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Reaction of dichlorobis(pentamethylcyclopentadienyl)silane with
naphthalene-lithium, -sodium, or -potassium leads to elemental
silicon and to decamethylsilicocene, (MesCs),Si (4). Compound 4
is formed as the only product in the reduction of dibromobis-
(pentamethylcyclopentadienyl)silane with anthracene-potassium.
4 is a thermally stable, colorless, air-sensitive x-complex. Its NMR
spectra are typical for a group 14 metallocene; the ®Si-NMR
signal appears at very high field strength (8 = —398 ppm). CV
and MS data of 4 prove the instability of the (MesCs),Si® ion,
which easily looses a Me;Cs radical. X-ray crystallographic studies
show the presence of two geometrical isomers, 4a and 4b, in the
monoclinic unit cell. Isomer 4a is isotypical with decamethylfer-
rocene, isomer 4b possesses the expected bent-metallocene-type
structure. Space-filling models indicate the interplane angle in 4b
to be of the largest possible value. Due to GED 'studies, 4 has a
bent-metallocene-type structure in the gas phase. The He(l) PE
spectrum of 4 is compared with those of the heavier homologues
{MesCs),Ge (6), (MesCs);Sn (7), and (MesC.,,Pb (8). A strong shift
to higher energy of the band assigned to the group 14 element
lone pair is observed in going from 8, 7, or 6 to 4. Calculations
have been carried out for structural models of the parent silico-
cene, (H;sCs),8i, on the basis of the MNDO procedure and of the
HF theory (STO-3G and STO-3G* basis sets). The calculated
geometrical parameters and orbital energies are compared with
those derived from the GED experiment and from the PE spec-
trum. The bathochromic shift in the electronic absorption spectra
going from 4 to 6—8 is explained on the basis of MNDO cal-
culations for the parent metallocenes. '

In the organometallic chemistry of the group 14 elements
germanium, tin, and lead it is possible to stabilize the oxi-
dation state +2 by n-complex formation®. In this context,
arene, carbollyl, and cyclopentadienyl systems have been
shown to be important as ligands to divalent group 14 cen-
ters. In n-cyclopentadienyl chemistry, the introduction of the
pentamethylcyclopentadienyl ligand has allowed the syn-
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Decamethylsilicocen — die erste stabile Silicium(II)-Verbindung:
Synthese, Struktur und Bindungsverhiiltnisse

Die Reaktion von Dichlorbis(pentamethylcyclopentadienyl)silan
mit Naphthalin-Lithium, -Natrium oder -Kalium fithrt zu ele-
mentarem Silicium und zu Decamethylsilicocen (4). Bei der Re-
aktion von Dibrombis(pentamethylcyclopentadienyl)silan mit
Anthracen-Kalium wird ausschlieBlich 4 gebildet. 4 ist ein ther-
misch stabiler, farbloser, luftempfindlicher n-Komplex. Seine
NMR-Spektren sind typisch fiir Metallocene der Gruppe 14; das
BSi-NMR-Signal erscheint bei sehr hohen Feldstirken (8 =
~398 ppm). CV- und MS-Daten von 4 belegen die Instabilitit
des (MesCs),S1® -Tons, das leicht ein MesCs-Radikal verliert. Nach
Rontgenstrukturuntersuchungen liegen zwei geometrische Iso-
mefe, 4a und 4b, in der monoklinen Elementarzelle vor. Isomer
44 ist isotyp mit Decamethylferrocen, Isomer 4b besitzt die er-
wartete Struktur eines gewinkelten Metallocens. Nach Modell-
betrachtungen liegt in 4b der gr6Btmogliche Interplanar-Winkel
vor. GED-Studien~belegen fiir 4 eine gewinkelte Metallocen-
Struktur in der Gasphase. Das He(I)-PE-Spektrum von 4 wird
mit denjenigen der schwereren Homologen (MesCshGe (6),
(MesCs)Sn (7) und (MesCs),Pb (8) verglichen. Fir die Bande, die
dem freien Elektronenpaar des Gruppe-14-Elements zugeordnet
wird, ist beim Ubergang von 8, 7 oder 6 zu 4 eine starke Ver-
schiebung zu héherer Energie zu beobachten. Strukturmodelle der
Stammverbindung (HCs),Si sind auf der Basis des MNDO-Kon-
zepts und der HF-Theorie (STO-3G- und STO-3G*-Basissitze)
berechnet worden. Die berechneten geometrischen Parameter und
Orbital-Energien werden mit denjenigen aus dem GED-Experi-
ment und dem PE-Spektrum verglichen. Die bathochrome Ver-
schiebung in den Elektronenanregungsspektren beim Ubergang
von 4 zu 6—~8 wird unter Zugrundelegung von MNDO-Rech-
nungen fiir die H-substituierten Metallocene erklirt.

thesis of many thermally stable, but still highly reactive com-
plexes. In this class of compounds, the decamethylmetallo-
cenes of germanium, tin, and lead play a dominant role.
So far, no inorganic or organometallic species with di-
valent silicon has been shown to be stable under normal
conditions*®. To change this situation, m-complexation
seemed to us to be an interesting tool. Here we describe
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synthesis and characterization of decamethylsilicocene (4),
the first stable compound with silicon in the oxidation state
+2.

Synthesis of Decamethylsilicocene (4)

Due to the fact that no substrates with divalent silicon
are available, it was necessary to start with compounds con-
taining tetravalent silicon and to try the synthesis of 4 by a
reductive process. The bis(n'-pentamethylcyclopentadienyl)-
silicon dihalides 1—3 seemed to be suitable compounds for
this purpose. Their synthesis and structure have been de-
scribed only recently?.

In previous experiments we have already shown that the reduc-
tive process offers an alternative route to the decamethylmetallo-
cenes of germanium and tin®. Thus, reaction of the bis(n'-penta-
methylcyclopentadienyl)element dichlorides and -bromides with re-
ducing agents (naphthalene-alkali metal compounds, cyclooctate-
traene-dipotassium) leads to the desired metallocenes. Special re-
action conditions have to be chosen to avoid further reduction to
the corresponding group 14 metal.

The difluorobis(pentamethylcyclopentadienyl)silane (1)
reacts with alkali metals or naphthalene-alkali metal com-
pounds to give mainly the corresponding alkali metal pen-
tamethylcyclopentadienides and a SiF-containing polymer
(eq. 1), thus indicating that in 1 the pentamethylcyclopen-
tadienyl ligand ® is the better leaving group than the fluoro
ligand.

In the reaction of dichlorobis(pentamethylcyclopenta-
dienyl)silane (2) with naphthalene-lithium, -sodium, and
-potassium, a grey-black suspension is formed. After filtra-
tion, elemental silicon is obtained from the residue. From
the colorless solution, decamethylsilicocene (4) can be iso-
lated after removal of the solvent and fractional sublimation
of the remaining material (eq. 2)". Starting from 2, the high-
est yield of 4 is obtained by performing the reactions at

) 2 M
(MegCg)pSiFy) ————> 2MegCcM + Polym. (1)
1
(MecCa )y SiCly 108 o (e ¢y s (2)
e i —— > (Me i
sts5/2>1C T 5502
2 — 2 CioHg 4
. 2 KC14H1g
— 2 KBr
3 — 2 Ci4H10
2 MCyqoH
4 _ 27078y 5 4+ o2 MegCsM (4)
- 2 C10H8
2 KCy4tho

4 —H—> (5)

M=Li,Nag,K
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—50°C in dimethoxyethane as the solvent and using a 50%
excess of the sodium compound (see experimental part).

The undesired formation of elemental silicon is avoided
by using the dibromosilane 3 as the substrate and anthra-
cene-potassium as the reducing agent (eq. 3).

Recrystallization from n-pentane gives colorless crystals
of 4, which are soluble in all common aprotic organic sol-
vents. According to cryoscopic molecular-weight determi-
nations, compound 4 is monomeric in benzene solution. It
is stable in the air for short times of exposure, but sensitive
against hydrolysis; it melts at 171 °C without decomposition.

From the results of the reactions described in eq. 2 and
3, it can be assumed that 4 is further reduced by naphtha-
lene-alkali metal compounds, but not by anthracene-potas-
sium. This assumption was proved in separate experiments
which demonstrate the well-known differences in the react-
ivity of radical anions and dianions of aromatic species®.
Thus, decamethylsilicocene (4) reacts with naphthalene-so-
dium quantitatively to elemental silicon and to sodium pen-
tamethylcyclopentadienide (eq. 4), whereas it does not react
with anthracene-potassium (eq. 5).

NMR Data of 4

On the basis of observations in the 'H- and "C-NMR
spectra of the metallocenes of germanium, tin, and lead, only
averaged signals for all ring carbons and for all methyl
groups are expected in the NMR spectra of 4. Indeed, the
"H-NMR spectrum of 4 reveals a very sharp singlet at § =
1.89; in the *C-NMR spectrum, the signal for the ring car-
bons appears at 8 = 119.1 and that for the methyl carbons
at 3 = 10.0. These observations are in accord with a more
or less symmetrical n-structure and quickly rotating pen-
tamethylcyclopentadienyl rings. Principally, they do not ex-
clude a highly fluxional species with o-bonded cyclopen-
tadienyl rings. The latter structure is excluded from the *Si-
NMR spectrum of 4, where a resonance at very high field
strength (8 = —398) is observed. In comparison with the
high-field chemical shift in the '**Sn-NMR spectrum of deca-
methylstannocene®” or in the *’Pb-NMR spectrum of deca-
methylplumbocene?, this proves the assumed n-structure for
4. The chemical shift in the Si-NMR spectrum of 4 has the
highest value so far observed for an organosilicon com-
pound.

CV and MS Data of 4

CV measurements in dichloromethane as the solvent and
NBuf BFP as supporting electrolyte show that 4 cannot be
reduced in the region available (up to —1.7V versus SCE).
This observation is consistent with the chemical behavior of
4 in reduction processes, as described in eq. 4 and 5. An
irreversible oxidation process takes place at +0.4V versus
SCE. Presumably the radical cation of 4 is unstable due to
the easy formation of the comparatively very stable penta-
methylcyclopentadienyl radical '. The fate of the remaining
MesC,Si® ion is uncertain. Further irreversible oxidation
processes are observed in the region from +0.8 to +1.5V
versus SCE. Comparable results have been obtained from
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the CV data of decamethylgermanocene (6) and -stannocene
(7)11).

The mass spectrum of 4 has been performed by electron
impact (EI, 70 eV) and by chemical ionization (CI, isobu-
tane). Interestingly, the molecular ion is not observed in both
types of measurements. The fragment with the highest mass
(m/z = 163) corresponds to the MesC;Si® ion. Further frag-
mentations of this cation can be detected in the EI spectrum;
in the CI spectrum, where the probability of fragmentation
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is less, MesCsSi® is the only detectable species. These ob-
servations complete those of the cyclovoltammetric studies.
It is demonstrated by the CV and MS data, that a
(MesCs),Si® radical ion is rather unstable in solution and
in the gas phase, and easily looses a MesC;s radical.

Crystal Structure of 4

The results of an X-ray crystal structure analysis of 4 are
presented in Figures 1 and 2 and in Tables 1-—3.

c40
CcC36
O/C28 c37
c3s
C‘Dsaz
c31
G c21 c35
Y\ c2s

C34
C33

Figure 1. Crystal structure of 4a and 4b

4a

e

4b

Figure 2. Projection of the silicon atom parallel to the pentamethylcyclopentadienyl ring normal in 4a and in 4b
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Table 1. X-ray diffraction data for 4% Table 3. Atomic fractional coordinates and equivalent isotropic
thermal parameters [A?] with standard deviations in parentheses
Uq =1/322 Uya*a*a;-a)

! !

Formula: CyHj,Si; mol. mass: 298.5; crystal size: 0.25 x 0.61 x
0.54 mm; colourless; a = 31.969(5), b = 8.525(1), ¢ =

232123)A; B = 108.75(1)% V = 5990A% dyeq = 099 g Atom x Y z Veq
cm ‘.3; =108 cm~'; absorption correction: empirically, mo-
npclmlc; space group C2/c; Z = 12; F(000) = 1968; radia- si(1) 0.0000 0.5000 0.0000 0.075
tion: Mo-K,; A = 0.71069 A; (sin ®/A). = 0.65; diffractome- s%(g) 0.6660(1) 0.3836(2) 0.3265 (1) 0.064
ter: Nonius CAD4; scan technique: 0/2@®; temperature: c(1 -0.0723(2) 0.5220(8) 0.0130(3) 0.065
293 K; measured reflections: 7598 (+ 4 + k + I); unique reflec- 28; _8;8§8§§§} 8;2;2#533 8;322353; 3;322
tions: 6746; observed reflections: 2611 [/ > 2 o(l)]; solution: c§4; -0.012152; o.5533§e; 0.095453) 0.062
heavy-atom method; H-atoms: calculated; refined parameters: c(s -0.0451(2 0.4455(7 0.0653(3) 0.061
) ’ > Y ‘ c(11) -0.1117(2) 0.448(1) -0.0321(4) 0.116
2186’ R =d 0.088, §E4= %0936 [w = 1/6%(F,)]; final residual c(12) -0.0763(3) 0.793(1) -0.0386(4) 0.126
electron density: 0.24 ¢ A~°. c(13) 0.0074(3) 0.8438(8) 0.0763(3) 0.102
y c(14) 0.0239(2) 0.5310(9) 0.1548(3) 0.113
C(15) -0.0496(3) 0.2875(8) 0.0872(3) 0.102
a) ; ; ioati ; c(21) 0.5869(2) 0.3528(9) 0.2822(3) 0.068
Further detzfuls of ;lhelgry;talrstructgre mvestlgan}f:m are a\gﬁlabll(e ciz2) 0.200212) 0.3093 (8 0.385903) o oes
on request‘ rom the Fachin ormatlonszgntrum nergie, ysik, c(23) 0.6314(2) 0.2122(8) 0.2443(3) - 0.067
Mathematik GmbH, D-7514 Eggenstein-Leopoldshafen 2, on c(24) 0.6241(2) 0.3602(9) 0.2154(3) 0.073
: ; y c(25) 0.5972(2) 0.4470(8) 0.2391(3) 0.070
qu?htmg the2j (:gpqsnorylm)tmtber CSD-51619, the names of the o(e) 0.336402) 0.5142(8) 0.352513) oo
autnors, an € journal citation. c(27) 0.7450(2) 0.362(1) 0.3813(3) 0.081
c(28) 0.7201(3) 0.2622(8) 0.4056(3) 0.080
c(29) 0.6953(3) 0.358(1) 0.4325(3) 0.086
Table 2. Bond dist: A d bond ] °J of 4 d 4b¥ C(30) 0.7066(2) 0.5140(9) 0.4244(3) 0.074
able 2. Bond distances [A] and bond angles [] of 4a an c(31) 0.5578(3) 0.403(1) 0.3188(4) 0.118
c(32) 0.6010(2) 0.0692(8) 0.3207(3) 0.090
c(33) 0.6566(3) 0.0774(9) 0.2302(3) 0.101
si1 - D1 2.114(2) p1* - si1 - p1 180.0 Cc(34) | 0.6441(3) 0.4107(9) 0.1679(3) 0.115
si1 - c¢1 2.434(1) €11 - €1 - c5 125.1(1) C€(35) 0.5825(3) 0.6121(9) 0.2215(4) 0.121
si1 - c¢2 2.409(1) €11 - €1 - c2 126.9(1) c(36) 0.7549(3) 0.6575(9) 0.3722(4) 0.112
si1 - ¢3 2.414(1) c5 - €1 - c2 108.0(1) C(37) 0.7755(3) 0.307(1) 0.3483(4) 0.136
si1 - ca 2.420(1) c12 - ¢c2 - @ 126.1(1) C(38) 0.7236(3) 0.0847(9) 0.4095(4) 0.146
si1 - ©s5 2.442(1) c1z2 - €2 - Q 125.4(1) C(39) 0.6669(3) 0.301(1) 0.4676(3) 0.151
c1 - c2 1.401(1) c3 - ¢ - a 108.5(1) C(40) 0.6873(3) 0.655(1) 0.4444(4) 0.125
Cl - C5 1.393(1) C13 - €3 - C4 125.7(1)
Cl - Cl1 1.493(1) C13 - C3 - C2 125.9(1)
c2 - c3 1.370(1) c4 - 3 - c2 108.4(1)
c2 - Cl2 1.510(1) gl4 - g: - C5 125.7(1)
@ oza, 1e0si1) et T e I8 13%:e) logues of 4, with an interplane angle of 25° and with pen-
oo 1;338; e -G 33;8; tamethylcyclopentadienyl rings asymmetrically bonded in a
s - c15 1.496(1) ¢4 - ¢ - <1 107.4(1) staggered conformation. In this isomer the lone pair at sil-
icon can be stereochemically active. The Si—C separations
si2 - D2 2,120(2 D3 - siz - D2 167.4(7 . g .
siz - D3 2.122 Ezf c31 - c21 - c25 124_727; are equidistant in molecule 4a [average value 2.42(1)A], but
si2 -~ cC21 2.417(7) [ex b} - €21 - c22 126.2(6) 3 - .
siz - o2 23530 Gr - - ez 1090 different in molecule 4b [ranging from 2.323(7) A (C22) to
i - - - - k] 26.5(6 3 11y
siz - cas 2150201 o C oG- oo e 2.541(7)A (C26)]. The dlsFance betv.veer} the silc':on atorg
1 - - - - .
siz - cze S oy D oar DS el and thg cyclopenta.dlenyl ring ceptrglds is 2.11 A in 4a an
si2 - c27 2.445(8) €33 - ca3 - c22 2125.5(6) 2.12A in 4b. In Figure 2, a projection of the silicon atom
si2 - c28 2.324(8) c24 - C23 - C22 107.5(6) . . .
siz2 -~ c29 2.347(7) c34 - c24 - c25 127.3(7) parallel to the cyclopentadienyl ring normal in 4a and 4b
si2 - c30 2.489(7) c34 - C24 - C23 123.9(7) . . . . 2,3
c21 - c22 1.39 (1) c2s - c24 - c23 1os.7(6) I8 portrayed, clearly showing the ring slippage to an n/n’-
c21 - c25 1.40 (1) €35 - €25 - €24 125.3(7) . ..
c21 - ¢ 1,51 (1) ¢35 - c25 - c21 127.s¢7) arrangement in 4b. The lower hapticity of the cyclopenta-
g2 - & e cae 1 cae T &5 1o9:388) dienylrings in 4b is also reflected in the different C—C bond
SO e 8; ggg - g:g o= iggjf;’; lengths and in the bending of the methyl ligands out of the
c24 - €25 1.38 (1) €37 - c27 - c28 124.4(7)  ring plane. This bending is strongest at the methyl ligands
c24 - C34 1.51 (1) €37 - €27 - C26 127.0(7) ; i a
c¢2s - cs 3o Qs -ogr oo ogs i) at those ring C atoms which have the shortest C—Si dis-
c26 - C30 1.37 (1) cis - c28 - c27 126.1(8) tance (7° at C22, 6° at C28). In molecule 4a, all methyl
c26 - C36 .50 c29 - c28 - c27 107.4(7 . . .
c27 - c28 140 EB C39 - C29 - C30 127,9&; groups are approximately (0.03 — 1°) within the planes of the
c27 - €37 1.50 (1) C39 - C29 =~ C28 125.7(8)
c2g - C29 1.42 (1) c30 - €29 -~ cC28 106.2(7)
c28 - 38 1.52 (1) C40 - C30 - C29 124.6(7)
c29 - €30 1.41 (1) C40 -~ C30 - C26 126.3(7)
c29 - €39 1.48 (1) C29 - C30 - C26 109.0(7)
€30 - C40 1.49 (1)

3 D1 is the centroid of the MesCs ring C1 to C5, D2 is the centrg)id
of the Me;sCs ring C21 to C25, D3 is the centroid of the MesCs ring
C26 to C30.

Surprisingly, two geometrical isomers, 4a and 4b, are
present in the unit cell in the ratio 1:27. Isomer 4a is iso-
typical with decamethylferrocene, i.e. the silicon atom oc-
cupies a center of inversion, and two pentamethylcyclopen-
tadienyl rings are parallel and staggered. The lone pair at
silicon is not stereochemically active. Isomer 4b is of a bent-
metallocene-type structure, typical of the heavier homo- Figure 3. Space-filling models for 4a and 4b

4a 4b
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cyclopentadienyl rings, which are planar within given error
limits. Space-filling models clearly indicate the interplanar
angle in 4b to be of the largest possible value: A further
bending of the pentamethylcyclopentadienyl ring is not pos-
sible due to nonbonding repulsive interactions between the
methyl groups on the ring systems (see Figure 3).

Gas-Phase Structure of 4

The surprising solid-state structure prompted us to in-
vestigate also the gas-phase structure of 4 on the basis of its
GED patterns. Four main molecular models on the basis of
the parent compound (HsCs),Si (5) have been tried out to
solve the structure of 4 (see Scheme 1):

I S5a—5e are structures of minimum Ds,;, C,, Ds, and C,,
symmetry with two n’-bonded cyclopentadienyl rings.
Structures 5a and 5c¢ on the one hand and 5b, 5d, Se
on the other hand are rotamers. 5d and Se can be derived
from Sc¢ by bending both rings, Sb can be derived from
Sa analogously.

II 5f is a structure of C, symmetry with one cyclopenta-
dienyl ring bonded n' {or o) and the other bonded n®.

111 5g and 5h are rotamers with both rings bonded n'.

IV Si is a structure of Cy, symmetry with two n’-bonded
cyclopentadienyl rings.

Scheme 1. Model structures for (HsCs),Si

Si Si Si Si
L A &
5atDg,) 5b(C,) 5¢c(Dy,) 56d(C,,)

Sj Si Si Y
s g &Y

5e(C,,) 5F(C,) 5g(C,,) 5h(C,,)

5i(Cyqy!

Models II to IV could not be brought into agreement
with the experimental data. On the other hand a mode! with
two cyclopentadienyl rings nonparallel and essentially n’-
bonded to the Si atom could easily be fitted to the experi-
mental data: 5b with two cyclopentadienyl rings in a stag-
gered conformation and an overall C; symmetry was the
best model (see Figure 4). This model gave a slightly better
fit of the theoretical molecular intensity data to the exper-
imental ones than models of C,, symmetry with the cyclo-
pentadienyl ligands in an eclipsed conformation (5d and 5e).

Chem. Ber. 122 (1989) 1629 —1639
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A number of assumptions had to be made in order to
decrease the number of independent parameters needed to
describe the structure of 4 on the basis of model 5b. Each
CCH; fragment has local C;, symmetry and each penta-
methylcyclopentadienyl ring has Cs, symmetry with the
methyl groups fixed in positions with two hydrogens point-
ing towards the Si atom. The molecular geometry can then
be described by eight independent parameters: the distance,
d, from the Si atom to the center of the cyclopentadienyl
ring; three bond distances C1 —C2, C1—-C11, and C—H;
the angles between the ring plane Cs and the C—~C (Me)
bonds, ¥ Cs, C—C (Me); the CCH valence angle; two para-
meters that describe the noncoplanarity of the cyclopenta-
dienyl rings. In addition to these eight independent para-
meters, the distance C11---C13 was refined as an independ-
ent parameter because of the large unknown shrinkage of
this distance, and 12 root-mean-square amplitudes of vibra-
tion (I values) were refined as indicated in Table 4. The
nonrefined ! values were taken from GED investigations of

similar molecules'?.

Figure 4. The best molecular model of (Me;sC;),Si in the gas phase;
all the H atoms are omitted for clarity; the numbering of the C
atoms is shown

9
a * CSCS
] A

Figure 5. Definition of the bend angle, o, the tilt angle, ©, the angle

between the ring planes, ¥ C;Cs, and the distance between the Si

atom and the intersection of the C; axis of the cyclopentadienyl
rings, A

Two different choices of parameters were used to describe the
noncoplanarity of the cyclopentadienyl rings (see Figure 5). one
scheme uses a bend angle, o, and a tilt angle, ®, as independent
parameters, where © is defined as positive as shown in Figure S.
This choice is called Scheme A. Scheme B uses the angle between
the two ring planes, ¥ CsCs, and a parameters, A, that describes
the displacement of the Si atom in the C, plane away from the
intersection of the two Cs axes of the cyclopentadienyl rings as
independent parameters. A is defined as positive as drawn in Figure
S. As can be seen in Table 5, the correlation between the main
independent parameters was somewhat smaller for Scheme B, which
leads to a somewhat better convergence in the least-square analysis
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of the structural parameters. The parameters obtained with the two
different schemes were of course equal within one standard devia-
tion.

(MeC.),Si
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Figure 6. Theoretical molecular intensity curves with experimental

points for (MesC;),Si; the difference between experimental and the-

oretical curves for the best model are drawn in the lower part of
the figure

(MegC5), Si
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Figure 7. Experimental (points) and theoretical ({ull line) RD curve
for (Me;sCs),Si; the most important distances are indicated by bars
of height approximately proportional to the area under the corre-
sponding peak; C---C’ denotes all the carbon—carbon distances
from one pentamethylcyclopentadienyl ring to the other; the dif-
ference between the experimental and theoretical curves for the best
model is drawn in the lower part of the ﬁ§ure; artificial damping
constant, k, is 0.02 A

The theoretical molecular intensity curves with experi-
mental points and difference curves are shown in Figure 6,
and the corresponding radial distribution curve is shown in
Figure 7. The geometrical parameters and root-mean-square
amplitudes of vibration (I values) for the best model are listed
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Table 4. The geometrical parameters and root-mean-square am-

plitudes of vibration (! values) for (MesCs),Si in the gas phase; the

estimated errors in parentheses are three times the least-squares
standard deviations

distances [A] ra l
d? 2.129(12) -
r(Si—C) (range) 2.34—2.55 0.132(24)
r(C1-C2) 1.512(4) 0.048(6)°
r(C1—Ci11) 1.512(4) 0.053(6)?
r(C—H) 1.105(4) 0.083(4)
r[Si---C(Me)] (range) 3.28—-3.61 0.161(35)
r(Si---H) (long) 423-—-4.52 0.200"
r(Si---H) (short) 3.44-3.79 0.370°
r(C1---C3) 2.30 0.058(5)
r(C1---C12) 2.61 0.079(4)
r(C1---C13) 3.76 0.079(5)
r(C11---C12) 3.19 0.155(24)
r(Ci11---C13) 5.132(12) 0.088(14)
r[C(Cp)- - C(Cp")] (range) 3.88—4.90 0.16—0.19(3)
r[C(Cp)- -+ C(Me’)] (range) 3.97-594 0.39—-0.41(5)
r[C(Me)---C(Me’)] (range) 3.69—6.88 0.18—0.20(6)
AY 0.021(11) -
angles [°]
ad 169.6{41) -
e 5.9(20) -
¥ CCs? 22.3(12) -
¥ C;, C—C(Me)? —0.1(12) -
¥ CCH 112.5(10) -

9 The distance from the Si atom to the ring centers. — * The di-
stance from the intersection of the Cs axis of the two cyclopenta-
dienyl rings. — © See Figure 5 for explanation. — ¢ This angle is
defined as positive if the methyl groups are bent towards the silicon
atom. — © These two [ values were refined with the same shift
throughout the least-squares refinements. — ? Fixed values.

Table 5. The correlation between the main parameters ( x 100) for
the two different choices of independent parameters as described in
the text; Scheme A: The correlation when the bent angle, «, and
the tilt angle, ®, were chosen as independent parameters; Scheme
B: The correlation when 4 CsCs and the displacement of the Si
atom away from the intersection of the Cs axis of the two cyclo-
pentadienyl rings, A, have been used as independent parameters,
o), is the standard deviation from least squares

Scheme A
Oy d a 0 [Si-C) [(Si---C)
d 0.33 -
a 1.37 -25 -
2} 0.67 —28 96 —
1(Si-C) 0.70 14 —83 —87 —
I(Si---C) 143 20 —-92 -92 78 —
Scheme B
O d A ¥ C,C; I(Si-C) I(Si---C)
d 0.41 -
A 3.44 60 —
¥ CCs 0.40 19 9 -
I(8i-C) 0.79 —-59 —90 —-10 -
I(Si---C) 1.74 —59 —-95 2 83 -
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Table 6. Main structural parameters of (MesCs),M compounds where M is a group 14 element
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b ) d
Method® Ei A3 r(NEX]C) ) [SA)] ¥ [(EiCS Ref.
{Me,Cs),Si 4a X 2.11 2.42(1) 0 0’ this work
(MesCs),Si 4b X 2.12 2.42(6) 0.023 253 this work
(MesCs)Si 4 GED 2.129(12) 2.45(2) 0.021 22.4(12) this work
{MesCs),Ge 6 GED 2.2103) 2.52(3) 0.015 23(3) 14)
{MesCy),Sn 7 X 2.39 2.68 0.023 36 e
(MesCs),Pb 8 X 248 2.79 0.029 43 m

¥ X = X-ray crystall%raphy, GED = gas-phase electron diffraction. — ® The distance from the central atom to the ring centroid. —

9 Mean distances. —
into the ring plane.

in Table 4. The best molecular model of (Me;Cs),Si is shown
in Figure 4.

In the gas phase the angle between the Cs ring planes, ¥ CsCs,
has been found to be 22.3(12)°. It must be emphasized that the gas-
phase structure is the thermal average structure that has not been
corrected for ring-Si-ring bending vibrations or ring tilt vibrations
(shrinkage effects). The bend and tilt observed for (MesCs),Si in the
gas phase may therefore be an effect of these large amplitude mo-
tions, and from the gas-phase electron diffraction data alone we
cannot conclude that the equilibrium molecular structure is not the
ferrocene like structure with parallel MesCs rings. This problem has
been discussed in ref.!?. On the other hand the molecular model 5f
with one n'- and one n’-bonded MesC; ring, model 5i with two
n°-bonded Me;sCs rings, or models 5g, h with two 1'-bonded MesCs
rings can be ruled out on the basis of the electron diffraction data.

Since we were able to refine the average displacement of the Si
atom away from the intersection of the Cs axes of the cyclopenta-
dienyl rings, we also made some new refinements on old data for
the Ge analogue'. In the earlier paper on the gas-phase structure
of (MesCs),Ge each (MesCs)Ge fragment was assumed to be of Cs,
symmetry'®. In order to check this assumption we used Scheme B
as described above. The new refinements did not lead to a signifi-
cantly better fit of the theoretical molecular intensity curve to the
experimental ones, and only a nonsignificant value of A of
0.016(19) A was obtained. Previously, a parameter & has been used
to describe a somewhat distorted n’-bonded cyclopentadienyl ring.
8 has then been defined as the distance from the center of mass of
the Cs ring to the projection of the central element into the ring
plane. The connection between A and 8 is straightforward, and we
have listed & and the other main structural parameters for the
{MesCs),M compounds where M is a group 14 element in Table 6.

PES Data of 4 and Calculations for (HsCs),Si (5)

To get further information of the bonding in silicocene,
we have recorded the He(I) photoelectron (PE) spectrum of
4 and carried out model calculations on the structural mod-
els 5a—5i (see Scheme 1) of the parent compound (H;Cs),Si.
For the calculations we used the MNDO procedure'® and
the restricted Hartree Fock (HF) theory employing a STO-
3G and a STO-3-G* basis'®.

In Figure 8 we show the PE spectrum of 4. The ionization
energies of the first bands of the PE spectrum of 4 are col-
lected in Table 7.

In the PE spectrum of 4 we recognize three peaks, two
with steep onset at 6.7 and 8.1 eV and a very broad band
around 7.5 eV.
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Figure 8. He(I) PE spectrum of decamethylsilicocene (4)

Table 7. Comparison between the first vertical ionization energies,
I, ;, of 4 with the calculated orbital energies, g, of 5; all values in

eV
Assign- & - &
Band I, ment  (MNDO) (STO-3G)¥ (STO-3G*)

. 67 162" 8.67 5.83 6.47

: 26’ 8.68 583 6.53

2 75 252’ 8.83 7.12 747
3 o1 152" 9.23 7.83 7.89

: 242’ 9.23 7.84 822

3 The calculations were carried out for 5b with structural patam-
eters from the GED experiment (Table 5). — ® The calculations
were carried out for Sb with structural parameters optimized at the
STO-3G level.

Ionization events from weakly bonding n-MOs usually
give rise to steep bands, while Gaussian-like bands are en-
countered when ionization occurs from bonding MOs or
lone pairs. From .these empirical arguments we tentatively
assign bands 1 and 3 to ionizations from n-MOs, band 2 to
the lone pair at silicon. '
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To compare this empirical result with the outcome of MO
calculations we relate the vertical ionization energies, I, ;,
with the calculated orbital energies, €;, by assuming the va-
lidity of Koopmans’ theorem (—¢; = 1,)'". This assumption
is fairly good for the main-group elements if it is restricted
to the outer valence region.

Earlier calculations on the parent silicocene (5) using the
MNDO method yielded contradictory results. While Cow-
ley et al. reported the bis(pentahapto) structure to be the
global minimum'®, Glidewell predicted the bis(monohapto)
isomer 5h to be the most stable isomer'®. The results of our
semiempirical and HF SCF calculations are collected in Ta-
ble 8. For 5g and 5h we noticed convergence problems,
probably because a one-determinantal description of these
structures is not adequate.

Table 8. Relative energies [kcal/mol] for (H;Cs),Si using the
MNDO and the HF-SCF method with a STO-3G and STO-3G*

basis

St‘lrl‘r‘g' A E [keal/mol]

Model MNDOY STO-3G® STO-3G® STO-3G*®
Sa (Ds,) 280 48 17.8 11.6
5b (C,) 43 0 0 0

5¢ (Dyy) 28,0 48 17.8 11.6
5d (Cy,) 57 0.1 0.7 05
Se (Cy) 6.2 0.1 29 1.4
56(C.) 0 538 48.1 528
5i (Cyr) 28.0 9.6 178 11.6

% With structural parameters of 4a and 4b. — ™ Based on the op-
timized structures. — © With the geometrical parameters optimized
at the STO-3G level and augmented basis set by d functions on
the central atom (af = 0.39).

According to the nonempirical results, Sb is predicted to
be the global minimum of the manifold. The energy differ-
ence to structures 5d and Se is too small to be of any sig-
nificance. Since 5b, 5d, Se are only rotamers with respect to
the silicon — cyclopentadienyl bond this result is anticipated.
It is interesting to note that the energy for 5i is predicted
to be very close to that derived for Sa and 5S¢, in fact 5i
converges during the minimization process to Sa. Our re-
sults agree with very recent ab initio calculations of 5%, The
results are fully in line with the experiments, i.e., favouring
a more or less bent bis(pentahapto) structure with a low
energy barrier for the rotation of the cyclopentadienyl rings.
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A comparison between the calculated geometrical para-
meters for 5a—S5e (see Table 9) with those derived from the
GED results yields a fairly good agreement as concerns the
distances. As experienced in other cases with a minimal basis
set'® the bond lengths are predicted slightly shorter than
found by experiment. Large discrepancies are encountered
for the angles describing the bending of the rings. The bend-
ing is predicted to be larger in 5b as compared to 4b. This
is anticipated since the methyl groups in 4 interfere seriously
at larger ® angles.

The MNDO results favour 5f as the global minimum and
predict similar energies for 5b, 5d, and Se as well as 5a and
Sc (Table 8). We ascribe the preference of Sf to the para-
metrization for Si within the MNDO approach. In this con-
nection it is interesting to note that nonempirical calcula-
tions carried out on (HsCs),P® predict®” an (n'-HCs)(n*-
H,Cs)P® (C,) structure to be the minimum.

5f 5q, 5¢

5d, 5e 5b Exp.

Iv,j
(eV)

Figure 9. Comparison between the first five calculated orbital en-
ergies at the STO-3G* level of 5a — 5f with the measured ionization
energies assuming Koopmans’ theorem

Table 9. Optimized geometrical parameters of Sa—5e as derived by a HF-SCF calculation with STO-3G basis; for the meaning of d, «,
@, and ¥C;sCs see Table 4 and Figure 5

Parameters 5a (D) 5b(Cy) 5¢ (Dsy) 5d (Cy) 5e (Cy)
d 2.089 2.151 2.089 2.160 2121
r(Si—C) (range) 2.407 2.089 —2.804 2.406 2.166—2.787 2.117-2.687
r(C1-C2) 1.405 1.408 1.405 1.408 1.408
r(C—H) 1.078 1.078 1.078 1.078 1.078
a - 153.8 - 155.9 155.3
C] : — 19.6 - 19.8 15.8
X CCs - 65.4 - 63.7 56.3
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In Table 7 and Figure 9 we have compared the calculated
orbital energies for 5 with the measured ionization energies
for 4. We notice a fairly good agreement between the relative
splitting found for structures 5b, 5d, and Se and the exper-
iment. The agreement with respect to the absolute numbers
is fortuitous since the calculated orbital energies refer to the
parent compound and the experiment to the decamethyl
derivative. The HF-SCF calculations with small basis sets
usually predict the ionization energies much lower than the
experiment. This shortcoming is just balanced by the methyl
groups in our example. For the structures Sa and 5c¢ the
predicted energy difference of the first three orbital energies
is too small. The disagreement between the predicted orbital
pattern of 5f and the experiment is evident.

In Figure 10 we have drawn schematically the five highest
occupied MOs of 5a. It is seen that the two highest occupied
MOs are localized only on the ligands while 4a,, is an
antibonding combination between the 3 s atomic orbital on
Si and the 2 p,~-MOs of the ligands. The MOs 3¢, can be
described as the bonding linear combinations between 3 p
orbitals of silicon and 2 p,-MOs of the ligands.

o
iy

I-F

4a1g

:«)e1u

I
- et

Figure 10. Schematic drawing of the five highest occupied MOs of
5a (Dsa)

Further evidence in support of a bis(pentahapto) structure is a
similar split between the PE bands of e7 and e] of several dicyclo-
pentadienyl compounds with bis(pentahapto) structure like beryl-
locene (center of gravities: 1.6 eV)?, and decamethylmagnesocene
(0.7 eV)™. If structures 5f—5h were present in the gas phase we
expect to observe the n-bands of one or two cyclopentadiene units
in the corresponding PE spectrum. The split between these bands
which are due to b, (1) and a, (n) should be in the order of 2 eV
as found in the PE spectrum of hexamethylcyclopentadiene .

For a comparison of the PE data of 4 with decamethylgerman-
ocene (6), decamethylstannocene (7), and decamethylplumbocene (8)
we have remeasured the PE spectrum of 8, because Cowley et al.
reported a very low ionization energy for the first PE band (6.33
eV)'®. In Figure 11 the PE spectrum of 8 is depicted. We ascribe
the first peak at 6.3 eV to an impurity, the reason being its low
intensity as compared to the other bands and the dependency on
the intensity of this band on the recording conditions.

Chem. Ber. 122 (1989) 1629 — 1639
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Figure 11. He(I)-PE spectrum of decamethylplumbocene (8)

In Figure 12 we have compared the first PE bands of 4
with those of its congeners 62 and 7%. A comparison be-
tween these three PE spectra shows a strong shift to higher
energy of the band assigned to the group 14 element lone
pair and a slight decrease of the energy difference between
the ligand bands in going from 7 to 6 and 4. We ascribe
both shifts to the stronger overlap between silicon and car-
bon compared to germanium, tin, and carbon, respectively.
The stronger overlap makes the interaction in 4a;, more
antibonding and strengthens the bonding in 3e,, (see Figure
10). As a result we expect a destabilization of 4a,, and a
stabilization of 3¢, in the case of the silicon with respect
to the germanium and the tin compound. The PE data avail-
able from decamethylplumbocene allow no unequivocal as-
signment of the PE bands, therefore we have not included
them in Figure 12.

% | P (MesCs))Si
% 4

~

; - (MesCs)zGe
B 1] :
: e : +
!
| I I (MesCs)aSn
% 7

7 8 9 10 1y, j(ev)

Figure 12. Comparison between the first bands in the PE spectra
of4,6,and 7

The electronic absorption spectra of 4 and 6—8 show a
bathochromic shift*” (4: colorless, 6: light yellow, 7: orange,
and 8: red). If we use a one-electron model to rationalize
this observation we come to the conclusion that the LUMO
in the above series should be lowered, because the HOMO
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(3e1,) remains essentially constant (see Figure 12). This as-
sumption is corroborated by the result of a MNDO calcu-
lation on the parent compounds which shows a HOMO/
LUMO gap of 8.16 eV for 5, 797 eV for (HsC;),Ge, and
7.15 eV for (HsCs),Sn. The LUMO (4e,,) can be described
as the antibonding linear combination between the ligand
n-MOs and p, and p,, respectively, at the central atom. Thus
the lowering in energy of 4e;, within the series (HsCs),Si,
(HsCs),Ge, and (HsCs),Sn can be traced back to a decrease
in the overlap integrals between the p orbitals of the central
atoms and the n-MOs of the cyclopentadienyl ligands. The
antibonding character of 4¢,, is reduced in this series.

We are grateful to the Deutsche Forschungsgemeinschaft and to
the Fonds der Chemischen Industrie for financial support. We thank
Prof. W. W. Schoeller and Dipl.-Chem. I. Niemann for the CV meas-
urements and for helpful discussions.

Experimental

All manipulations were carried out under N, or Ar by using
standard Schlenk techniques. Solvents were destilled from drying
agents and degassed three times prior to use. — NMR studies:
Bruker AM 300 spectrometer; 'H NMR (300 MHz, TMS ext.), *C
NMR (75 MHz, TMS ext.), Si NMR (59 MHz, TMS ext.), chem-
ical shifts in ppm. — Elemental analyses: Microanalytical Labo-
ratory of the Faculty of Chemistry, University of Bielefeld; Micro-
analytical Laboratory Beller, Gottingen. — Melting point deter-
mination: Biichi 510 (capillary melting point apparatus). — Mass
spectra: Varian 311 A. — CV studies: PAR 173 potentiostat-gal-
vanostat with integrated PAR 179 digital coulometer and PAR 175
universal programmer. — He(I) PE spectra: Perkin-Elmer PS 18;
calibration with Ar and Xe. — Space-filling models: SCHAKAL
program. — X-ray crystallographic studies: Nonius CAD 4 diffrac-
tometer, further details see Table 1. — GED studies: Gas-phase
electron diffraction patterns have been recorded on a Balzers El-
diograph KD-G2 with an accelerating potential of 42 kV. The elec-
tron wavelength was calibrated against diffraction patterns of ben-
zene [r(C—C) = 139.75 pm], with an estimated uncertainty of
0.1%. A conventional nozzle was used with nozzle and reservoir
temperatures of 242(8)°C. The rubber o-rings were substituted with
teflon o-rings because of the high temperatures. No sign of decom-
position was observed. Exposures were made with nozzle-to-plate
distances of 498.43 and 248.00 mm. The plates were subjected to
photometry and the optical densities processed by standard
procedures?®. Four plates were .used from each camera distance
with s ranging from 15.0 to 150.0 nm~' with As = 1.25nm~! (long
camera distance), and with s ranging from 50.0 to 300.0 nm ™! with
As = 2.5 nm~! (short). The backgrounds were computer-drawn by
a least-squares fit of the sum of a polynomial and a theoretical
molecular intensity curve to the experimental levelled intensity
curves. The degree of the polynomial was 8 for all curves. Least-
squares refinements of the structural parameters were performed
on an average curve for each camera distance. Complex atomic
scattering factors, f"(s), were calculated from an analytical repre-
sentation of the atomic Hartree-Fock-Slater potentials for Si and
C?® and from a bonded potential for H3?,

Decamethylsilicocene (4)

a) According to Eq. 2: To a solution of 30.80 g (83.4 mmol) of 2
in 600 ml of 1,2-dimethoxyethane, a solution of 250 mmol of naph-
thalene-sodium [prepared from 5.75 g (250 mmol) of sodium and
32.04 g (250 mmol) of naphthalene] in 200 ml of 1,2-dimethoxy-
ethane is added during 3 h at —55°C. After stirring at room temp.
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for 12 h and evaporation of the solvent, the brownish residue is
extracted with 600 ml of n-pentane. Evaporation of the solvent and
fractional sublimation yields 12.30 g (49%) of 4. — M.p. 169°C. —
TH NMR (C¢Dy): & = 1.89. — 13C NMR (C¢Dy): 8 = 10.3 [MesCs],
119.2 [MesCs]. — ®Si NMR (CDg): § = —392.0. — MS (70 eV):
mjz (%) = 163 (100) [M* — CsMes].
CaoHyoSi (298.5) Caled. C 80.46 H 10.13
Found C 80.35 H 10.11
Mol. mass 290 (cryoscopically in benzene)

b) According to Eq. 3: To a solution of 0.51 g (1.11 mmol) of 3 in
20 m] of THF, a solution of 2.20 mmol of anthracene-potassium in
10 ml of THF is added at —20°C. Workup in analogy to procedure
a) finally leads to 0.31 g (95%) of 4.

Reaction of 4 with Naphthalene-Sodium according to Eq. 4: To
a solution of 1.18 g (3.85 mmol) of 4 in 25 ml THF, a solution of
7.90 mmol of naphthalene-sodium [prepared from 181.6 mg (7.90
mmol) of sodium and 1.20 g (9.35 mmol) of naphthalene] in 40 ml
of THF is added at —78°C. After stirring at room temp. for 12 h
and evaporation of the solvent, the brownish residue is extracted
with 50 ml of n-pentane. According to '"H-NMR data, the n-pentane
solution only contains naphthalene [6 = 7.21-7.27 (m, 4H),
7.59—17.64 (m, 4H)]. After addition of ethanol to the residue, the
presence of pentamethylcyclopentadiene in the solution is proved
by '"H-NMR spectroscopy [6 = 1.01 (d, / = 7.8 Hz, 3H), 1.69 (br.
s, 12H), 2.48 (q, J = 7.8 Hz, 1H)].

CAS Registry Numbers

2:100189-22-8 / 3: 113475-40-4 / 4: 100189-23-9 / NaC,oHj;: 3481-
12-7 / KCyoH4: 34475-54-2 / LiCyoHg: 120637-49-2 / KCyoHg: 4216-
48-2 / (HsCs),Si: 81790-05-8 / (MesCs),Pb: 120637-50-5 / penta-
methylcyclopentadiene: 4045-44-7
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