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Abstract

The synthesis, structures, and physical and chemical properties of mono- and dianions of group 14 metalloles (1-metallacyclopentadiene),
heavier congeners of the cyclopentadienyl anion, are described. Dianions of metalloles have a substantial aromatic character owing to strong
participation of divalent resonance forms and the silole anion shows different degrees of aromaticity depending on the substituent, but there
is no evidence for aromaticity in the germole anion. Dianions of benzannulated metalloles have more aromatic character in the metallole ring
than in the benzene ring. The synthesis and characterizatighsifolyl andn>-germolyl metal complexes, analogs of ferrocene, and their
unique reactivity are also described.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Cyclopentadienyl anion; Aromaticity; Metal complexes

1. Introduction

* Corresponding author. Tel.: +81 48 858 9029; fax: +81 48 858 3700. The five-membered heterocyclic diengssuch as pyr-
E-mail addressmasaichi@chem.saitama-u.ac.jp (M. Saito). role, furan, and thiophene have played an important role in
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Plate 1.

heterocyclic chemistry. The rings are generally named hete-
rocyclopentadiene, heteroles, or metalloles according to the
non-metallic or metallic character of E. Derivatives of pyr-
role, furan, and thiophene, so-called heteroaromatic com-
pounds, are well investigated as building blocks of electrical
conductors as well as natural products. Cyclopentadienyl an-
ion 2, a conjugated base of cyclopentadiene, is a well-known
aromatic species and is widely used as a ligand in transition
metal complexes such as ferroceh@late J.

Since the first isolation of stable compounds with=Sn
[1], SESi [2], and R=P [3] bonds, a large number of sta-
ble compounds having a double bond containing heavier
group 14 elements have been reported and many compre-
hensive reviews have been published (For examples of re-
views, see[4]). The study of delocalizedr-systems con-
taining these bonds is of interest because of expected new
chemical and electronic properties. Very recently, the syn-
thesis of anions and dianions of group 14 metalloles, heav-
ier congeners of the cyclopentadienyl anion, has received
much attention. A few reviews on anionic and coordination
species of group 14 metalloles have already appeiied
The present review is focused upon a historical survey of
the chemistry of anions and dianions of group 14 metalloles
from the standpoint of aromaticity together with our recent
work on the synthesis and reactions of stannole mono- and
dianions.

2. Earlier studies
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Fig. 1. Comparison of calculated structuresl®fa and 12 (RMP2(fc)/6-
31G** level, bond lengths in angstroms, angles in degrees).

The first silacyclopentadienyl anion was prepared by
Gilman in 1958 [6]. After treatment of 5,5-dimethyl-
bi(5,5-dibenzosilole} with lithium, the resulting mixture
was allowed to react with dimethyl sulfate to afford 5,5-
dimethylbenzosilol®, suggesting the formation of interme-
diary dibenzosilole anio6 (Scheme L

3. Theoretical studies on metallole anions

Theoretical calculations using RMP2(fc)/6-31G** level
[8] showed that the silole anidiDahas a strongly flattened
pyramidal silicon center (angle sum 32%).6elative to Siky~

The first synthesis of a germole anion was reported by (RMP2/6-31G**, angle sum 28923 (Fig. 1). The inversion

Curtisin 196717]. Reaction of 1-phenylgermolewith butyl-
lithium gave a bright red solution. Treatment of the result-
ing solution with chlorotrimethylsilane afforded 1-phenyl-1-
trimethylsilylgermole8. Thus, the bright red color was as-
cribed to germole aniofl (Scheme 2 In earlier studies, the
generation of such anionic species was evidenced by trapping
experiments. The electronic properties of these anions were
not clarified by these studies.

barrier (from10ato 10b) is low, 3.8 kcal/mol Plate 3. The
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14a (C) 15a (C) of planar metallole anions (). Bond lengths are given in angstroms.

Fig. 2. Optimized geometries (B3LYP/6-31+G* (C, H), /LanL2DZdp (E))

of metallole anions (€). Bond lengths are given in angstroms and angles in Ph ’h 'Bu Ph Ph Ph Ph
degrees. = Si \S_ = 2M [\S\
1 1 —_—Th<—

, _ ~/\, = M=LiorNa T0 g2 “Ph

bond length difference between €Cg and G—Cg in 10a Pho A, "Bu g b | .
o . . .. . . I

(0.034A) is 5|gn|flcantly reduced relative to that in the neu- Bu M
tral 11 (0.124A) suggesting that the negative charge in the 17 16

ground state ofil0a should be delocalized. The anidfa
exhibits a large Julg parametek € 0.971), while that ofl1
is 0.608[9,10]. The coordination of lithium to the silole ring
influences the structure. The silicon environment in lithium silole anion16 was accomplished by the reduction of bi(1,1-
silolide 12is significantly less pyramidal than thatifaand silole) 17 with alkali metal Scheme R
the sum of the angles at silicon increases by 187g. 1). The 29Si NMR chemical shift of16 was observed at
The G-C bond lengths have nearly the same length=( 26.12ppm, a large downfield shift compared to that of
0.9996). Consequently, lithium coordination enhances delo- 17 (3.62 ppm), although upfield shifts were reported when
calization in the silole ring. The aromatic stabilization energy organosilanes were converted to silyl anifir8. Such down-
(denoted as ASE hereafter)12 corresponds to 80% of that ~ field shifts were also observed in phospholyl anions. THeir
computed for LTCsHs~, whereas ASE inOais 55% of that resonances are located at 60—80 ppm, downfield compared to
for CsHs ™. those of neutral phospholes, reflecting the delocalization of

Comprehensive work on the calculation for metallole an- the negative chargi4]. The downfield resonance @6 in
ions was later reportefll1]. Pyramidality at the trivalent  2°Si NMR would be ascribed to the diffusion of silicon p-
Group 14 elements in the metallole anion with §ymme- orbitals and/or delocalization of the negative charge into the
try increases as the element goes from C to Pb with de-butadiene moiety, so as to show aromatic®ate 3. The
creased conjugation and increasedChond length alter-  contribution of resonance forms would result in the increase
nations Fig. 2). of m-electron density oa- andp-carbons to affect th&C

The inversion barriers of £to Cy,y increase from C to  chemical shifts. In fact, thé3C NMR signals assigned to
Pb, although they are lower than those of the correspondingthese carbon centers were observed upfield of those from the
dimethyl anions. Relative to the dimethyl anions, the inver- starting material.
sion barriers of Gto Cyy are more substantially reduced for C-Alkylated silole anions were also synthesized and char-
Si (26.6 kcal/mol) and Ge (25.9 kcal/mol) than those for Sn acterized15,16] Nucleophilic cleavage of an-Si bond of
(18.4 kcal/mol) and Pb (20.1 kcal/mol). The isodesmic stabi- 1,1-bis(trimethylsilyl)silolel7 with benzylpotassium in the
lization energies of the planabEanions are lower thanthose  presence of 18-crown-6 gave C-methylated silole adi@n
of the pyramidal G anions, and hence the planar structures The2°Si NMR resonance fot8 (—41.52 ppm) is shifted up-
have higher aromatic character than the pyramidal structuresfield relative to the corresponding resonance of the parent
(Fig. 3. silole 17 (—34.26 ppm) and appears in the region expected

4. Synthesis and structures of silole anions Phl_\gih PTZ=§\P“ PEL_\ST
- -
Ph
Ph'\q, 7 Ph Ph™NgZph si” ~Ph
| | {I

Scheme 3.

4.1. Silole anions i
] ] ) ) ) ‘Bu 'Bu Bu
The first NMR characterization of a silole anion was re-

ported by Boudjouk and Hong in 199B2]. The synthesis of Plate 3.
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SiM . .
9'9 663 4.2. Benzannulated silole anions
Si
M\J60 Estimation of the degree of aromaticity of dibenzosilole
K(18-crown-6) anions is of interest because the acidity of cyclopentadiene
18 (pKa = 16) is attenuated in the fused ring analog fluorene

(pKa = 23) as a result of reduceddelocalization in the con-
Fig. 4. Structure ofl8. Bond lengths are given in angstroms and angles in  jugate base of the annulated systfiB]. About 40 years
degrees. after the first report on the synthesis of a dibenzosilole an-

ion by Gilman, a dibenzosilole anion (1-silafluorenide an-
for classical silyl anion§l7]. This trend is completely oppo-  ion) was characterized by NMR and its aromaticity was dis-
site to that reported for the C-phenylated silole anion formed cussed[19]. Sonication of bis(1-methyl-1-silafluoreny4)
from the bi(1,1-silole). The negative charge of C-alkylated and lithium in THF gave a dark green solution of silafluo-
silole is localized on the siliconScheme % The opposite  renide anioné (Scheme 1 The 2%Si NMR chemical shift
distribution of the negative charge may be due to modes of for 6 (—22.09 ppm) is in the range of aryl-substituted silyl-
substitution (phenyl versus methyl) in the ring and/or to the lithiums [13a,20] Upon metallation of to 6, the 13C sig-
degrees of interaction between the alkali metal cation and thenals for the G and G of the ring and methyl carbon
silole ring. shifted to downfield. Since thejfs, and the methyl car-

X-ray structural analysis of silole anidr8 [16] indicates bon of PrMeSi~Li* also appeared downfield relative to

that the anion is non-aromatic as indicated by the pronouncedPh,MeSiCl [13a], the downfield shifts & are explained in
bond alternation. The difference between the-Cg and terms of a field effect induced by the negative charge on the
Cg—Cg distances is nearly 0AL The angle of 99.6between silicon[21]. Therefore, the negative charge6is localized
the GSi plane and the SSi bond also indicates a high de- on the silicon. The annulation essentially affeetdocali-
gree of pyramidalization at the silicon to decrease conjuga- zation.
tion. The [K(18-crown-6)] cation interacts weakly with the X-ray structural analysis of benzosilole anid® was
silicon (3.4,5\). The distance of K from the tetrahedral sili- also reported[22]. Since the benzene ring df9 has
con provides further evidence for the non-aromaticityl 8f a slightly distorted diene character with the-C bond
(Fig. 4). Thus, the substituents on the silole ring carbon play lengths of 1.35-1.48, the silole ring is essentially non-aro-

an important role for the aromaticity of the silole anion. matic.
Me Me
BuLi o = Ge Li*(12-crown-4) 23a: R =Si(SiMe);
12 - ~/ % 24a: R = Mes
-crown-4 R
Me Me
Me, H Me
=\ 7
< G | KN(SiMe3),/18-crown-6
Me Ve R or Me
KCH,Ph/18-crown-6 Me, .
- e Ge K*(18-crown-6) 23b: R = Si(SiMe);
21: R = Si(SiMe); S ‘R 24b: R = Mes
22: R =Mes Me Me
Me
Me, Me\Me Me Na/15 s Me, Me
= e—0Gé >erowns = g Na*(15-crown-5) ¢
me X M Mg X “Me
e e
Me " Me e e Me

25

Scheme 6.
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5. Synthesis and structures of germole anions 1413 1.407

Li
“Pb

Fig. 6. Optimized geometries (B3LYP/6-31+G* (C, H), /LanL2DZdp (E))
of lithium metallolyl anion27 (Cs). Bond lengths are given in angstroms.

1.436 1.440

After the pioneering work on the synthesis of C-
phenylated germole anions by Curf§ and Jutzi[23], C-
methylated 1-phenylgermole ani@0 stable in solution was
synthesized by the reaction of 1-phenylgermole with butyl-
lithium (Scheme % [24]. The deshielding of € and G
was observed and attributed to the highly localized negative
charge on germanium. Theys, of 1-phenyl group resonated
at low field compared to that of the starting germole as ob-
served in phenylgermanes and their anif2t.

X-ray structural analyses of the C-methylated germole
anions later appeardd6,26] Deprotonation of1 and 22
with butyllithium in the presence of a crown ether pro-
duced 1-tris(trimethylsilyl)silylgermole anio@3a and 1-
mesitylgermole aniorR4a respectively $cheme § The
potassium derivative23b and 24b, were also synthesized
from 21and22, respectively$cheme B Reductive cleavage
of the Ge-Ge bond in bi(1,1-germol&@5with Na/15-crown-

5 produced 1-methylgermole ani@6 (Scheme &

The 13C NMR signals for the ring carbon centers of the
anions are somewhat downfield relative to those for the start-
ing compounds. These anions may be a non-aromatic species . . o
with the negative charge localized on the germanium. All an- 8- Theoretical studies on metallole dianions

ions characterized by X-ray analysis possess a pyramidal ger- - . . .
manium center with a sharp angle between th&€plane The lower aromaticity of the silole anid®arelative to the

and the GeM (M = C, Si) bond. Furthermore, the,Gnoi- cyclopentadienyl anion is due to the pyramidal ground-state
ety of the ring has considerable diene character as indicated?®0metry around the silicon center resulting in poor conjuga-
by the G-C bond lengths. Thus, the experimental data reveal tion. The overlap of 2p and 3p orbitals is not inherently poor

the non-aromatic nature of germole anions with significant [27]- Hence, the reduced pyramidality or complete planarity
localization of the negative charge on germanium. should result in increased overlap and better conjugation in

the silole anion. Indeed, the decreased pyramidality at the
silicon in lithium silolide12 results in enhanced aromaticity
(Fig. 2) [28].

The pyramidalization problem does not arise in the met-
allole dianions. The €C distances in calculated geometries
1.407 88.03 1,300 84.34 of free metallole dianions are shownhiyg. 5. Relative to the

free dianionsy°-Li* complexation results in more equalized
C—Cdistances in both lithiur7 and dilithium derivative28

9 (Figs. 6 and ¥. The lithium metalloyl anior27 and dilithium
Pb metallole28 should have considerable aromaticity.

Nucleus-independent chemical shifts (NICS) computed at
the ring centers (non-weighted mean of the heavy atom co-
Fig. 5. Optimized geometries (B3LYP/6-3I+G* (C, H), /LanL2DZdp (E)) ordinates) are gﬁlClent_probes for q'a' and paratroplc_rl_ng
of C4H4E2~ (Cay). Bond lengths and angles are given in angstroms and CUrrents, associated with aromaticity and anti-aromaticity,
degrees respectively. respectively[29]. The calculated negative NICS values of

Fig. 7. Optimized geometries (B3LYP/6-31+G* (C, H), /LanL2DZdp (E))
of dilithium metallole28 (C,y). Bond lengths are given in angstroms.

i, 2— iy, L
1.430 A 1.440 4 "--Gez

iy, 2— L7
1.453 P 1460 e

1.379 79.06 1.371 76.93
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Table 1 Bu

Nucleus-independent chemical shifts (NICS'’s; ppand’Li NMR chem- e, G |=

ical shifts (ppmY of dilithium metalloles28 ey [P}“ -
Si Ge sn Pb bll

NICS -0.53 -5.41 -6.88 -10.04 ‘Bu

8 ("Li) -9.0 -81 —6.7 —6.0 Phospholyl Anion Model Diazasilolylidene Model

a GIAO-SCF/6-31+G* (C, H), /6-31G* (Li) [/6-311+G* fors ("Li)],
/LanL2DZdp (E).

b Li*(Hp0)4, o (Li) = 91.9. A \} S [\ \5 - (\_5 — [_5
_Si7 Si7 Si7 "~ T osic T
dilithium metalloles28 reflect a high degree of aromaticity A B C D
(Table 7). The considerabléLi shieldings in28 (Table J) are

diagnostic of the aromatic ring curref30]. Plate 4.
the G, and G in the13C NMR spectrum and the downfield
7. Synthesis and structures of silole and germole shift in the?°Si NMR are consistent with significant charge
dianions delocalization from silicon onto the ring.
Two reasonable models for understanding the electronic
7.1. Silole dianions structure of31 were proposed. One is the phospholyl an-

) . . _— ) ion model having a structure isoelectronic with(Plate 4.
The first synthesis of a silole dianion was accomplished by 1o phospholyl anions ha’¥& NMR resonances 60-80 ppm

the reaction of 1_,1-dich|orqsilo?;with sodiumGchemey  gounfield from the neutral phospholfs]. The electronic
[31]. Minimal differences in the“C NMR chemical shifts  gyr\cture of the phospholyl anion is similar to that of cy-
of the silole dianior80 and dichlosilole29 indicate that the clopentadienyl aniofi35]. The other is the cyclic silylene

negative charges @0 are localized on silicon. model having a conjugatedméelectron system, namely,
Four years after the pioneering work by Joo, the NMR y 3_gi+ptyl-2,3-dihydro-1H-1,3,2-diazasilol-2-ylider@3
data of silole dianior81 were reported and its aromaticity [3g] where the silicon atom shares nearly pure p orbitals
was discussedScheme B[32]. Sonification o29withmore \yith the neighboring nitrogen atoms and has an s orbital to
than 4 equwalents of lithium followed by quenchlng with hold a lone pairIPIate 4 The molecular orbital model &1

chlorotrimethylsilane gave 1,1-bis(trimethylsilyl)silok2, is better approximated by the diazasilolylidene species be-
suggesting the formation of silole diani8fh. An NMR study cause a”®Si NMR resonance d3is observed at 78.3 ppm

of the reaction mixture oR9 and excess lithium revealed (68.54 ppm foB1). Thus, the resonance folrwas proposed
the presence of only one species assignable to silole dian-,g 4 major contributor i1 because the electronic density of

ion 31. The?%Si NMR spectrum showed only one resonance 31 \vas consistent with that interpreted by NMR de2sf
at 68.54 ppm, remarkably downfield compared to that of the _ gg 54 ppm, upfield shifts of Cand Gs). According to the

. 3 .
starting29(6.80 ppm). In°C NMR spectrum, the signals due e oretical calculation, however, the reported assignments of
to the G, and G atoms in the ring were observed upfield. Ca and G should be reversei2s].
Upfield shifts are generally observed for five-memberedring ~ gjjole dianion31 was isolated in a crystalline form from
compounds having aromatic contributors such as cyclopen-te (rig. g) [37]. The structure 081 contains two different
tadienyl aniong33] and Group 15 heterole aniofi33,34] lithium atoms. One lithium atom ig®-bonded to the silole
relative to the corresponding neutrals. The upfield shifts for ring and coordinated to two THF molecules. The other is

m!-bonded to the silicon atom and coordinated to three THF

Ph o Na Ph . molecules. The ring €C distances are nearly equal in the
- ,g}g\% —_— Ph 'g\g\l’h range 1.426—1.448.
a d Na® Na®
29 30
Scheme 7.
Ph Ph Ph Ph
29 — Ph[\S\ph —"MGRSiCl Ph[\g\

Si” si” Ph
SN
+ Mf:ngl SlMCg

\
| O
3 32 Ph

Scheme 8. Fig. 8. X-ray structure 081. Bond lengths are given in angstroms.
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Relative Energy
(kcal/mol)

Fig. 9. Calculated structure for 2(C4H4)Si 34.

Me Me Me Me
Me [\S\ L“' Men
; Me : Me
Si _Si_
Cl/ \Cl
Lt it
36 35

Scheme 9.

To explore the structure d31, theoretical calculations
of the dilithium salt of unsubstituted silol#&4 were carried
out. Two different dilithio complexes were found to be opti-
mum structures34aand34b. The structur@4acorresponds
closely tothe X-ray structure. The other structB4dhas two

771

D)

Ph Ph Ph Ph
Li l_\g\ RX n
* Ph™¢ Ph Ph™NG S Ph
7N
" R® R

Ph Ph
2/ \S
Ph i o

.
41

Scheme 11.

as a compleg9with 18-crown-6 Scheme 1)[15,16] X-ray
analysis of39 revealed the very slight bond length alterna-
tion in the silole ring also due to considerable delocaliza-
tion of m-electron density. In contrast to the structure3af
the metals irB9 occupy am>-position on both sides of the
ring.

7.2. Germole dianions

The first synthesis of a germole dianion was accomplished
by the reaction of 1,1-dichlorogermod® with lithium [39].
Sonication of40 with lithium in THF gave a dark-red solu-
tion. Addition of the resulting solution to RX producéd,
suggesting the formation of germole diani(Scheme 11
Monitoring the reduction ofOwith lithium by NMR revealed
the presence of only one species assignabli2tavhose G
shifted upfield and g shifted downfield. These shifts were
rationalized in terms of the strong contribution of a resonance

m®-coordinated lithium centers on both sides of the ring and form where thex-carbons were negatively charged and the

is more stable thaB4aby 21 kcal/mol Fig. 9). As already

mentioned, the structure 81 has two different lithium atoms
as shown ir4ain the solid state. Howeve3damight change

to thermodynamically more stab8b in solution. The'Li

NMR of 31showed a single resonance at 0.23 ppm. This sug-

geststhe presence of ordgbor rapid inter- or intramolecular

germanium was divalent, like the resonance f@rm silole
dianion31 (Plate 4. The assignments, however, were after-
wards revised such that the downfield- and upfield-shifted
signals were due to £and G, respectivelyf40].

The dilithio complex42 crystallized from dioxane in two
structurally distinct forms, depending on the crystallization

exchange of the lithium cations between nonequivalent sitestemperatureKig. 10) [41]. The crystal structure ef2a(crys-

in 34a

The C-methylated silole dianid8b was also synthesized
by the reduction of the corresponding 1,1-dichlorosilaée
and characterized by NMR studi€goheme P[38]. The?°Si
resonance ir85 was shifted downfield compared to that of
36 due to delocalization of its negative charge into the silole
ring. The'3C NMR spectrum o085 showed peaks due to the
ring carbons in upper field than those 36 and was inter-
preted in terms of some aromatic characteB&falthough
the assignment is still controversjas].

Reduction of 1,1-dibromosilol&7in THF with potassium
produced dianio38, which was isolated in crystalline form

tals obtained from dioxane a20°C) has areverse-sandwich
structure. The two lithium atoms are coordinated to two diox-
ane molecules and lie on both sides of the germole ring.
The crystals ofi2b, obtained at 25C have two structurally
different lithium atoms; one is)>-coordinated to the ring
and the other is)!-coordinated to the germanium atom. In
both structures, the ring electrons are highly delocalized lead-
ing to nearly equal €EC bond lengths. There is a significant
difference between the structures3ff and42b. In 31 the
arrangement at the silicon center is nearly planar, whereas
in 42b the n-coordinated lithium center is shifted to the
hemisphere anti to thg°-coordinated lithium center. The

18-crown-6
Me Me Me Me K S
/ \ K [\S\ 18-crown-6 i,
MeTNgi 7 Me MeNgi” ~Me :
N - -
Br  Br + 4+ K
K K 18-c rown-6
37 38 39

Scheme 10.
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42b

Fig. 10. X-ray structure o42. Bond lengths are given in angstroms.

18-crown-6
K
Ge
Me Me Me Me ﬁ
M\ K ! \S 18-crown-6 K
a - 18-cCr i
MeNge” “Me Me RGe” ~Me “K“W"ﬁ
N - -
Cl Cl £ it
K K Ge
4 43 K
18-crown-6
45
Scheme 12.

angle between the EiGe vector and the @Ge-C plane is
42.9. The MO calculations of Li(H4CsGe) revealed that
the typed2a structure was more stable than the tyfih
structure by 25 kcal/mol. The aromatic stabilization energy
of (H4C4Gef~ was predicted to be 13 kcal/mol and hence
the germole dianion should be aromatic.

The C-methylated germole dianiat8 was synthesized
by the reduction of 1,1-dichlorogermofl with potassium
(Scheme 1p[16]. The dianiord3crystallized in the presence
of 18-crown-6 as the bis(germole dianion) compi&xwhich
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46. Dianion46 was isolated as colorless crystals from a sat-
urated red THF/TMEDA solution and characterized by X-
ray analysis. One lithium ig°-coordinated to the g5e ring
and to TMEDA, while the other lithium is;>-coordinated

to the GGe ring fragment and alsq!-coordinated to the
germanium atom of anotheryGe ring. This combination of
linkages results in a polymeric network. It is noteworthy that
the’Li NMR spectrum of solutions of X-ray quality crystals
of 46 showed a broad signal attributablettecomplexation

at —5.63 ppm[43]. The upfield resonance of the germole
dianion in the’Li NMR spectrum was also predicted by the-
oretical calculation§l1].

8. Synthesis and structures of benzannulated silole
and germole dianions

8.1. Metallaindene dianions

Since the first report on the synthesis of silole dianion
30in 1990, there has been a remarkable development in the
investigation on the structures of silole and germole dianions.
On the basis of crystal structure analyses, NMR studies, and
theoretical calculations, they are believed to have an aromatic
character with delocalized electrons and equalize@ 6ond
lengths. Attention has been subsequently paid to the effect of
benzannulation of metallole dianions.

Reaction of 1,1-dichlorosilainden&? with lithium pro-
duced a dark-red solution, and treatment of this solution with
methyl iodide or chlorotrimethylsilane gave 1,1-dimeti§l
or 1,1-bis(trimethylsilyl)silaindend9, indicating the forma-
tion of intermediary silaindenyl dianids0(Scheme 18/44].
Compoundb0 was isolated as X-ray quality crystals and its
structure was established by X-ray analysis. One lithium ion
is m'-coordinated to the silicon atom and also coordinated to
three dioxane molecules, while the othemscoordinated
to the SiG ring fragment and also coordinated to two diox-

was characterized by X-ray analysis. The slight differences in ane molecules. The- bond lengths in the silole ring and

the C-C bond lengths in the §GGe ring suggest considerable
delocalization ofr-electron density in the ring.

the six-membered ring ih7 and50 are remarkably different
(Fig. 12. The G—C7 bond is significantly shortened and the

The C-ethylated germole dianion was also synthesized by C;—Cg and G—Cg bond bonds are lengthened30. Such

the reaction of the corresponding 1,1-dichlorogermole with
lithium and its unique structure was established by X-ray
analysis Fig. 11) [42]. Reaction of 1,1-dichlorogermole with
lithium in THF gave a dark red solution of germole dianion

TMEDA
Li

Fig. 11. X-ray structure o46.

changes in bond lengths indicate that the Si@g has aro-
matic character and the six-membered ring has diene proper-
ties.

The 2°Si NMR signal for 50 (29.19 ppm) is signifi-
cantly downfield compared to that df7 (5.92 ppm). This
is due to effectivewr—delocalization in the silole ring.

Bu Bu Bu
Li 3 RX \
—_— —
i” Ph ~8iZ "Ph i7 "Ph

‘IS N /5 hY
cl q i R R
Li" Li

47 50 48: R = Me

49: R = SiMe,

Scheme 13.
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The “Li NMR spectrum of a solution 060 showed only
one signal at—0.20ppm over the temperature range of
25 to —40°C. These data, as in the case of tetraphenyl-
silole dianion31 [37], suggest the rapid exchange of the
ni- and m°-lithium cations probably due to presence of
LiCl and hence the structure d0 in solution is still
ambiguous.

Germaindene dianiofl was also synthesized by the re-
duction of the corresponding 1,1-dichloro derivatbzwith
lithium (Scheme 14[45]. X-ray analysis of germaindene di-
anion51 shows the Gegring with aromatic character and

8.2. Metallafluorene dianions

After the first report on the synthesis of a silafluorene di-
anion[46], a number of works on the synthesis and struc-
tural analysis of a silafluorene dianion were publisped.
Reaction of 1,1-dichlorosilafluorer&3 with potassium in
THF led to an insoluble white solid, probably a polysilaflu-
orene54 (Scheme 1p Further reaction with potassium to
cleave the SiSi bonds in54 followed by treatment with
chlorotrimethylsilane gave a mixture of trisilabg, tetrasi-
lane 56, and pentasilan®&7, suggesting the formation of
the silafluorene dianioB8. Complete cleavage of the-SBi
bonds in54 requires 2 h of refluxing. In fact, trapping of the
reaction mixture after refluxing for 2 h with chlorotrimethyl-
silane gavé5 exclusively.

X-ray quality crystals 068 were obtained by crystalliza-
tion from DME/hexane in the presence of 18-crown-6. One
of two potassium atoms ig®-bonded to the silole ring and
the other isn!-bonded to the silicon atonFig. 13. The
same arrangement of the alkali metals was found in silole
31[37] and silaindene dianior0 [44]. The five-membered

the six-membered ring with diene properties, as in the casefing has nearly equal-& bond lengths and an®-bonded

of silaindene dianios0 [44].

K.‘THl
a3 I. tﬂ() min
P
Cl Cl
53 54
* rt3h
‘ Me;SiCl
O_IQ . \‘i SIMLZ
N Mejy 81
MesSi SiMey

55 56

potassium locates above the ring. Thus, the lone pair electrons

ML; SiCl
55
i<.ﬂux."2 h

k' k*
58

OO

\/S'

: ; ; SiMej;

57

ML}\I

Scheme 15.
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K 1.380

53

Fig. 13. Selected bond lengths (angstromsj®and58.

Q_Q Na/K O_Q has two potassium atomg-coordinated to the central five-
—_— membered ring, as depicted B®a and the second type
Gg ~Ge has a potassium atomp-bonded to the germole ring and
a4 d Fogt a potassium atom coordinated mainly to the germafluorene
ring, as depicted by9b. The C-C bond distances of the five-
membered ring in botB9aand59b are nearly equal, so that
Scheme 16. the negative charges are considerably delocalized in the ger-
mole ring. On the other hand, bond alternation occurs in the
in the silafluorene dianioB8 are highly delocalized. Bond  six-membered ring. The aromatic delocalization into the ger-
alternation occurs in the two six-membered benzene rings.mole ring would take precedence over that in the benzenoid
Moreover, the aromatic delocalization in the silole ring takes rings, as was found i&8.
precedence over that in the benzenoid rings. The short dis- NICS is known to be an effective probe of the individual
tance ofq!-bonded SiK (3.266A) suggests the localization ~ rings in polycyclic systenj29,49,50] The NICS values of
of the second lone pair of electrons on the silicon atom. sila- and germafluorene dianioB® and 61 as well as the
The germafluorene dianion was also synthesized by sila- and germafluorené2 and 63 with the ghost atom lo-
the reduction of the corresponding dichloride with Na/K cated 2.0 above the ring centroid [NICS(2.0]51] were
alloy (Scheme 1§5[48]. In the presence of 18-crown-6, two calculated Table 2. The five-membered rings in dianions
types of deep-green crystals were formEity( 14). The first 60 and 61 have more negative NICS values than the six-

Table 2
NICS(2.0) Values of sila- and germafluorene dianions
-4.8 -4.9
-4.0 4.0 -1.1 -1.3
-6.0 O -5-0©
( Z g > Si Ge
_Si_ _Ge_ H/ “ W
60 61 62 63
18 -crown-6
K
G¢
K
18-crown-6 18-crown-6
59a 59b

Fig. 14. X-ray structures @&9.
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membered benzenoid rings so that the five-membered ring M Me M Me
has greater aromatic character than the six-membered ring M h;z-“ . 2'—\&
whereas the corresponding neutral fluored2and63 have ol . ME B e
more negative NICS value in the six-membered ring than in H SiSiMes)s Si(SiMeals
the five-membered ring. The five-membered ring62rand % %
63 are less aromatic than the six-membered rings. l ) DEpRIGEOMEN, o
2) Me3SiOS0,Cl; i Cp*RuCl
3) NaBPhy "
9. m°-Sila-and germacyclopentadienyl transition gj' i ﬁ
metal complexes q H _ LiSi(SiMe3);
) ) Fh.)’ ._ BPhy ———— jé_(
9.1. Synthesis, structures, and properties @HS_‘(SM%& ’7\"( S
The m°-sila- and n5-germacyclopentadienyl transition e "
metal complexes are fascinating synthetic targets as heavier
congeners of ferrocene, which has played an important role Scheme 18.
in organometallic chemistry for five decades. After numer-
ous unsuccessful attempts for the syntheses of such species
[5a], the first isolation ofr]5-germacyclopentadienyl ruthe- Deprotonation o067 is a straightforward method for the
nium complex64 was reported in 19935cheme 1¥[52]. synthesis of the desired complé8. Reaction of67 with

The 13C NMR spectrum of64 showed two signals  (THF)sLiSi(SiMes)s gave68 and Si(SiMe)4 (Scheme 18
assignable to the germole ring carbon centers at 80.23 andl'he compound Si(SiMg4 may arise from a secondary reac-
87.82 ppm and a signal assignable to the Cp* ring carbon tion of (THF)sLiSi(SiMes)3 with the initially formed depro-
centers at 85.38 ppm. X-ray analysisGgfshowed two pla-  tonation product HSi(SiMgs [55]. The'H and*C NMR
nar five-membered rings coordinated in a sandwich fashion spectra 068 closely resembled those 6#.
to the ruthenium atom. Because of thé sgbridization of Four years after the synthesis 68, the synthesis and
the germanium atom, the germanium atom deviates by only structural characterization QP-siIacycIopentadienyl transi-
0.02A from the germole ring’s least-squares plane. The sum tion metal complexes were reporté®]. Among the reported
of angles around the germanium atom is 358ahd the en-  silole anions, the lithium derivativ@d bearing a trimethylsi-
docyclic G-C bond lengths are almost equal. Interestingly, lyl group on silicon was used for the preparation of transition

64 demonstrated an irreversible oxidation waveEap = metal complexes. Although the reaction &3 with ZrCla,
0.25V (versus SCE) by cyclic voltametry, while decamethyl- HfCls, CpTiCls, and Cp*TiCk did not afford any isolable
ruthenocene displayed a reversible oxidation wave;at= products, the reaction with Cp*Hfgproduced the ben{®-

0.42V under comparable conditiof8]. Such electrochem-  silacyclopentadienyl complez0 (Scheme 12 The molecu-

ical data suggest thatthe germole ligajidCsMe;Ge is more lar structure o7 0Oconsists of two planar five-membered rings

electron-donating than®-CsMes. coordinated in a bent fashion to hafnium. The silole ring has
The synthesis ofi®>-silacyclopentadienyl transition metal nearly planar geometry as evidenced by the sum of angles

complexes was also attempt§B4]. Although initial at-  around Si (354.7). The compound/0 has longer ¢—Cg

tempts through the generation of silole an@gby the reac- bonds (1.42(1) and 1.46(@) than G—Cg bond (1.37 (2)&),

tion of the corresponding silyl anald@p with a base such  whereas siloles and silole anions have longg+Cg bonds

as KN(SiM&)2, (THF)sLiSi(SiMe3)2, or KH/18-crown-6 than G,—Cg bonds[16,26,38,52,54]Thus, the G fragment

failed, direct synthesis fror66 with Cp*Ru* and NaBPh in 70 probablyo?, w-coordinates to hafnium. THESI NMR

gave a cationia-complex67, as shown itscheme 18ThelH resonance for the ring Si atom 0 appears significantly
NMR spectrum 067 showed an upfield signal at8.82 ppm downfield (49.7 ppm) from that ib8 (—41.52 ppm), strongly
assignable to the metal hydride on ruthenium wit{Si—H) suggesting the participation of Si i-delocalization. The
of 41 Hz. X-ray analysis 067 showed the planar £5i ring germole complex'1was also synthesized by the reaction of
with the sum of angles around Si of 3554nd a small dif- germole aniorr2with Cp*HfCl3 and characterized by X-ray
ference between the endocyclie-C bonds of 0.0RA. analysis Scheme 19

M Me
2/_\& 1) BuLi Q| Me ) Me Ve, Me
—_— iu z \S PhCH,Li Z \S Cp*HICl, Wl
Mg’ /Ge\ Me 2) Cp*RuCl _( Me M Me T Me /M_ Me ———> SiMe; Hf‘(‘l
H Si(SiMes)y ‘e\Si(SiME'g)x MesSP SiMes MesSi¥ )

N
Li

69 (M = Si) 70 (M = Si)

64 72 (M = Ge) 71 (M = Ge)

Scheme 17. Scheme 19.
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The zirconium complex of a silole aniat3 was also syn-
thesized in a manner similar to the synthesig0fand 71
(Scheme 2p[57]. The o2, w-coordination of the @ frag-

analysis showed that compouiTigivas a dimer of Li[Cp*{°-
C4Me4GeSiMe)HfMe3] in which the germole dianion rings
were bridged by two lithium atoms. One lithium atom is sand-

ment to zirconium was established by X-ray crystallographic wiched in am®-fashion between the two germole rings, while

analysis.

Very recently, the germacyclopentadienyl complex of iron,

the other lithium atom is coordinated in gh-fashion by both
germanium atoms.

aheavier congener of ferrocene, was successfully synthesized

and characterizel®8]. Reaction of74 (2 eq) generated from
the treatment of75 with butyllithium with FeCh(THT)1 5
(THT =

tetrahydrothiophene) resulted in the formation of a

9.2. Reactivity

Recently, much attention has been devoted to the use of

deep-red solution from which a germanium analog of fer- cationic group 4 bent metallocene complexes for the poly-

rocene76 was isolated $cheme 2)L X-ray analysis of76
showed two coplanat®-germolyl rings bound in a sandwich
fashion to the iron center. The bulky tris(trimethylsilyl)silyl

group on the germanium atom is necessary for the forma-

merization of olefing59]. These complexes are formed upon
abstraction of a methyl anion from the group 4 metal cen-
ter. Cp*[n°-C4MesGeSiMe]HIMe,78is a good compound
for this purpose and is produced by the reactior? divith

tion of the digermaferrocene complexes. A similar reaction M&sSIOTf (Scheme 2B[57].

with other germole anions did not afford digermaferrocene

complexes cleanly.

The germole dianion complex was obtained by the reac-

tion of the germole anion with the hafnium compl?].
Reaction of Cp*HfMeClI with germole aniorv2 gave ger-
mole dianion complex’7 in high yield together with 1,1-
bis(trimethylsilyl)germole79 (Scheme 2@ The reaction of
72with Cp*HfMe2Cl is believed to proceed with a faster loss
of chlorotrimethylsilane (which reacts wift2 to afford 79)
than the elimination of LiCl to give the anticipated metal-
locene derivative Cp#{°-C4Me;GeSiMeg]HfMe,78. X-ray

The hafnium-methyl bonds in78 are active toward
o-bond metathesis. Exposure @8 to an excess of pat

Me351OTf aMe

77 ?
Me 3SI‘Ge)\ Me

78

Scheme 23.
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25°C resulted in the formation of CH1 equiv) and MeSiH
(0.4 equiv). Likewise, the reaction @8 with PhSiH gave
PhMeSiH (1.0 equiv) and MgSiH (0.63 equiv), along with
an unidentifiable organometallic speci&clieme 2% It is
noted that the CpCp*HfMecomplex does not react with
PhSiH; at room temperature over several wegdg], while
CpZrMe; requires more than 86h to completely react
with H at 1 atm at room temperatuf@l], and Cp%ZrMe,
reacts with H at 1 atm to give the corresponding dihydride
only after heating to 70C for 1 week[62]. Thus, the
germolyl ring in 78 significantly enhances the reactivity of
the hafnium-methyl bonds. The initial step of the reaction
of 78with Hy or PhSiH may be the formation of a hafnium
hydride @) via o-bond metathesis with Hor PhSik.
The MegSiH appears to form through the abstraction of
the hydride ligand by the germole-bound —SiMgroup
(B). However, attempts to trap the neutral germole dianion
complexC with various reagents failed.

77

Ph Ph

Ph Ph

l’hml’h

Brs (2 equiv) 'BuLi

Sn Sn Br Ph -90°C~r.t
\ o T - . L
P’ “Ph ph” | NBr
Br
81
Ph P py P Ph Ph Ph
— \ /=
Sn——S§p + / \
o S \Ph = o Ph” gy ~Ph
Ph™ " ph Pt \’Bu
82
Scheme 26.

reacted0. The anionic polymerization initiated by PhGH
or BulLi likewise gave no polymeric materials.

10. Synthesis and reactions of stannole anions and
dianions

In contrast to the well-investigated mono- and dianions of
siloles and germoles, neither mono- nor dianions of stannole
had been reported before our project to investigate stannole
mono- and dianions, although they are fascinating synthetic
targets in terms of potential tin-containing aromatic com-
pounds. The 1,1-dihalogenated stannoles are expected to be
good precursors to anionic species of the stannole. Zucker-
man et al. reported that the reaction of 1,1-diphenylstannoles
with halogens gave 1,1-dihalostanndi@4]. We tried to pre-
pare 1,1-dihalostannoles by Zuckerman’s method. However,
the reaction of 1,1,2,3,4,5-hexaphenylstannole with bromine
gave the ring-opened halogenated prod8dtgstead of the
1,1-dihalostannolesScheme 2p[65]. Compound1 under-
went debrominative cyclization to give bi(1,1-stannd2)
which was expected to be a good precursor to a stannole

It has been known that silicon-bridged ferrocenophanes yonoanior{66].

are very good precursors for the preparation of high molec-

ular weight polyferrocen63]. This chemistry relies on the

Treatment oB2 with excess lithium in THF at room tem-
perature gave a dark-red solution. By the addition of methyl

high ring strain in metallocenophane monomers that posses§ggide to this solution, 1-methyl-1-phenylstann8&was ob-

a single silicon atom bridge between the two cyclopenta-
dienyl ligands. As a precursor to iron-germolyl-containing

polymers, the silicon-bridged germaferrocenophane was syn-

thesized and characterizfs8]. Reaction of/6 with methyl-
lithium gave the silicon-bridged germaferrocenophafe
(Scheme 2p Thermolysis of soli@0up to 260°C, however,
did not give any polymeric materials with the recovery of un-

i be SiMe
MeLi TN '
76 — 5 /5
@(c SiMe 5
J€
80

Scheme 25.
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tained as a major product together with 1,1-dimethylstannole
84. Thus, the reduction &2by lithium revealed the evidence
not only for the formation of the stannole monoan&sbut
also for the formation of the stannole dianBB(Scheme 2).
The exhaustive reduction 82 by refluxing a THF solution

of 82 in the presence of excess lithium followed by treat-
ment of the reaction mixture with methyl iodide afforded
1,1-dimethylstannol84 as a main product. The stannole di-
anion86 was probably formed by the reductive cleavage of
the Sn-phenyl bond in the initially formed5. Reductive
cleavage of the Siphenyl bond of 1-phenylsilole anion with
lithium also occurred to give silole diani@1 with the for-
mation of phenyllithiun{67].

The 119Sn NMR signal attributable to stannole monoan-
ion 85 (—30.3 ppm) appeared in lower field than that for
82 (—99.3ppm in CDQ). A possible interpretation of the
downfield shift 0f85 compared t@2in the1°Sn NMR may
be a partial delocalization of the negative charge in the ring,
as was observed in silole anid [12]. After the reduction
of 85 proceeded, only one new signal assignable to stan-
nole dianion86 was observed at 186.7 ppm. The remarkable
downfield shift of the*}°Sn signal foi86is reasonably inter-
preted in terms of strong participation of a resonance form
with stannylene characterlate 5, as was observed in silole
dianion 31 showing silylene charactePlate 4 [32]. The
central tin of the isolobal diaminostannyle@@is known to
resonate at 237 ppf68]. In 13C NMR, the signal with large
nJ(Sn-13C) of about 320 Hz assignable tocarbon in the
five-membered ring 086 was observed at 184.58 ppm. The
remarkable downfield resonance of tiearbon in silole di-
anion was also predicted by calculati@8].

The alkylation 0f86 was studied to synthesize a stannole
anion from the dianio86 [69]. Whent-butyl chloride was

1
Bu

N I\ N
| ’ST‘L g
N S Sn
|
'Bu A B
87:5('"sn) 237

Plate 5.

Ph
Mel Ph
— / \ 88
Ph g7 Ph
rBll/ \Me
ﬂ]r
Sn—S 90
28.

added to an ether solution®at room temperature, the color
ofthe solution turned from deep red to bright red. By the treat-
ment of the reaction mixture with methyl iodidef-butyl-1-
methylstannol®&8 was obtained suggesting the formation of
stannole anio9 by alkylation 0f86 (Scheme 28 The for-
mation of89from 86was reasonably explained in terms of an
electron transfer mechanism in analogy with the reaction of a
tributylstannyl anion with-butyl halideg§70]. The reaction of

86 with t-butyl chloride followed by exposure of the reaction
mixture to air without treatment of methyl iodide gave bi(1,1-
stannoleP0 (Scheme 28 Since the silyl anion is known to
be oxidized by NO to a silyl radical[71], the formation of

90 s reasonably interpreted in terms of dimerization of the
1-t-butylstannole radical resulting from air oxidation&$.

11. Conclusion

Synthesis and Properties of group 14 metallole anions and
dianions have been discussed. The negative charge in the C-
phenylated metallole anions is partially delocalized in the
ring, while that in the C-alkylated metallole anions localizes
on the metal. The metallole dianions have delocalized nega-
tive charge in the ring and show considerable aromatic char-
acter as evidenced by NMR studies, X-ray structural analysis
and theoretical calculations. Metallylene is a major contrib-
utor in metallole dianions. In benzannulated metallole dian-
ions, the negative charge is more localized in the metallole
ring than in the benzenoid rings. Silole and germole anions
and dianions can be used for the synthesig®osilolyl and
m3-germolyl metal complexes, analogs of ferrocene. These
complexes have unique reactivity based on the activation of
the metal-carbon bond toward-bond metathesis.
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