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Abstract

This account is devoted to the problem of aromaticity in the chemistry of heavier Group 14 elements: namely cyclic compounds
including Si and Ge atoms in the ring. Three-membered, five-membered and six-membered ring systems, possessing aromatic
character are described. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Aromaticity is one of the basic concepts in chemistry
[1]. After the discovery of benzene and its derivatives,
the chemistry of aromatic compounds quickly became
an independent, intensively studied and very important
field of organic chemistry for fundamental research and
industrial applications. Although aromaticity has been
extensively studied for more than a century, there is still
no generally acceptable definition. One of the most
significant features of aromatic compounds was recog-
nized as the existence of a cyclic structure with a
delocalized system of (4n+ 2) m-electrons. The most
general point of view on aromaticity combines the
geometric (bond length equality), energetic (aromatic
stabilization energy) and magnetic (diamagnetic suscep-
tibility exaltations and nucleus-independent chemical
shifts) criteria [2].

Aromaticity in the chemistry of Group 14 elements
heavier than carbon, sometimes called ‘metalloaro-
maticity’, is quite a new field of research, which has
developed rapidly in recent years. Aromatic compounds
of this type include three-, five- and six-membered ring
systems, based on cyclopropenium type cations, cy-
clopentadienide type anions and benzene type struc-
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tures, respectively. Compounds of these types will be
considered in the present account from the point of
view of aromaticity.

2. Three-membered ring systems

The cyclopropenium cation, possessing a Hiickel-type
aromatic 2 m-electron system, is the simplest and
smallest aromatic compound. Due to its resonance
stabilization, this compound is relatively stable despite
the very large ring strain [3]. Although the chemistry of
the cyclopropenium cation is well established now,
heavy analogues of this compound consisting of Group
14 elements were unknown until quite recently. Theo-
retical calculations on the stability of Aj;H; cations
(A=C, Si, Ge, Sn, Pb), performed by Schleyer et al.
[4], predicted a preference for the classical cycloprope-
nium cation structures with D, symmetry for the car-
bon and silicon cases, whereas C;, hydrogen-bridged
forms were expected to be favored for germanium, tin
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Fig. 1. Crystal structure of (‘Bu;SiGe);-TPB~ (2).

and lead. In fact, after many experimental efforts, the
first free germyl cation with a 2 m-electron system was
reported by Sekiguchi et al. in 1997 as a classical
cyclopropenium cation type structure [5]. Tris(tri-zert-
butylsilyl)cyclotrigermenium  tetraphenylborate  (2),
[(‘Bu;SiGe); -'TPB~] (TPB—, tetraphenylborate), was
prepared by the treatment of tetrakis(tri-zert-butylsi-
Iyl)cyclotrigermene (1) [6] with trityl tetraphenylborate
in dry benzene and was isolated as air- and moisture-
sensitive yellow crystals (Scheme 1).

The physical and spectroscopic properties of 2 are
consistent with the assigned structure, which was subse-
quently confirmed by X-ray crystallographic analysis
(Fig. 1). The three germanium atoms form an equilat-
eral triangle (Ge-Ge distances: 2.321(4)-2.333(4) A,
and Ge-Ge-Ge bond angles: 59.8(1)-60.3(1)°). The
Ge-Ge bond lengths observed for 2 are intermediate
between the Ge=Ge double bond (2.239(4) A) and the
Ge-Ge single bond (2.522(4) A) of the precursor 1.
Silicon atoms of the ‘Bu;Si groups attached to the
germanium atoms are approximately in the same plane
as the three-membered ring. The distances between the
germanium and boron atoms range from 6.941(3) to
9.695(3) A. The closest distance between germanium
and aromatic carbon atoms of TPB~ is greater than 4
A, well beyond the range of any significant interaction.
These structural features indicate that 2 is a cyclotriger-
menium ion and that it is a free germyl cation with a 2
n-electron system. The aromatic stabilization of the
cyclotrigermenium ion and the charge delocalization

explain the observed lack of any close interaction with
the counter anion.

However, the problem of the TPB~ is its chemical
instability [7], because 2 can survive in a solution of
dichloromethane only at temperatures below — 78°C.
[3,5-(CF;),C¢H;,B—  (TFPB—, tetrakis{3,5-bis(tri-
fluoromethyl)phenyl}borate) [8], (CcF5),B~ (TPFPB—,
tetrakis(pentafluorophenyl)borate) [9] and [4-(‘BuMe,-
Si)C¢F,]sB~ (TSFPB—, tetrakis{4-[tert-butyl(dimethyl)-
silyl]-2,3,5,6-tetrafluorophenyl} borate) [10] are known
to be stable borate anions. These counter anions should
increase the stability of the resulting cyclotrigermenium
ion. Therefore, the reaction of ‘Bu;E-substituted cy-
clotrigermenes 1 (E =Si) [6] and 3 (E = Ge) [6] with
Ph,C*-TFPB~, Ph,C*-TPFPB~, and Ph,C*-TSFPB—,
producing [(‘Bu;EGe); “TFPB ], [(‘Bus;EGe); ‘TPFPB ],
and [(‘Bu;EGe);-TSFPB~] (E = Si, Ge), were examined
[11]. The resulting germyl cations can survive for exten-
sive periods without decomposition both in solution
and in the solid state.

Synthesis of germyl cations was carried out under an
inert atmosphere using Schlenk and high vacuum line
techniques. Dry oxygen-free benzene was introduced by
vacuum transfer to a mixture of (“Bu;Si),Ge; (1) and
Ph,C*-TFPB~, and the mixture was stirred at room
temperature to form (‘Bu;SiGe); - TFPB~ (4), which
was isolated as a yellow powder in 81% yield. The
reaction of 3 with Ph;C*-TFPB~ in benzene also pro-
ceeded to give (‘BuyGeGe); - TFPB~ (5) in 76% yield.
Similar to that of Ph;C*-TFPB~, the reaction of 1 and
3 with Ph;C*TPFPB~ in benzene produced
(‘Bu;SiGe); ' TPFPB~ (6) (80%) and (‘Bu;GeGe); -
TPFPB~ (7) (80%), respectively. The reaction of 1 with
Ph,C*-TSFPB~ produced (‘Bu;SiGe); " TSFPB~ (8) as
orange crystals in 88% yield (Scheme 2).

The molecular structure of 4 is shown in Fig. 2. The
three-membered ring consisting of germanium atoms is
almost an equilateral triangle, as determined by the
internal bond angles of 59.79(3) to 60.28(3)°. The
Ge-Ge distances of the three-membered ring are almost
equal, ranging from 2.3284(8) to 2.3398(8) A (av.
2.3333(8) A). The three silicon atoms are nearly copla-
nar with the central three-membered ring. The bond
lengths of the Ge-Si bonds (Gel-Sil, 2.425(1);
Ge2-Si2, 2.442(1); Ge3-Si3, 2.444(1) A) of 4 are short-
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ened compared with those of 1 [6] (2.629(7) A for the
Ge-Si bond length of sp®> Ge atom and 2.448(7) A for
the Ge-Si bond length of sp®> Ge atoms). The perspec-
tive view appears to show a weak electrostatic interac-
tion between the germanium and fluorine atoms. The
three closest distances range from 3.823 to 5.097 A,
however, these distances are longer than the sum (3.57
A) of the van der Waals radii for germanium and
fluorine atoms [12]. Undoubtedly, CF; groups of the
counter anion are sufficiently remote from the germa-
nium center to preclude any covalent interaction.
X-ray diffraction data were also obtained for 8. Due
to the steric bulkiness of the ‘BuMe,Si group attached
to the para positions of the phenyl rings of the borate
anion, no interaction between the cation moiety and the
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Fig. 3. Crystal structure of (‘Bu;SiGe); - TSFPB~ (8).
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counter anion can be found (Fig. 3). As a consequence,
the skeleton of the three-membered framework forms
an equilateral triangle; the Ge-Ge bond lengths are
2.3310(8) for Gel-Ge2, 2.3315(7) for Gel-Ge3, and
2.3349(8) A for Ge2-Ge3, and the Ge-Ge-Ge bond
angles are 60.10(2) for Ge2-Gel-Ge3, 59.96(2) for
Gel-Ge2-Ge3, 59.94(2)° for Gel-Ge3—-Ge2. The struc-
tural features for 4 and 8 are practically the same as
those of 2 [5].

The evidence for the existence of the free cyclotriger-
menium ion in solution was supported by the NMR
spectroscopic data. The 'H-, 3C-, and ?Si-NMR chem-
ical shifts for the cyclotrigermenium moiety of 4, 6 and
8 in CD,Cl, are practically the same. For example,
»Si-NMR chemical shifts of 4, 6 and 8 are independent
of the counter anion. The ??Si-NMR chemical shift of 4
is also essentially the same in different solvents, appear-
ing at 0 = 64.0 in CD,Cl,, 6 =64.2 in CDCl,, 6 =64.4
in toluene-dg, and 6 = 64.5 in Et,0. This independence
from both the counter anion and solvent clearly indi-
cates that (‘Bu;SiGe); is a free germyl cation in
solution.

The large downfield shifted **Si-NMR resonance of
(‘Bu;SiGe);, relative to that of the precursor 1 (0 =
37.2 for ‘Bu,Si attached to the saturated Ge atom and
50.1 for ‘Bu,Si attached to the Ge=Ge double bond) [6],
is due to the positive charge of the cyclotrigermenium
ion. The positive charge is not localized on the germa-
nium atoms, but is significantly transferred to the sili-
con centers. The atomic (Mulliken) charges on
(H5SiGe); according to HF/6-31G* level calculations
indicate a delocalization of the positive charge; — 0.07
for the ring germanium atoms, + 0.64 for the silicon
atoms of the SiH; substituents.

3. Five-membered ring systems

There is current interest in the synthesis of heavier
Group 14 element analogues of the cyclopentadienyl
anion, which is well known as a classical example of a
6 m-electron aromatic compound. Recent experimental
[13,15,17-24] and theoretical [2a,2b,14,16,17,19] inves-
tigations have established that aromaticity of the heav-
ier Group 14 element analogues of the cyclopentadienyl
anion strongly depends on the nature of the counter
cation and substituents. Not all metallole anions and
dianions are aromatic.

Although the first generation of the tetraphenylsilole
dianion was described in 1990 [20], the detailed study of
silole systems, which showed the tetraphenylsilole anion
to be an aromatic species, was performed several years
later. Thus, reduction of bis(silole) with sodium (or
lithium) in THF at room temperature under ultrasonic
activation produced a dark purple solution of the silole
anion (Scheme 3) [13]. NMR data of this anion showed
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Fig. 4. Crystal structure of Li,[(PhC),Si]:5 THF (10) (Ref. [17]).
Reprinted with permission from the Journal of American Chemical
Society.

Fig. 5. Crystal structure of Li,[(PhC),Ge]5 dioxane (11a) (Ref. [19]).
Reprinted with permission from VCH Publishers.

evidence for an appreciable charge transfer from the
silicon atom into the ring. The most significant observa-
tion is deshielding of the silicon atom; a downfield shift
in ?Si-NMR of 9b by 6 =22.5, compared with the
starting bis(silole). This fact, and also the shielding of
the C, and C; atoms of the five-membered ring, indi-
cate an appreciable delocalization of the negative
charge in the ring, that is, significant aromatic character
of the silole anion species. These tendencies have been

well reproduced by theoretical calculations of the chem-
ical shifts for the parent compound [SiC,H,]Li [14].
Silole dianion 10, which was generated by the reac-
tion of dichlorotetraphenylsilole with lithium in THF
under ultrasonic activation [15], has a large downfield
shift (Ad = 61.7) in the ?*Si-NMR relative to the start-
ing dichlorosilole (Scheme 4). As in the previous case,
upfield shifts of the C, and C; atoms of the cyclopenta-
dienide ring were observed. All of these NMR data
gave the strong evidence for the significant aromatic
nature of the silole dianion 10, which is also supported
by calculations [16] showing that the silole dianion
species is more aromatic than isoelectronic phosphole
and thiophene systems and even approaches the aro-
maticity level of the cyclopentadienyl anion. Further
proof for this suggestion was obtained from the X-ray
crystallography data [17], which showed the silole ring
in 10 to be planar with nearly equal C—C distances, as
is expected for a delocalized system (Fig. 4).
However, the arrangement of the two lithium atoms
was quite different from the calculated structure [17];
one of the lithium atoms is n°-coordinated to the silole
ring, whereas another one is n'-bonded to the silicon
atom, although theory predicted a symmetrical n°-n’
structure to be thermodynamically more favorable by
21 kcal mol ~!. Such a contradiction may be a result of
solvation of lithium ions by THF as well as crystal
packing forces, which could reverse the stability order.
In contrast, the aromatic 18-crown-6 complex of
[Me,C,Si]K,, which was prepared by the reaction of the
corresponding dibromosilole with potassium metal in
THF in the presence of 18-crown-6 [18], adopts the
‘inverse sandwich’ structure in the solid state with n°-n?
coordination of both potassium atoms. It is interesting
that germole dianion 11 [19], for which a delocalized
structure was established on the basis of the *C-NMR
spectrum [21], exhibited two different types of Li-coor-
dination, as was shown by X-ray crystallography. Crys-

Fig. 6. Crystal structure of Li,[(PhC),Ge]5.5 dioxane (11b) (Ref.
[19]). Reprinted with permission from VCH Publishers.
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tallization of 11 from dioxane at — 20°C produced
yellow crystals of the symmetrical m°-n° structure
Li,[(PhC),Ge]5 dioxane 11a (Fig. 5), whereas crystal-
lization at room temperature produced orange crystals
of Li,[(PhC),Ge]-5.5 dioxane 11b (Fig. 6) with the n'-n°
structure. In both structures 11a and 11b, the m-elec-
trons are highly delocalized on germole ring, which
leads to a nearly planar five-membered ring and equal
C—C bond lengths. Such structures are in good agree-
ment with the calculated geometries for the model
compound Li,(H,C,Ge) [19].

Quite recently, some new examples of aromatic silole-
and germole-based anionic species have been reported.
Thus, reduction of dichlorosilaindane with lithium or
sodium metals cleanly produced the corresponding
lithium and sodium salts of the silaindenyl dianion,
which has aromatic character in the five-membered ring
according to *C- and *Si-NMR data [22]. X-ray anal-
ysis also revealed n'-n’ coordination of lithium atoms
to the five-membered ring as was previously found for
silole and germole dianions. An unusual example of the
tetracthylgermole dianion coordinated with three
lithium cations, in which two lithium atoms are n3-co-
ordinated and one lithium atom is n'-coordinated with
the germole ring [n’-Li-TMEDA]n-Li],,[n'-Li], -
[Et,C,Ge], has been described [23]. This compound also
exhibits significant aromatic character, according to
I3C-NMR and X-ray data. Some examples of transition
metal complexes, incorporating silole or germole units
as ligands, have also been reported as having an aro-
matic character [24,25].

4. Six-membered ring systems
4.1. Silicon-containing benzene and naphthalene

Silaaromatic compounds such as sila- and disilaben-
zenes have been proposed as highly reactive intermedi-
ates during several last decades [26], although no direct
evidences have been reported. The closest approach for
a ‘stable’ silabenzene was reported by Mérkl et al., who
synthesized 1,4-di-terz-butyl-2,6-bis(trimethylsilyl)sila-
benzene [27]. However, this compound was stable only
below — 100°C. Nevertheless, numerous theoretical cal-
culations of sila- and disilabenzene molecules [28] have

predicted a delocalized structure and considerable aro-
maticity (~ 80% of benzene aromaticity from the en-
ergy criterion [29]). That gave a chance for synthetic
chemists to prepare stable silaarenes by the introduc-
tion of very bulky substituents, which could suppress
the high reactivity of silaarenes. In fact, this approach
was successfully realized by the Tokitoh and Okazaki
group, who reported the stable 2-silanaphthalene [30] in
1997 and stable silabenzene [31] in 2000. These com-
pounds were synthesized using kinetic stabilization as a
result of using extremely bulky Tbt (2,4,6-tris[bis-
(trimethylsilyl)methyl]phenyl) [32] and Bbt (2,6-bis-
[bis(trimethylsilyl)methyl] - 4 - [tris(trimethylsilyl)methyl]-
phenyl) [33] groups. For the synthesis of 2-silanaph-
thalene 13 [30,34], the corresponding bromosilane 12
was selected as a possible precursor. Treatment of
bromosilanes 12 with an equivalent amount of ‘BuLi in
hexane resulted in the formation of the expected 2-
silanaphthalenes 13a,b as colorless crystals, which were
characterized by low-field *Si-NMR resonances (13a:
0 =287.3, 13b: 6 =86.7) (Scheme 5).

2-Silanaphthalenes are moisture-sensitive, but very
thermally stable in the solid state or even in solution up
to 100°C. Aromaticity of 2-silanaphthalenes was evalu-
ated on the basis of NMR, UV and Raman spectra
[34]. Thus, for example, it is well known that the
coupling constants of two adjacent atoms can serve as
a good index for the estimation of the bond order [35].
Values of about 50 Hz are typical for Si—C single bonds
[35], whereas values of 83-85 Hz were reported for
Si=C double bonds [36]. For 2-silanaphthalene 13a,
Jgi o1 and Jg 3 were found to be 92 and 76 Hgz,
respectively; both values are much larger than those for
Si—C single bonds, therefore it is reasonable to suggest
double bond character for these Si—-C bonds as in the
case of naphthalene. 2-Silanaphthalene 13a exhibits
three absorption maxima at 267 (¢ 20 000), 327 (¢ 7000)
and 387 (¢ 2000) nm in hexane. Despite the red shift,
these bands clearly correspond to the E1, E2 and B
bands of naphthalene. 2-Silanaphthalenes are not only
aromatic compounds, but they also contain the silene
fragment in the molecule. Indeed, despite the great
steric congestions, the Si=C double bond still has en-
hanced reactivity. Thus, 2-silanaphthalene smoothly
undergoes addition of D,0 and MeOH. Cycloaddition
reactions with benzophenone, mesitonitrile oxide and
2,3-dimethyl-1,3-butadiene produced the corresponding
adducts.

Another representative of stable silaaromatic com-
pounds — the simplest arene analogue: silabenzene,

- 'BuLi - -
SiC)TBt ——— Si-Tot  + Si(H)Tbt
@ cyclo-CgHio \ 7/ Q o

14 15 16

Scheme 6.
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was prepared quite recently by using the same protect-
ing Tbt group [31]. Reaction of 14 with ‘BuLi in
cyclohexane afforded two products, one of them was
identified as silabenzene 15 (¥Si-NMR: §=92.5 in
cyclohexane-d;,) together with silacyclohexadiene 16
(Scheme 6).

Silabenzene 15 was trapped by benzophenone to
afford [4 + 2] cycloadduct 17 (Scheme 7). Such behav-
ior is quite different from that of 2-Tbt-2-silanaph-
thalene 13a, which reacted only as an isolated Si=C
double bond system and does not exhibit any diene

type reactivity [30,34]. Silabenzene 15 also reacted with
methanol to form a mixture of two adducts 18 and 19
in a 3:2 ratio.

The aromatic character of silabenzene 15 was estab-
lished by NMR data [31]. Thus, the ?°Si-NMR reso-
nance of silabenzene 15 (6 = 92.5) is close to that of the
above mentioned aromatic 2-silanaphthalene 13a (6 =
87.3). The coupling constant 'Jg value (83 Hz) of
silabenzene 15 for a Si—C bond in the ring lies between
the two 'Jg, values for 2-silanaphthalene 13a (92 and
76 Hz). The 'Jg value of silabenzene 15 is also almost
the same as that of Brook’s silene (Me;Si),Si=
C(Ad)OSiMe; (84 Hz) [36]. The Si:C bond length in
the ring was calculated to be 1.777 A, which is interme-
diate between Si—C single and Si=C double bond
lengths and similar to the average calculated value of
the two Si—C bond lengths of 2-silanaphthalene (1.750
and 1.791 A).

4.2. Silicon-containing benzene valence isomers

There are some examples of the silicon-containing
Dewar benzenes (hexasila-Dewar benzene and 1,4-dis-
ila-Dewar benzene). Hexasila-Dewar benzene was ob-
tained upon the photochemical isomerization of
hexasilaprismane 20 [37], which in fact is also a hexasi-
labenzene valence isomer. The compound 20 was pre-
pared by the dechlorinative coupling reaction of
tetrachlorodisilane RSiCL,—SiCL,R or RSiCl; (R =2,6-
Pr,C¢H;) with Mg—MgBr, in THF [37] (Scheme 8).
Hexagermaprismane derivatives, which are valence iso-
mers of hexagermabenzene, were also synthesized [38].

Hexasilaprismane was isolated as orange crystals,
which are quite stable in the solid state even upon

/I\ T:S?T ; hv (= 340 - 380 nm) E TitSL_Ti g\(
B T EE——
Si—|—S‘\ hv (A>460nm) or A S'—”— Si
Soven- TR 5
20 2

1

Scheme 9.
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prolongated exposure to air. The structure of hexasi- Acknowledgements

laprismane was established by X-ray crystallography
[37], which showed that the molecule has a slightly
distorted prism structure with two triangular and three
rectangular units (Fig. 7).

Irradiation of hexasilaprismane 20 at low temperature
with light of wavelength 340—380 nm caused the forma-
tion of three new absorption bands at 335, 455 and 500
nm in UV-vis spectrum, attributable to hexas-ila-
Dewar benzene 21 (Scheme 9). Such isomerization is
reversible and upon irradiation of hexasila-Dewar ben-
zene 21 with light of wavelength longer than 460 nm,
starting hexasilaprismane 20 was regenerated. Hexasila-
Dewar benzene 21 is stable at — 150°C, but gradually
reverted to hexasilaprismane 20 upon warming up [39].
The half-life is #,, =0.52 min at 0°C in 3-methylpen-
tane. The activation parameters for the isomerization
were estimated as E, =13.7 kcal mol~!, AH*=13.2
kcal mol~! and AS*= —17.8 cal K~! mol ..

Disila-Dewar benzene 22 was generated by the ther-
molysis of bis(silirene) 23 at 100°C in C;D, together
with 2,5-dimethyldisilabenzvalene 24, which is another
valence isomer [40] (Scheme 10). The structure of 1,4-
disila-Dewar benzene was established by X-ray crystal-
lography, which showed that the central Si-Si bond
length is short (2.244-2.248 10\) in comparison with
1,2-disilacyclobutenes (2.344-2.359 A) [41], and even
disilacyclopropane (2.272 A) [42].

5. Conclusion

Great success has been achieved quite recently in the
synthesis and characterization of aromatic compounds
containing heavier Group 14 elements, although even
just a few years ago such compounds would have been
considered inaccessible. The aromatic nature of these
compounds has been established by physico—chemical
methods and supported by theoretical calculations,
bringing a new important impact on our understanding
of the question of aromaticity. The number of aromatic
compounds of heavier Group 14 elements is still very
limited and significant progress can be expected in this
chemistry in the near future.
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