
and silicon and germanium analogues of cyclopropeniuntfons
have been studied theoretically.

However, homoaromaticit$, well-established in organic
chemistry, has received much less attention in sifit@nd
germaniurk’ counterparts. Most recently, theNe¢- 1)2 electron-
counting rule for spherical moleculéshas been employed to
design a series of spherically homoaromatic hydrocarBofan
this rule be applied to group 14 heavier analogues? We are

There has been considerable progress in investigating the
effects of silicon and germanium substitutiaon the aroma-
ticity? of arenes with 4 + 2 -electrons. Among others, sifa-
and germa-aromafie“ ions, stable neutral sila-and germa-
naphthalené,sila-” and germa-anthracefesila® and germa-
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motivated further by the recent focus on silicon and germanium
clusters and their stabilization by endohedrally hosting a metal
aton?® or even a smaller cagé Another driving force may be
aromatic stabilization, as demonstrated by some well-known
Zintl ions including My~ and M4~ (M = Si,Ge)8%long used
mercury amalgar® Al 2~ dianion23 and its analogue¥,and
bimetallic AusZn™.25 Here, we apply the N + 1)? electron-
counting rule to design various spherical sila- and germa-
homoaromatic systems rich in group 14 elements.

Computational Methods

The full geometry optimizations and vibrational frequency analysis
were performed at the B3LYP/6-31G* level of theory. The reported
geometries are local minima, unless otherwise stated. Nucleus-inde-
pendent chemical shifts (NICS, in pptfjvere computed at the centers
of the cages using the GIAO-B3LYP/6-31G* method on the optimized
geometries and were employed to evaluate the mobility of cage
electrons. All of the calculations were carried out with the Gaussian
98 progran¥’

Results and Discussion

Four-Center Two-Electron Systems.Schleyer’s 1,3-dehy-
dro-5,7-adamantanediyl dication {fEl;,°",1)?8 is the best
known 4c-2e spherical homoaromatic system. Replacing the
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Figure 1. Molecular skeletons of four-center two-electron (4c-2e) ho-
moaromatic systems.

Table 1. The Homoconjugative Distances (A), HOMO—LUMO
Gaps (eV), and NICS Values (ppm) at the Cage Center of the
4c-2e Spherical Homoaromatic Systems (See Figure 1)

species X=X gap NICS
1 (CioH122T, Ta) 2.103 6.48 —46.2
2 (CeSigH12T, Ta) 2.885 4.26 —29.2
3 (CeGeyH1 2T, Tg) 3.012 4.39 —33.2
4 (CgH42t, Ty) 1.975 5.77 —33.4
5 (C4SisH4?", Tq) 2.650 3.87 —14.4
6 (SigH4?", Tg) 3.156 3.17 —8.0
7 (GeHA2T, Tg) 3.370 2.81 —8.8
8(Cg?, Ty) 2.067 3.99 —33.6
9 (Sig?", Ta) 2.819 3.25 —18.5
10(Ges?, Ty) 3.050 3.19 —-17.0

carbon atoms by silicon and germanium atoms in the central
C,4 homo-tetrahedron results ins8i;H122" (2) and GGeH1 2"
(3). Their homoaromaticity is confirmed by the computed highly
negative nucleus-independent chemical shift (NREShlues
at the cage center;29.2 and—33.2 ppm, respectively. Most
recently, the aromaticity o2 has also been characterized by
Laali et al?® by the same procedure. The homoconjugative Si
Si and Ge-Ge distances are 2.885 and 3.012 A2irand 3,
respectively (Table 1), as compared with the single Siand
Ge—Ge bond lengths of 2.35 and 2.45 A in the bulk,
respectively.

Substituting the carbon atoms in theg @trahedron in the
cubane-based spherically homaromatic carbon catigbiy-
(4, T)'® results in5 with isolated sp-Si-atoms at opposite
corners. Its aromaticity is evidenced by the homoconjugative
Si—Si distance of 2.650 A in the Sietrahedron, and the14.4
ppm NICS at the cage center. However, we failed to get SCF
convergence for the Ge analogue.

(28) Bremer, M.; Schleyer, P. v. R.; Schoetz, K.; Kausch, M.; Schindler, M.
Angew. Chem., Int. Ed. Endl987, 26, 761.
(29) Okazaki, T.; Galembeck, S. E.; Laali, K. K.Org. Chem2002 67, 8721.
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22. X=Y=C
23 X=5.Y=C
24, X=Ge,Y=C

Figure 3. Molecular skeletons of eight-center eight-electron (8c-8e)
homoaromatic systems.

2.999

3.079 —

25 (D) Ni@25-27 (T)

25 X=Y=C; 26 X=S1, Y=C;
27 X=Ge, Y=C

Figure 4. Molecular skeletons of the strain-free systems.

analogue¥ (see Supporting Information). The most stable
neutral Si isomer%is a distorted bicapped octahedrdiyy),

and a face-capped pentagonal bipyram@) (is the global
minimum for Gg.3% The two extra electrons in & and Gg2~
change the stability order of the neutral cluster isomers, which
further confirms the homoaromatic stabilization from the two

21 GegHL(C)) new z-electrons here because the underlying skeleton is not
Figure 2. The B3LYP/6-31G* optimized spherical homoaromaticity —the most stable.
stabilized silicon and germanium clusters. The isoelectronic species Ofggi and G@Z’, neutral SiM,

and GgM,, as well as SM~ and GgM~ (M = Li and Na)

The fully substituted analoguedand?, based on the cubane  (11-18) are particularly enchanting. They are aromatic, as indi-
framework are also possible. However, the homoconjugative cated by their homoconjugative distances and very significantly
distances in the tetrahedron are much longer (3.157 and 3.370negative NICS values (Figure 2 and Table 2). They also have
A for 6 and7, respectively), and this reduces their aromaticity large HOMO-LUMO gap energies. Moreover, the vertical ion-
(the NICS at the center are8.0 and—8.8 ppm, respectively). ization potentials of $M, and GegM, (M = Li and Na) are si-

Their isoelectronic analoguessX (8—10, Ty) (X = C, Si, milar to that of Go (calc. 7.21 eV at B3LYP/6-31G*; exp. 7.57
Ge) also are homoaromatic (see Figure 1 and Table 1). + 0.01 e\?Y), suggesting their possible existence as viable
Interestingly, thely homoqror_natic isomer8,and10, are much (30) (a) Zhu, X.: Zeng, X. CJ. Chem. Phys2003 118 3558. (b) Li, B. X.
more stable than the dianions of the lowest energy neutral Cao, P. L.Phys. Re. B 200Q 62, 15788.
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Table 3. The Relative Energies (E, kcal/mol, Given with ZPE),

Homoconjugative Distances (X—X, A), HOMO—LUMO Gaps (eV),
and NICS Values (ppm) at the Cage Center of the 8c-8e Spherical
Homoaromatic Systems Based on the Dodecahedrane Framework

(See Figure 3)

species Erel X=X gap NICS
22 (CaoH12, Th) singlet 0.0(0.0) 2249 247 -322
nonet —4.8(82.9% 2.410 -2.9
23(C12SigH12, Th) singlet 0.0 2.991 2.052 —33.0
nonet 53.3 3.030 2.1
24 (C1.GesHiz, Tr)  singlet 0.0 3.045 2.260 —33.7
(> nonet 91.3 3.089 7.4
' § a Energy data in the parentheses are at MP2/6-31G* level with B3LYP/
- X 6-31G* ZPE.
X i Table 4. The Relative Energy (Ere, kcal/mol, Given with ZPE),
e Number of Imaginary Frequencies (NIMAG), Homoconjugative
32. X=Y=Ge, g=4+ Distance (X—X, A), HOMO—LUMO Gap (eV), and NICS Value
33. X=C, Y=B, ¢g=0 (ppm) at the Cage Center of the 8c-8e Spherical Homoaromatic
34 X=Si, Y=B, ¢= Systems Based on the Strain-Rree Cubical Framework (See
35. X=Ge, Y=B, ¢=0 Figure 4)
Figure 5. Molecular skeletons of six-center eight-electron (6¢-8e) ho- species symmetry Ewa NIMAG  X-X  gap  NICS
moaromatic systems. 25 (CaoH22) Th(nonet)y —3.2(70.4f 0  2.259 -2.0
Th 0.0 (0.0% 3 2458 2.00 —15.8
Table 2. HOMO—-LUMO Gaps (eV) and NICS Values (ppm) at Dz —188.3 0 8.57 0.9
the Cage Center of the Homoaromaticity Stabilized Sig and Geg Dan —195.3 0 8.45 —-0.3
Clusters, and the Vertical lonization Potentials (VIP, eV) of the 26(C1zSigHz4)  Th(nonet) 66.5 0 3479 0.5
Binary Metal Clusters (See Figure 2) Th 0.0 3 2.621 2.05 -20.3
Dag —73.4 0 482 -0.9
species gap NICS VIP 27 (C1oGegHz4)  Th(nonet) 101.2 0 3.551 —-0.4
e Th 0.0 3 2.702 3.56 —18.6
11 (SigLi, Cg 3.09 —-211 7.11
12 gsgu-, c;,) 2.81 -20.8 3.06 Dag e ° S0 0.6
13 (SigNa, C) 2.72 -13.8 6.55
14(SigNa, Cy,) 2.10 -16.0 2.83 Dzg a b c
15(GesLiz, Cy) 3.06 —20.7 7.23 25 1.533 2.477 2575
16 (GesLi™, Cy,) 2.78 —20.0 3.19 26 2.214 3.140 2.925
17 (GesNap, Cy) 2.69 —-11.8 6.34 27 2.307 3.190 2.992
18 (GeNa~, Cy,) 2.10 —14.2 2.78
19(CgHa, Cy) 3.82 -27.0 Dar a b
20 (SigH2, Cy) 2.85 —-18.2
21 (GegH,, Cy) 2.59 -19.3 25 1.526 2.549

a Energy data in the parentheses are at MP2/6-31G* level with B3LYP/

species. These data strongly suggest that spherical homoaro® 31C" ZPE.
maticity is another way to stabilize silicon and germanium ) .
clusters, besides the endohedrally doping strategy used bePPM at the cage center suggests delocalized bonding. Mode
fore20.21 following of the first imaginary frequency leads to a true

The neutral nonclassical hydroadducts are also interesting. Minimum with D¢ symmetry, which is 188.3 kcal/mol more
The 1,3-minimal9—21 (Figure 2 and Table 2), are more stable Stable tharg5. Its classicaDa, isomer, also a local minimum,
than the 1,2- and 1,4-minima (see Supporting Information) has even lower energy (Table 4). However, these lower
because only 1,3 substitution is compatible with the homoaro- Symmetry minima are nonaromatic as indicated by their NICS
macitity. The NICS values at the pseudigsymmetrical % cage values. The nonet state @b is a local Ty minimum, but its
centers;—27.0 (GHy), —18.2 (SgHy), and—19.3 ppm (GgHy), energy is much higher than the best singlet. These DFT
confirm that they are truly neutral homoaromatic systems. computations agree well with Hoffmann’s conclusion based on

Eight-Center Eight-Electron Systems. Substituting the  the extended Hekel computationg?
carbon atoms in the conjugated carbon cube in the homoaromatic The same situation holds true for its silico@6f and
CaoH12 (22, Tr)!® leads t023 and24. As expected, the neutral
eight-center, eight=electron (8c-8e) specie®3 and 24 are
highly aromatic, as indicated by the very negative NICS of
—33.0 and—33.7 ppm, and the homoconjugation distances of
2.991 and 3.045 A, respectively (Table 3). Moreover, the much
greater stability of the singlets to their high-spin nonet states
(by 53.3 and 91.3 kcal/mol at MP2/6-31G*) also indicates the
high stabilization energies &3 and 24. “strain-free cubical octaradical”. Nickel endohedrally complexed

The “strain-free cubical octaradicalP5 (Ti) proposed by in the cage realizes the closed valence 18-electron shell and
Hoffmann et af2is an interesting counterpart. However, singlet Stabilizes theT, symmetrical strain-free cage. All of th&,
25(Ty) is not a local minimum, even though the NICS-615.8 symmetrical nickel complexes are local minima, with large
HOMO—-LUMO gaps (3.00, 5.10, and 4.65 eV, for NE&
Ni@26, and Ni@7, respectively). There are also strong
interactions between Ni and the cubical atoms, their distances

germanium 27) analogues: th&, symmetry aromatic singlets
are higher order saddle points (NImag3), which distort to
their more stable but nonaromatid,q isomers; theT, sym-
metrical high spin nonets are much higher in energy and are
nonaromatic.

However, it is possible to stablize the high symmetrical

(31) Yoo, R. K.; Ruscic, B.; Berkowitz, J. Chem. Phys1992 96, 911.
(32) Hoffmann, R.; Eisenstein, O.; Balaban, A.Proc. Natl. Acad. Sci. U.S.A.
198Q 77, 5588.
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Table 5. The Homoconjugative Distances (X—X, A), Concluding Remarks
HOMO—-LUMO Gaps (eV), and NICS Values (ppm) at the Cage

Center of the 6¢c-8e Spherical Homoaromatic Systems (See

Guided by the 2{ + 1)2 electron-counting rulé3°we have

Figure 5) designed a series of spherical sila- and germa-homoaromatic

species X=X gap NICS systems. Their significant homoaromaticity has been demon-

28 (CacHa*, To) 2207 4.69 586 strated by the highly negative NICS values at their cage centers.

§3§8“2‘6“§4I¢T$’) g-ggé %-3471 *ig-é These novel homoaromatic compounds with well-delocalized
4G6sM4"T, g . . —lo. H : :

31 (SigHa*, To) 3759 255 254 electrons in the heavier group 14 elements present new synthetic

32 (GegHaA, Ty) 3.760 2.84 —32.9 targets, in particular the spherical homoaromaticity stabilized

33(CeBaHs, To) 1871 /.28 ~38.0 silicon and germanium clustersgBi, and GgM, (M = Li and

34 (SigB4Ha, To) 2.958 3.48 —41.6 2 2

35 (GesBaHa, To) 2.974 3.84 —-42.5 Na). Moreover, several precursors are available such as the

derivatives of 1,3,5,7-tetrasilaadamant&nas well as the

polyhedral silicon and germanium compoundsgRgt* and

are 2.047 (NC), 2.312 (Ni-Si), and 2.398 A (Ni-Ge), GeyRg.340:35

respectively, in Ni@5, Ni@26, and Ni@27. Acknowledgment. This paper is dedicated to Prof. Panwen
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A, and the NICS values at the cage centers-¢t@.1 and—18.6 Sports, Science, and Technology of Japan. We thank Prof. R.
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degree of electron delocalization (Table 5). discussions.

The fully inorganic cages GH4*" (31, Tq) and GegHs*"
(32, Ty) are also highly aromatic (NICS25.4 and—32.9 ppm,
respectively). Although the distances between the heavier atom
(3.759 and 3.760 A, respectively) are quite long, the silicon
and germanium orbital radial extensions are larger than carbon'’s,
and the 6¢-8e systems are effectively homoaromatic, following JA038005U

the 2(N + 1)2 rule!® for spherical aromaticity. (33) (a) Frye, C. L.; Klosowski, J. M.; Weyenberg, D. R.Am. Chem. Soc
o ) . ) 197Q 92, 6379. (_b) Homer, G. D.; Sommer, L. 3. Am. Chem. So4973
More realistic synthetic targets than the tetracations are their 95, 7700. (c) Fritz, GAngew. Chem., Int. Ed. Endl987, 26, 1111. _
(34) (a) Matsumoto, H.; Higuchi, K.; Hoshino, Y.; Koike, H.; Naoi, Y.; Nagai,

Supporting Information Available: Total energies and zero-
point energies, and structures and relative energiessof &nd
Ge?~ isomers, as well as gBl,, SigH», and GegH, isomers

S(PDF). This material is available free of charge via the Internet
at http://pubs.acs.org.

neutral isoelectronidq analogues. Similar to §84Ha (33, Ta), Y.'J. Chem. Soc., Chem. Comma88g 1083. (b) Sekiguichi, A.; Yatabe,
SisB4H4 (34, Ty) and GegB4H4 (35, Ty) have even larger NICS T.; Kamatani, H.; Kabuto, C.; Sakurai,.H. Am. Chem. Sod992 114

. . 6260. (c) Matsumoto, H.; Higuchi, K.; Kyusin, S.; Goto, Mhgew. Chem.,
(—41.6 and—42.5 ppm, respectively) at the cage center; the Int. Ed. Engl.1992 31, 1354.

i i i (35) (a) Unno, M.; Higuchi, K.; Furuya, K.; Shioyama, H.; Kyushin, S.; Goto,
homoconjugative separations are 2.958 and 2.974 A, respec M. Matsumoto, H Bull. Chem. So¢. Jp@000 73, 2093, (B) Schrepf, A.

tively. Koppe, R.Angew. Chem., Int. E®003 42, 911.
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