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Reaction of the sodium metalates Na[M(CO),CsR5] [M = Fe,
R = H (1a), Me (1b); M = Ru, R = H (1c¢), Me (1d)] with an
equimolar amount of hexachlorodisilane yields the metallo-
pentachlorodisilanes CsRs(OC),M-SiCl,-SiCl; (2a-d), which
can be converted into the pentahydrido analogues
C5R5(0C),M-SiH,-SiH; (3a—c) via CI/H exchange with
LiAlH,. Due to the activating effect of the transition metal

fragment chlorination of 3a-c¢ with CCl,; or HCCl; occurs at
the a-silicon to give C;R;(OC),M-SiCl,-SiH; (4a—c). The
metallo-disilanes were characterised by 'H-, 3C-, 2°Si-NMR,
IR and especially Raman spectroscopy. The structures of
CsH5(OC),Fe-Si,Cls (2a) andCsMes(OC),Fe-Si,Hs (3b) have
been determined by X-ray analysis; 2a,b, 3ab were
theoretically described by DFT calculations.

Introduction

Iron-substituted disilanes Cp(OC),Fe—SiR,—SiR;!1[]
have preferentially been the subject of studies concerning
the photoinduced rearrangement to silyl(silylene) com-
plexes Cp(OC)Fe(=SiR,)SiR ;.11 If organic substituents are
attached to the silicon atoms this species represent a short-
lived intermediate which is confirmed only by IR matrix
studies™ or by the isolated photolysis product Cp(OC),.
Fe—SiR3.324 However, introduction of alkoxy groups at
the B-silicon leads to oxygen stabilised cyclic (bis)silylene
complexes R,Si*—Cp(OC)Fe—SiR,+-O*R’'(Si*— 0%) .3

A limited number of investigations have been reported
concerning complexes containing "inorganic” substituents at
the silicon atoms, for instance hydrogen or halogen.P®
Therefore, we have undertaken efforts to establish efficient
routes for the synthesis of metallo-pentachloro- and -penta-
hydridodisilanes.[®! These ligands offer the possibility to
study the influence of the transition metal fragment on the
exchange reactivities of the silicon atoms in a- or B-position
as well as on the stability of the M—Si—Si bonding arrange-
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ment with respect to fragmentation. Support for the in-
terpretation of the findings is expected from a detailed
vibrational analysis using especially Raman spectroscopy
combined with DFT calculations.

I. Preparative Results

In accordance with former experiments® a suspension of
the sodium metalates la—d in cyclohexane is combined
with hexachlorodisilane in a molar ratio of 1:1 and the reac-
tion mixture stirred at room temperature under exclusion
of light for 3 to 48 hours to give the metallo-pentachlorodi-
silanes 2a—d (Equation 1).

Na* T Naol

~M—sizCl (1)
-NaCl OG7/ I\SiCla

a b ¢ d
M [Fe Fe Ru Ru
—|H Me H Me

2a—d are isolated as pale yellow microcrystalline solids
in good yields, which show considerable solubility in n-pen-
tane and aromatic solvents. 2a—d can be stored as solids
under an atmosphere of nitrogen for months without de-
composition.

Heterogeneous "salt elimination” according to Equation
(1) is the only way to guarantee controlled mono-metal-
lation of Si,Clg as analogous experiments with
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Na[Fe(CO),Cp] (1a) performed by Hengge et al. proved
using THF as a solvent.! In this case homogeneous reac-
tion yields a mixture of 2a and the bis(iron)disilane
[Cp(OC),Fe—SiCl,], which makes separation necessary giv-
ing rise to a reduced yield of 2a (41%).

The stability of the iron—silicon or ruthenium-—silicon
bonds of 2a—c allows exchange reactions at the silicon
atoms without Fe—Si bond cleavage. An attractive example
in this context is the CI/H exchange of the silicon bound
chlorine atoms which is achieved by treatment of a solution
of 2a—c at —78°C in diethyl ether with LiAlH,4. For a mo-
lar ratio of 1:5 after 2 h of stirring at room temperature
both silicons were fully hydrogen substituted (Equation 2).

q O
cl
¢ «\M—Si‘; cl +5 LIAH,
oc’/ \SiCls -5 LiCl, - 5 'AlH,

ocC
2a-¢

a b c
M |Fe Fe Ru
R|H Me H

The metallo-disilanes 3a—c are obtained after crystalli-
sation from pentane at —78°C (3b) or sublimation in high
vacuum (3a,c), respectively, as light yellow (3a,b) to color-
less (3¢) waxy solids, which show a good solubility in n-
pentane and benzene.[”!

The pronounced electron releasing capacity of the tran-
sition metal fragment induces a highly hydridic character of
the hydrogens at the a-silicon compared with that at the -
position, a fact that is clearly deduced from IR- and 2°Si-
NMR data (see below).

As a consequence, the hydrogens of the metallo-pentahy-
dridodisilanes 3a—c next to the metal are selectively substi-
tuted by chlorine at room temperature after 3 hours using
CCl, to give exclusively the metallo-dichlorodisilanes 4a—c¢
(Equation 3).

o =Y ° ‘\ ° .Cl
C oM—sicH 2280 y_g=Cl (3
oc /' TNa: Jache, | oo UG
oc SiH, 8 oc SiH;
3a-c da-c
a b ¢
M [Fe Fe Ru
—(H Me H

The same procedure can be realised with HCCl;, but
more severe reaction conditions are necessary (40°C, 12 h).
4a—c, which represent the first complexes bearing a di-
chloro-disilanyl ligand, are obtained as yellow solids in
good yields, which are purified by crystallisation from pen-
tane at —78°C. Solubility is comparable to that of 3a—c.

A characteristic of ferrio-disilanes Cp(OC),Fe—SiR,—
SiR; (R = alykl) is the photoinduced rearrangement with
elimination of the SiR, group to give the monosilyl complex
Cp(OC),Fe—SiRj; via oxidative addition of the Si—Si bond
to the metal atom.!® A comparable reaction, at least con-
cerning the final product, is observed for the pentachloro-
and pentahydridodisilanyl complexes 2a,c and 3.
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In accordance with these results photolysis of 2a/3a in
benzene/cyclohexane at room temperature leads to the silyl
iron complexes 5% or 6, respectively, after 120 h. 2a ad-
ditionally shows this behaviour in the solid state (Equa-
tion 4).

< \ RR < \ RR @
~Fe—SiT —_— ~Fe—S8iT
oc’/ Nas - "SiR," oc’/ N
ocC SiR, 2 oC R
2a, 3a R=CLH 5,6

The thermal stability of the metallo-disilanes 2, 3 de-
creases on going from the pentachloro- to the pentahydrido
derivatives. Heating 2a in cyclohexane to 65°C for 32 h does
not result in any decomposition, while in the case of 3a
under these conditions Cp(OC),Fe—SiH; (6) is isolated
quantitatively. A detailed examination of the silylene elimin-
ation involved in the photodegradation as well as trapping
experiments concerning the silylenes SiH,!% and SiCl,!!
are currently under way.

I1. Spectroscopic Data
NMR Spectroscopy

Substantial information concerning the electronic charac-
ter of the silicon atoms of 3a—c is given by the 'J(SiH)
coupling. It is generally accepted that this parameter can be
correlated with the s-electron density in the Si—H bond.['?]
The SiH, units next to the transition metal give rise to a
low value of the 'J(SiH) coupling constants [179.5 Hz (3a),
172.4 Hz (3b), 181.0 Hz (3c)] compared to Si,Hg!'3! charac-
terising the transition metal ligand as an efficient electron
releasing group. The 'J(SiH) value of the SiH; moiety is
higher (184—186 Hz), but still below that of Si,Hg indicat-
ing a reduced "transition metal effect” on the B-silicon.

The difficulties of correlating the 2°Si-NMR shifts of or-
ganosilicon compounds on the basis of purely inductive ef-
fects have been pointed out in the literature.!'l Due to this
fact only some empirical regularities of the >°Si-NMR data
will be discussed.

1.) The signals for 2 at low field (6 = —2 to +76) and 3
at high field (6 = —45 to —95) appear in the range charac-
teristic of the corresponding disilanes Si,Rg [R = CI (8 =
—6.14);11581 H (§ = —104.1)!1°?]]. The metallo-dichlorodisil-
ane 4a with differing substituents at the silicon atoms fol-
lows these trends (4a: 6 = +93 and —83). In each case the
resonance of the metal-substituted silicon is characterised
by an enormous low-field shift with the maximum for 4a
compared to the silicon in the B-position.

2.) The d-value of the SiX3; moiety is approximately iden-
tical for all species [6 = +1to —2 (2, X = Cl), 6 = —93 to
-95 (3, X = H)]. In comparison to Si,Rs (R = Cl, H)
the small low-field shift of this resonance of ca. 5—10 ppm
indicates a minor influence of the transition metal fragment
on the B-silicon of 2 and 3. The largest difference (21 ppm)
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is obtained for the SiH; resonance of the ferrio-dichloro-
disilane 4a (6 = —83).

3.) Exchange of the iron against the ruthenium group
causes a high-field shift of approximately 20 ppm for the a-
silicon resonance. The chemical shift of the SiX; moieties
remains unaffected.

Vibrational Spectroscopy and Density Functional
Theory Calculations

Among the methods that can be used for the simulation
of vibrational spectra, density functional methods are
known to give very good results for vibrational wave-
numbers compared to ab initio methods.!®!

a) Comparison of measured and calculated Raman bands
of 2a, 3a,b:

The former assignments of the complex 3a were based on
normal coordinate analysis (NCA).[!”] They agree with the
results of DFT calculations. The simulation of vibrational
spectra with NCA is based on a purely mechanical model,
where an initial force constant matrix is chosen with a lim-
ited number of force constants [(3N — 6)(3N — 5)/2 in non-
redundant internal coordinates for a nonlinear molecule],
and then a force constant refinement is carried out.

Table 1. Comparison of measured (Raman spectra) and calcu-
lated wavenumbers of 3a and 3b

3a 3a 3b 3b
Measured Calculated Measured Calculated Mode
[em™1] [em™1] [em™1] [em™1] description
2141 2177 / 2174 Vasym(SiH3)
2132 2163 2135 2161 Vaorm(SiH3)
2141 2141 Ver(SiH3)
2098 2126 2063 2108 Voo (SiH.)
2087 2098 2076 2082 Ver(SiH,)
2008 1906 2008 1887 Vo
1959 1865 1959 1846 Voum(CO)
1114 1102 594 575 Cp-ring
breathing
606 611 606 617 Vasym(FeC)
441 425 449 425 v(SiSi)
373 359 412 401 Veym(Fe-Cp)l

[al Also partly a C—CHj3 out-of-plane bending vibration in Cp* com-
pound.

Quantum mechanical calculations like DFT use another
approach to obtain a force field: here, all necessary force
constants are calculated by the second derivative of the en-
ergy with respect to the coordinates (9°E/dq;dq;). This
method is more satisfying because of the avoidance of the
empirical force constant refinement. Compared to conven-
tional ab initio-methods, DFT has the advantage that an
empirical scaling of force constants giving a Scaled Quan-
tum Mechanical (SQM) force field of Pulay et al.['8 is not
necessary to account for the lack of correlation energy.
However, a scaling is often introduced to account for the
anharmonicity. But we favoured to compare measured an-
harmonic wavenumbers with calculated unscaled harmonic
wavenumbers rather than to introduce an empirical scaling
procedure, because scaling does not change the fact we can
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get from the second derivatives only harmonic wave-
numbers.

In comparison to NCA, the wavenumbers for the CH
stretching vibrations obtained from DFT calculation and
partly the SiH stretching vibrations were calculated to be
too high.

Significant is the lowering of the ring breathing vibration
to 575 cm ™!, according to the higher mass of the ring sub-
stituents.

Difficulties in the assignment of the pentamethylcyclo-
pentadienyl complex 3b arise from the great number of ad-
ditional bands especially in the v(C—C) and §(CH) region
due to the five methyl groups. Most of these vibrations are
not summarized in Table 1.

Further complications originate from coupling of differ-
ent internal coordinates: some formerly "pure” vibrations
are coupled with vibrations of the substituent, e.g. the vgym-
(Fe—Cp) is in the case of the pentamethylcyclopentadienyl
complex also partly a C—CHj; out-of-plane bending vi-
bration. This gives the explanation for the unexpected shift
in the calculations and in the spectra (because of the higher
mass of the Cp*) towards higher wavenumbers [from 359
to 401 cm ™! (calc.), from 373 to 412 cm ™! (exp.)]. Conse-
quently, the wavenumber shift in this case cannot be taken
as a direct measure of bond strength. However, for the
v(CO) value, such an interpretation is possible, because this
vibration is only coupled with the other CO stretching vi-
bration. Both vibrations vgy,(CO) and v,5,,(CO) are shifted
by 35 cm™! to lower wavenumbers switching from a cyclo-
pentadienyl (Cp) to a pentamethylcyclopentadienyl (Cp*)
ligand in the iron compounds 2a,b and 3a,b, respectively,
which is in accordance with the higher electronic density in
the case of 3b causing a stronger back bonding from the
metal to the carbonyl carbon and, consequently, a weaker
CO bond. This shift is confirmed by the DF calculation,
although the absolute value of v((CO) and v,,(CO) differ by
nearly 100 cm™! from the experimental data. In addition,
the change of substituents at the silicon from H (3a,b) to
Cl (2a) causes a shift of the v(CO) band to higher wave-
numbers. The identical spectral position of the carbonyl
modes in 2b and 3a shows, that the difference in the —I-
effect between the Cl atoms of 2b and the H atoms of 3a is
compensated by the different electronic donor capacities of
the Cp* and Cp ligands. Characterisation of the SiH
stretching modes is an effective way to get information
about the electronic structure of the Si atom and how it is
influenced by the metal fragment. The IR spectra of 3a
show two weak bands at 2071 and 2133 cm ™!, which are
assigned to the SiH stretching modes of the silylene and the
silyl fragment.['] In this case the signal at 2133 cm ™! can be
assigned to an overlap of the symmetric and antisymmetric
stretching modes of the silyl group.?”! Compound 3b, with
the better electron donating ligand CsMes, shows the
stretching modes of the silylene group at 2063 cm ™! [v,,-
(SiH,)] and at 2076 cm ™! [v(SiH,)]. The symmetric and the
antisymmetric stretching modes of the silyl group overlap
in their spectral position and appear at 2135 cm™ 1.
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The SiSi stretching mode is found in a narrow spectral
range around 445 cm ™! and its position is primarily inde-
pendent from all the other ligands. The DFT calculations
show that this vibration is indeed a pure SiSi stretching,
and no other internal coordinates are involved. So, we can
conclude that changes in the electronic density of the metal
atom have no influence on this bond.

Table 2. Comparison of measured (FT Raman spectrum) and calcu-
lated wavenumbers of 2a

Measured [cm™!]  Calculated [cm™!]  Mode description

2022 1937 Veym(CO)

1991 1901 Vasym(CO)

1120 1102 Cp ring breathing

607 600 Vaym(FeC)

528 523 v(SiSi) + v(SiCl)

493 496 V(SiCl) + v(SiSi) +

386 345 Vasym(Fe-Cp)

290 321 Vaam(Fe-Cp)

233 249 v(FeSi) + 5(SiCl)

213 200 (SiCls) in phase def. +
(SiCl,) bending

202 182 (SiCly) in phase def.

The measured spectrum in Table 2 is a Fourier transform
Raman spectrum with excitation in the NIR (1064 nm), be-
cause in the visible region decomposition in the laser focus
occurred. The CO stretching vibrations appear at 2022 and
1991 cm ™!, indicating a higher CO stretching force constant
than in the case of Cp(OC),Fe—SiH,SiH; (2008 and 1959
cm~!) which is in accordance with the higher electronega-
tivity of the chlorine atom. The CC stretching vibrations
of the coordinated cyclopentadienyl anion as well as the
significant Cp ring breathing vibration do not change com-
pared to Cp(OC),Fe—SiH,SiH;. For many other vi-
brations, the internal coordinates are more coupled than in
Cp(OC),Fe—SiH,SiH;. This is an effect of the higher mass
of chlorine, which is much closer to the mass of the other
atoms compared to hydrogen. In contrast, for 3a,b no band
exists that can be assigned to be a pure Si—Si stretching vi-
bration.

III. X-ray Analysis of CsHs(OC),Fe—SiCl,SiCl;
(Za), CsMes(OC)zFe—SinsiH:; (3b) and
Comparison to DFT Calculations

Final verification of the structures of 2a and 3b came
from X-ray crystallographic studies (Figures 1—3). 3b is to
our knowledge the first structurally characterized metallo-
derivative of Si,Hg.

The octahedral coordination sphere at the iron centre is
in both cases indicated by the ligand-metal-ligand angles
close to 90°. Larger angles are found between the carbonyl
carbon atoms [94.2(11)° (2a); 96.0 (11)° (3b)] while the
angles between the silicon atom and the CO ligands
[88.4(8)°/88.3(8)° (2a); 85.5(8)°/88.5(8)° (3b)] are smaller.
The Fe—Si bond length with a value of 2.224(7) A (2a),
2.298(9) A (3b) lies within the range of known iron silicon
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compounds?'*~" with the usual trend of a bond shortage
due to electronegative substituents like chlorine.*') The
Sil—Si2 distance of 2.333(9) A (2a), 2.335(11) A (3b) is
close to that of known disilanes (e. g. MegSis: 2.340 Al22))

Cis

Figure 1. ORTEP vigw of CsHs(OC),Fe—SiCl,—SiCl; (2a). Se-
lected bond lenghts [A], angles [°] and torsion angles [°]: Fe—Sil
2.2239(7), Sil—Si2 2.3333(9), Sil—-CIl 2.0859(8), Sil—CI2
2.0811(9), Si2—CI3 2.0410(9), Si2—Cl4 2.0421(9), Si2—ClI5
2.0358(9), Fe—Cla—Ola 178.9(3), Fe—Clb—0Olb 178.8(9),
CI1—-Sil—=Si2 99.53(3), ClI3—Si2—-Sil 111.60(4), Fe—Sil—Si2
119.20(3), Cla—Fel—Sil 88.27(8), Fel —Sil —Si2—Cl5 175.05(3),
Fel—Sil-Si2—Cl4  —63.76(5), Fel—-Sil—Si2—CI3 55.53(4),
CI1-Sil=Si2—CI5 46.59(5), Cla—Fel-Sil—CIl —80.11(8),
Clb—Fel-Sil—CIl —174.37(8), Cp(Z)—Fel-Sil—Si2 68.2,
Cp(Z)—Fel—Sil—Cll 51.7, Cp(Z)—Fel —-Sil —CI2 6.2.

Figure 2. ORTEP view of CsMes(OC),Fe—SiH,—SiH; (3b). Se-
lected bond lenghts [A], angles [°] and torsion angles [°]: Fe—Sil
2.2980(9), Sil—Si2 2.3355(11), Sil—H11 1.43(2), Sil—H12 1.47(2),
Si2—H21 1.41(3), Si2—H22 1.37(3), Si2—H23 1.42(3);
Cl—Fel—Sil 85.46(8), C2—Fel—Sil 88.52(8), H11-Sil—HI2
102.7(12),H11-Sil-Fe  114.7(9), HI12-Sil-Fe  113.4(9),
HI1-Sil-Si2 106.6(9), Si2—Sil—Fe 115.15(5), H21-Si2—H22
106.0(16), H21-Si2—Sil 111.4(12), H23-Si2—-Sil 113.2(12),
C1—-Fe—C295.96(11), Fe—C1-01 178.6(2), Fe—C2—-02 177.9(2);
C2—-Fe—Sil—Si2 —50.50(8), Cl—Fe—Sil—Si2 —146.60(8),
H11-Si1—-Si2—H21 83.0(16), H11-Sil—Si2—H22 —159.3(14),
HI11-Sil-Si2—H23 —38.3(15), HI2—-Sil—Si2—H21 —169.3(16),
H12-Si1—-Si2—H22 —51.6(15), H12—Si1—Si2—H23 69.4(16), Fe
—Sil—Si2—H21 —45.4(13), Fe—Sil—Si2—H22 —72.3(11), Fe—Si
1-Si2—H23 —166.7(13), Cp(Z)—Fel —Sil —Si2 82.56, Cp(Z)—Fe-
1-Sil—HI11 41.72, Cp(Z)—Fel—Sil —H12 159.25.
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Figure 3. Newman like projection along the Fe—Si bond of 3b

as well as to other disilanyl-metal-complexes®'l including
the tungsten derivative CsMes(OC),(Mes;P)W —SiCl,—SiCl;
(Sil—Si2: 2.350 A).[) While Si—Cl distances of 2a at Si2
(Si2—CI3 2.0410(9), Si2—Cl4 2.0421(9), Si2—CI5 2.0358(9)
A) are in the range of chlorosilanes,*'! the analogous dis-
tances at the metal bound silicon exhibit a significant elon-
gation (Sil —Cl1 [2.086(8) A], Sil —CI2 [2.081(9) A]) due to
the electron releasing capacity of the transition metal frag-
ment. The Newman projection along the Fe—Si bond (Fig-
ure 3) reveals a staggered pseudo-ethane conformation with
the following pairs of "trans”-arranged substituents: Cp*/X,
CO/X, CO/SiX;5 (X = Cl, H).The gauche position of the
SiX; group (X = H, Cl) with respect to the cyclopen-

tadienyl unit found for 2a, 3b is typical for pseudo-tetra-
hedral halfsandwich iron complexes of the type CsR5(OC),.
Fe—Si,Xs (X = H, Cl, alkyl);?'"l at the metal centre more
crowded complexes like the pseudo tetragonal monopyram-
idal tungsten compoundCsMes(OC),(Me;P)W—SiCl,—
SiCly prefer the trans arrangement.[® Distorsion with re-
spect to the ideal conformation of about 20° (3b)/ 8° (2a)
for all the substituents at Sil deduced from the dehedral
angles Cp(Z)—Fel—Sil—Si2 (82.6°)/(68.2°), Cp(Z)—Fel —
Sil—HI11 (41.7°)/ Cp(Z)—Fel-Sil—-Cll1 (51.7°) and
Cp(Z)—Fel-=Sil—H12 (159.3°)/ Cp(Z)—Fel-Sil—CI2
(6.2°) indicates the higher sterical demand of the SiXj
group compared to the hydrogen or chlorine atoms.

The octahedral coordination sphere is also found in the
calculation, and the corresponding bond angles show a very
good agreement between the measured and calculated
structures. In our calculations, the Si—Cl bond lengths of
2a are somewhat overestimated, but they show the same
behaviour concerning the effect of the iron fragment close
to Sil, where the Si—Cl bonds are longer than those at Si2.
Comparison of X-ray data of 3b and the calculated struc-
tural data obtained by DFT method reveals a slightly differ-
ent conformation, which is deduced from bond and torsion
angles. The Si,Hs moiety is turned clockwise about 10°
around the Fe—Si bond. However, the structural param-
eters reproduce reasonably the experimental values. An
interesting aspect of the calculation are the Si—H bond
lengths, which cannot be determined by X-ray structure
analysis with satisfying accuracy. In the DFT calculation,
the bond lengths at Sil (next to the iron fragment) are elon-
gated compared to the SiHs-group, a result that parallels

Table 3. Comparison of selected structural parameters from X-ray data and DFT calculations for CsHs(OC),FeSiCl,—SiCl; (2a), CsMes-

(OC),Fe—SiH,—SiH; (3b)

X-ray data calculated X—ray data calculated

2a 3b
Fel—Sil 2.224 2.275 Fel-Sil 2.298 2.362
Sil —Si2 2.333 2.397 Sil—Si2 2.336 2.364
Sil—-Cl1 2.086 2.220 Sil—HI1 1.43 1.507
Sil —CI2 2.081 2.210 Sil—H12 1.47 1.512
Si2—Cl13 2.041 2.198 Si2—H21 1.41 1.501
Si2—Cl4 2.042 2.189 Si2—H22 1.37 1.497
Si2—Cl15 2.036 2.169 Si2—H23 1.42 1.501
Fel—Cla 1.770 1.752 Fel—-C1 1.736
FelClb 1.765 1.754 Fel—-C2 1.737
Cla—0Ola 1.137 1.189 C1-01 1.199
Clb—Olb 1.143 1.189 C1-02 1.120
Cla—Fel—Sil 88.3 88.9 Cl—Fel-Sil 85.5 84.7
Clb—Fel —Sil 88.4 91.4 C2—Fel-Sil 88.5 87.1
Cl1-Sil—-CI2 103.6 104.9 H11-Sil—HI12 102.7 104.4
CI1-Sil—Fel 115.2 113.3 H11-Sil—Fel 114.7 111.2
CI2—Sil —Fel 117.0 1144 H12—-Sil—Fel 113.4 112.6
CI1-Sil-Si2 99.5 102.4 H11-Sil1-Si2 106.6 106.4
CI3-Si2—Cl4 111.6 105.8 H21-Si2—H22 106.0 107.1
Cl—Fel—C2 94.2 94.1 Cl—Fel—-C2 96.0 94.6
Fel—-Cla—Ola 178.9 177.0 Fel-C1-01 178.6 177.8
Fel—-C1b—-01b 178.8 176.5 Fel-C2-02 177.9 178.1
Cla—Fel—Sil—Si2 160.0 169.0 C2—Fel—Sil—Si2 —50.5 -59.0
Clb—Fel —Sil—-Si2 65.7 75.0 C1—Fel—Sil—Si2 —146.6 —-153.9
CI1-Sil-Si2—Cl4 —178.4 —173.8 H11-Si1—-Si2—H22 —159.3 —172.0
Fel—Sil—Si2—CI3 55.5 67.8 Fel—Sil—Si2—H21 —454 —57.9
Cl1-Sil—Fel—Cla —80.1 =71.0 H11-Sil—Fel—-Cl1 82.9
Cl1-Sil=Fel-Clb —-174.4 —165.0 HI1-Sil—Fel-C2 177.8
Eur. J. Inorg. Chem. 1999, 1597—1605 1601
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the finding for the Si,Cls derivative (vide supra) and offers a
reasonable explanation for the higher reactivity of the SiH,-
group compared to the SiH; moiety. This difference is in
addition established in the measured as well as in the calcu-
lated vibrational spectrum of 3b.

Experimental Section

NMR: Bruker AMX 400 (400.1 MHz, 100.6 MHz and 79.5 MHz
for 'H, '3C and ?°Si, respectively). [Dg]benzene as a solvent (used
unless otherwise stated) 8y = 7.15, 8¢ = 128.0; for >°Si 2H-Lock
internal, rel. TMS external. — IR: Perkin—Elmer 283. — MS:
Varian MAT 112 S (70 eV). All reactions were performed under an
atmosphere of purified nitrogen. Solvents were dried according to
conventional procedures, distilled and saturated with N, prior to
use. — DTA: Du Pont 9000. — Starting Materials: Na[Fe-
(CO),CsRs] (R = H, 23] Mel???]) Na[Ru(CO),CsRs] (R = H, 24l
Mel?4),

1. 1-[Dicarbonyl(n3-cyclopentadienyl)ferrio]-1,1,2,2,2-pentachlorodi-
silane (2a): A suspension of 2150 mg (10.8 mmol) of Na[Fe-
(CO),Cp] (1a) in 50 mL of cyclohexane is treated with 3190 mg
(12.0 mmol) of hexachlorodisilane and the mixture is stirred for 3
d at room temperature in the absence of light. After filtration of
insoluble material (unreacted 1a and formed NaCl), removal of the
solvent and excess of hexachlorodisilane in vacuo the dark red resi-
due is treated 6 times with 30 mL of pentane. The combined ex-
tracts are evaporated in vacuo to 15mL and cooled to —78°C.
Crystallised 2a is filtered off, washed with 10 mL of cold pentane
and dried in vacuo. — Yield 3800 mg (86%). — Pale yellow microc-
rystalline powder. — M.p. 63—64°C. — 'H NMR: & = 4.16 (s,
H;Cs). — 2°Si NMR (CDCls): § = 76.81 (s, 0-Si), —2.37 (s, B-Si).
— IR (pentane): v = 2035 cm ™! (vs), 1998 (vs) [v(CO)]. — MS (rel.
to 28Si, 33Cl and ¢Fe, 70 eV, 30°C): m/z (%) = 408 (3, [M]"), 380
(8, [M — COJ]"), 352 (30, [M — 2CO]"), 275 (55, [M — SiCl3]"),
254 (77, [M — 2CO, — SiCl,]"), 247 (11, [M — CO, — SiCl3]"),
156 (87, [CpFeCl]"), 121 (44, [CpFe]™), 93 (100, [CpSi]*), 91 (22,
[FeCl]*). — C;H;sClsFeO,Si, (410.40): caled. C 20.48, H 1.23, Cl
43.19; found C 20.10, H 1.51, CI 43.50.

2. 1-[Dicarbonyl(n*-pentamethylcyclopentadienyl)ferrio]-1,1,2,2,2-
pentachlorodisilane (2b): According to 1. from 1880 mg (6.96 mmol)
of Na[Fe(CO),CsMes] (1b) and 2058 mg (7.65 mmol) of hexachloro-
disilane in 60 mL of cyclohexane after 18 h. The obtained residue
is stirred for 1 h with 35 mL of benzene, insoluble material filtered
off and the clear filtrate evaporated in vacuo to 10 mL. After ad-
dition of 40 mL of n-pentane 2b precipitates, is filtered off, washed
with 20 mL of cold pentane and dried in vacuo. — Yield 2100 mg
(63%). — Pale yellow microcrystalline powder. — M.p. 165°C. —
'TH NMR: § = 1.50 [s, (H3C)sCs]. — 3C NMR: § = 212.7 (s, CO),
97.76 [s, Cs(CH3)s], 9.16 [s, (CH3)sCs]. — 2°Si NMR: § = 75.65 (s,
a-Si), —0.20 (s, B-Si). — IR (pentane): v = 2013 cm™! (s), 1981
(sh), 1975 (vs) [V(CO)]. — MS (rel. to 2%Si, 3°Cl and >°Fe, 70 eV,
80°C): m/z (%) = 478 (2, [M]"), 450 (3, [M — COJ"), 422 (15, [M
— 2C0OJ"), 345 (58, [M — SiCl;3]*), 324 (12, [M — 2CO, — SiCl,] "),
289 (26, [M — 2CO, — SiCl3]"), 226 (100, [CsMesFeCl"), 191 (83,
[CsMes — Fe]™), 163 (80, [CsMesSi]t). — C;,H;5ClsFeO,Si,
(480.55): caled. C 29.99, H 3.15, CI 36.89; found C 30.46, H 3.20,
Cl 37.10.

3. 1-[Dicarbonyl(n3-cyclopentadienyl)ruthenio]-1,1,2,2,2-pentachlor-
odisilane (2¢): According to 1. from 520 mg (2.12 mmol) of Na[Ru-
(CO),Cp] (1c) and 720 mg (2.90 mmol) of hexachlordisilane in
20 mL of cyclohexane after 14 h. — Yield 561 mg (58%). — Yellow
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microcrystalline powder. — M.p. 72°C (DTA). — 'H NMR: § =
4.44 (s, HsCs). — 13C NMR: § = 196.8 (s, CO), 87.84 (s, CsHs). —
29Si NMR: § = 58.31 (s, a-Si), —1.19 (s, B-Si). — IR (pentane): v =
2043 ecm™! (vs), 1997 (vs) [V(CO)]. — C;HsClsO,RuSi, (455.62):
caled. C 18.45, H 1.11, C1 38.91; found C 19.14, H 1.23, CI 38.46.

4. 1-[Dicarbonyl(n3-pentamethylcyclopentadienyl)ruthenio]-1,1,2,
2,2-pentachlorodisilane (2d): According to 1. from 780 mg
(2.35 mmol) of K[Ru(CO),CsMes] (1d) and 760 mg (2.82 mmol) of
hexachlorodisilane in 60 mL of cyclohexane after 18 h. — Yield
1005 mg (85%). — Yellow microcrystalline powder. — M.p. 62°C
(decomp., DTA). — '"H NMR: § = 1.45[s, (H;C)sCs]. — 13C NMR:
5 = 199.5 (s, CO), 101.4 [s, Cs(CH3)s], 9.5 [s, (CH3)sCs]. — »°Si
NMR: § = 56.69 (s, a-Si), 1.29 (s, B-Si). — IR (pentane): v = 2024
cm™! (vs), 1980 (vs) [v(CO)]. — C;,H,5sCIsRuO,Si, (525.76): caled.
C 27.41, H 2.88; found C 28.46, H 3.20.

5. 1-|[Dicarbonyl(n5-cyclopentadienyl)ferrioldisilane (3a): A suspen-
sion of 347 mg (9.14 mmol) LiAlH4 in 40 mL of diethyl ether is
cooled to —78°C and 750 mg (1.83 mmol) of Cp(OC),Fe—
SiCl,—SiCl; (2a), dissolved in 30 mL of diethyl ether, are added
within 15 min. After 30 min of stirring the reaction mixture is
warmed up to room temperature and stirred for another 2 h. Insol-
uble materials are filtered off, the solvent removed in vacuo and

the oily residue extracted with 35 mL of petroleum ether (boiling
range 50—70°C). After reducing the volume of the extract in vacuo
to 6 mL and cooling to —78°C 3a precipitates, is separated, washed
with S mL of cold pentane and dried in vacuo. Further purification
is achieved by sublimation at 80—85°C/10~2 Torr. — Yield 310 mg
(71%). — Yellow, microcrystalline powder. — M.p. 16—17°C. — 'H
NMR: & = 4.10 (s, 5 H, HsCs), 3.95 [q, '"J(HSi) = 179.5 Hz,
2J(HSiSi) = 4.6 Hz, 3J(HSiSiH) = 3.2 Hz, 2 H, H,Si], 3.66/3.30 [t,
1J(HSi) = 186.1 Hz, 2J(HSiSi) = 7.7 Hz, 3J(HSiSiH) = 3.2 Hz, 3
H, H5Si]. — #Si NMR: § = —53.92 (SiH,), —93.81 ['J(SiSi) =
67.3 Hz, SiH;]. — IR (pentane): v = 2133 cm™~! (w, SiH3), 2087 (w,
SiH») [v(SiH)]; 2007 (s), 1968 (vs) [v(CO)]. — MS (rel. to ?%Si and
36Fe, 70 eV, 35°C): m/z (%) = 238 (22, [M] "), 210 (11, [M — CO]*),
182 (19, [M — 2COJ]"), 179 (39, [M — CO, — SiH;]"), 151 (31, [M
— 2CO, — SiHj]*), 149 (68, [CpFe—Si]™), 121 (100, [CpFe]*), 93
(71, [CpSi]*). — C;H,(FeO,Si, (238.20): caled. C 35.29, H 4.24;
found C 35.84, H 4.51.

6. 1-[Dicarbonyl(n3-pentamethylcyclopentadienyl)ferrio]disilane (3b):
According to 5. from 1010 mg (2.10 mmol) of CsMes(OC),Fe—
SiCl,—SiCl; (2b) and 395 mg (10.5 mmol) of LiAlH4 in 80 mL of
diethyl ether after stirring for 4 h. 3b is purified by recrystallisation
from 15 mL of n-pentane. — Yield 630 mg (97%). — Deep yellow
crystals. — M. p. 64°C. — 'H NMR: § = 3.75 [m, 5 H, 'J(HSi) =
172.4 Hz (SiH,), 'J(HSi) = 184.4 Hz (SiH3), HsSi,], 1.40 [s, 15 H,
(H3C)sCs]. — 3C NMR: § = 215.68 (s, CO), 95.12 [s, Cs(CH3)s],
9.42 [s, (CH3)sCs]. — ?°Si NMR: § = —45.19 (SiH,), —95.61
(SiH3). — IR (petroleum ether): ¥ = 2127 cm™! (w, SiH3), 2071 (w,
SiH,) [v(SiH)]; 1994 (vs), 1947 (vs) [V(CO)]. — MS (rel. to >*Si and
%Fe, 70 eV, 35°C): m/z (%) = 308 (15, [M]"), 280 (60, [M — COJ*),
252 (7, [M = 2CO1"), 250 (55, [M — CO, — SiH,]"), 249 (23, [M
— CO, — SiHj]"), 248 (100, [M — Si,Hs]"), 247 (24, M —
SirHe]™), 219 (87, [CsMesFeSi]™), 191 (48, [CsMesFe] "), 163 (83,
[CsMesSi] ™). — CioHo0FeO,Si, (308.35): caled. C 46.74, H 6.55;
found C 47.05, H 6.68.

7. 1-[Dicarbonyl(n>-cyclopentadienyl)ruthenio]disilane (3¢): Accord-
ing to 5. from 91mg (2.39 mmol) of LiAlH, and 210 mg
(0.47 mmol) of Cp(OC),Ru—SiCl,—SiCl; (2¢) in 30 mL of diethyl
ether after stirring for 2 h at room temperature, extraction of the
residue with 10 mL of petroleum ether (40—60) and sublimation at
40°C/1073 Torr. — Yield 112 mg (82%). — Colorless waxy solid. —
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M.p. —12to —14)°C. — '"H NMR: § = 4.41 (s, 5 H, HsCs), 3.73 [q,
3J(HSiSiH) = 3.36 Hz, 2 H, H,Si], 3.66 [t, *J(HSiSiH) = 3.36 Hz, 3
H, H;Si]. — 2Si NMR: § = —76.6 [dq, 'J(SiH) = 181.0 Hz, 2J(Si-
SiH) = 5.0 Hz, SiH,)], —94.0 [dt, 'J(SiH) = 186.1 Hz, 2J(SiSiH) =
6.6 Hz, SiH;]. — IR (pentane): v = 2129 cm™! (w, SiHs), 2084
(w, SiH,) [v(SiH)]; 2022 (vs), 1978 (vs) [V(CO)]. — C;H,,0O,RuSi,
(283.39): caled. C 29.67, H 3.56; found C 29.54, H 3.51.

8. 1-|Dicarbonyl(n3-cyclopentadienyl)ferrio]-1,1-dichlorodisilane
(4a): A solution of 175 mg (0.73 mmol) of Cp(OC),Fe—SiH,—SiH3
(3a) in 5 mL of cyclohexane is combined with 566 mg (3.68 mmol)
of CCly and the reaction mixture stirred for 3 h at room tempera-
ture and monitored by '"H NMR. After removing volatile compo-
nents (solvent, formed chloroform and excess of CCly) in vacuo the
orange residue is extracted twice with 7 mL each of petroleum ether
(50—70) and the volume of the extract is reduced in vacuo to S mL.
4a crystallises after cooling for 3 h to —78°C, is filtered off and
dried in vacuo at 10°C. — Yield 205 mg (91%). — Yellow microcry-
stalline powder. — M.p. 23—24°C. — '"H NMR: § = 4.07 (s, 5 H,
HsCs), 3.83 (s, 3 H, HSi). — 3C NMR: § = 211.5 (s, CO), 85.07
(s, CsHs). — 2°Si NMR: § = 93.6 (s, 0-Si), —83.23 (s, B-Si). — IR
(pentane): v = 2150 cm™! [w, v(SiH)]; 2028 (s), 2021 (m), 1989 (vs),
1981 (s) [V(CO)]. — MS (rel. to 28Si, >3~ Cl and *°Fe, 70 eV, 35°C):
mlz (%) = 306 (8, [M]"), 278 (41, [M — COJ"), 250 (7, [M —
2CO1Y), 247 (49, M — CO, — SiH;]"), 219 (86, [M — 2CO, —
SiH;] "), 149 (18, [CpFeSi]*), 121 (37, [CpFe]™), 93 (100, [CpSi]*).
— C;HgClLFeO,Si, (307.08): caled. C 27.32, H 2.49, Cl 22.81;
found C 27.38, H 2.63, CI 23.00.

9.  1-|Dicarbonyl(n*-pentamethylcyclopentadienyl)ferrio]-1,1-dichlo-
rodisilane (4b): According to 8. from 210 mg (0.68 mmol)/90 mg
(0.29 mmol) of CsMes(OC),Fe—SiH,—SiH; (3b) and 7 mL of
CCly 2mL of CHCIl; after 80 min at room temperature/12 h at
40°C. The brown residue obtained is extracted with 10 mL of a 1:1
mixture of petroleum ether (50—70)/methylcyclohexane, the extract
evaporated in vacuo to dryness and the residue dissolved in 4 mL
of pentane. 4b crystallises on cooling to —78°C. — Yield 200 mg
(77%)/ 98 mg (89%). — Yellow microcrystalline powder. — M.p.
119—120°C. — '"H NMR: & = 3.97 (s, 3 H, H3Si), 1.49 [s, 15 H,
(H3C)sCs]. — *C NMR: § = 215.6 (s, CO), 94.9 [s, Cs(CH3)s], 9.41
[s, (CH3)sCs]. — IR (pentane): v = 2141 cm ™! [w, v(SiH)]; 2008 (s),
2001 (m), 1970 (vs), 1961 (s) [V(CO)]. — MS (rel. to 28Si, 33Cl and
S0Fe, 70 eV, 60°C): m/z (%) = 376 (4, [M]"), 348 (14, [M — CO]"),
320 (8, [M — 2COJ%), 289 (8, [M — 2CO, — SiHj]"), 226 (4,
[CsMesFeClNY), 191 (13, [CsMesFe]™), 163 (100, [CsMesSi]™), 135
(19, [CsMes] ). — C,H3CLFeO,Si, (377.23): caled. C 38.21, H
4.82, CI 18.80; found C 38.33, H 4.92, Cl 18.55.

10. 1-[Dicarbonyl(n3-cyclopentadienyl)ruthenio]-1,1-dichlorodisilane
(4c): According to 8. from 105 mg (0.37 mmol) of Cp(OC),Ru—
SiH,—SiH; (3¢) in 15 mL of benzene and 550 mg (3.60 mmol) of
CCly after 15 h. After dissolving the beige residue in 1 mL of ben-
zene and addition of 10 mL of pentane 4¢ precipitates, is filtered off
and dried in vacuo. — Yield 85 mg (65%). — Light beige powder. —
M.p. 68°C (decomp.). — 'H NMR: & = 4.48 (s, 5 H, HsCs), 3.71
(s, 3 H, H5Si). — IR (benzene): ¥ = 2151 cm ™! [w, v(SiH)]; 2025
(s), 2017 (m), 1979 (vs), 1970 (s) [v(CO)]. — C;HgCl,O,RuSi,
(352.29): caled. C 23.87, H 2.29, CI 20.13; found C 24.79, H 1.49,
Cl 19.87.

11. Photolysis of Cp(OC),Fe—SiCl,—SiCl; (2a): A solution of
100 mg (0.24 mmol) of Cp(OC),Fe—SiCl,—SiCl; (2a) in 5 mL of
benzene is irradiated for 120 h with UV-light (quartz lamp TQ 718,
700 W, Hanau). Insoluble materials are filtered off and the yellow
filtrate is evaporated in vacuo to dryness. The residue is extracted
with 10 mL of pentane, and the volume of the extract is reduced
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to 3mL. After cooling to —78°C Cp(OC),Fe—SiCl; (5)1°4 precipi-
tates. — Yield 43 mg (59%). — Light beige, microcrystalline powder.

12. Photolysis of Cp(OC),Fe—SiH,—SiH; (3a): A solution of
93 mg (0.39 mmol) of Cp(OC),Fe—SiH,—SiH; (3a) in SmL of
cyclohexane is irridiated for 120 h with UV light (quartz lamp TQ
718, 700 W, Hanau). A white unidentified precipitate is separated
and the filtrate evaporated in vacuo to dryness, yielding Cp(OC),-
Fe—SiHj; (6).181211 — Yield 43 mg (53%).

13. Thermolysis of Cp(OC),Fe—SiH,—SiH; (3a): A solution of
146 mg (0.61 mmol) of Cp(OC),Fe—SiH,—SiH; (3a) in 8 mL of
cyclohexane is heated to 65°C for 32 h. Workup according to 12.
yields Cp(OC),Fe—SiHj; (6).11211 — Yield 93 mg (73%).

14. X-ray Crystal Structure Determination of 2a: Suitable single
crystals of Cp(OC),FeSi,Cls were obtained from a saturated n-pen-
tane solution at —20°C. Crystal data for Cp(OC),FeSi,Cls:
C;H;ClsFeO,Si,, M = 410.39, triclinic, space group P-1 (No. 2),
yellow crystals, dimensions 0.20 X 0.20 X 0.30 mm?® a =
12.1711(4), b = 8.7557(4), ¢ = 13.9851(6) A, o = 90°, B =
100.589(2)°, v = 90°, V = 1465.0(2) A3, D, = 1.861 Mgm 3, Z =
4, u (Mo-Ko) = 2.088 mm ™!, T = 123(2) K, F(000) = 808; 17118
reflections were collected on a Nonius Kappa CCD diffractometer
204y, = 56.6°, =16 = h =16, -1l = k = 11, =17 = | = 16),
3292 symmetry independent reflections (R, = 0.1011) were used
for the structure solution (Patterson methods)!!l and refinement
(full-matrix least-squares on F2,[?l 155 parameters, 0 restraints),
non-hydrogen atoms were refined anisotropically, wR2 = 0.0572
[Ry = 0.037 for 3292 I > 2 o(I)].Crystallographic data (excluding
structure factors) for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-114922. Copies of the data
can be obtained free of charge on application to The Director,
CCDC, 12 Union Road, Cambrigde CB2 1EZ, UK (Fax: int. code
+(1223)336—033; E-mail: teched@ccdc.cam.ac.uk).

15. X-ray Crystal Structure Determination of 3b: Yellow crystals of
3b, suitable for X-ray diffraction were grown by slow diffusion of
pentane into a saturated toluene solution of 3b at —30°C. Crystal
data: C;,H,oFeO,Si,, M = 308.31, triclinic, space group: P-1 (No.
2), a = 7.7393) A, b = 8233(5) A, ¢ = 13875(6) A, o =
77.795(8)°, B = 84.945(8)°, v = 63.262(9)°, V = 771.7(6) A3, Z =
2, deaiea: 1.327 gem 3, CAD4-diffractometer (Enraf—Nonius),
radiation type: Mo-K,, wavelength: A = 0.71073 A, graphite mono-
chromator, crystal size: 0.55 X 0.50 X 0.50 mm, temperature:
173(2) K, o/@-scan, scale range: 1.50° < ® < 24.92°, F(000): 324,
total reflections: 5300, independant reflections: 2691, observed re-
flections: 2310 with I > 2o(I), absorption coefficient: p = 1.121
mm™!, semi-empirical absorption correction (7T inin/Tmax: 0.9716/
0.9983), structure solution: SHELXS-962%] with patterson meth-
ods, structure refinement: SHELXL-96[2°®1 (234 parameters), R, =
0.0249, wR, = 0.0614. The absorption correction was conducted
semi-empirically with the help of of the SDP-program. 26! All atoms
were determined by Fourier-transformation, the non-hydrogens re-
fined anisotropically by the method of the smallest mean-square-
errors (full-matrix least-squares) while the hydrogen atoms were re-
fined isotropically.

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
no. CCDC-101420. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: int. Code + 44(1223)336—033; E-mail:
deposit@ccdc.cam.ac.uk].
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16. Matrix Isolation Raman Spectra of Cp(OC),Fe—SiH,—SiH;
(3a): For the Raman spectroscopic investigations of 3a the sample
was isolated in a krypton matrix at 20 K by using the "slow-spray-
on” technique.?”! The matrix isolation apparatus consisted of a cry-
ocooler (CTI Cryogenics, model 22C) and a turbo-pumping unit
(Pfeiffer/Balzers, TPH 170).% The sample material was sublimated
in a Knudsen cell at 308 K and a pressure of 1077 — 1078 mbar.
Afterwards the gas was directly mixed with the matrix gas (kryp-
ton) in a heated nozzle, from where it was deposited on a highly
polished gold plated copper cold head at 20 K. For excitation of
the Raman spectra we used the 647 nm line of a krypton ion laser
(Spectra Physics, model 2025). The laser beam was focussed on the
matrix layer in a 30° angle to the target. The scattered light was
dispersed by means of a double monochromator (Spex, model
1404) and the signal was detected by a CCD camera system (Photo-
metrics, Spectra 9000). For the spectrum a resolution of 3 cm™!
was chosen. Data acquisition and spectra analyses were performed
by a commercial software package (MAPS, Photometrics).

17. Density Functional Calculations of 2a, 3a: The quantum mech-
anical calculations were performed using Gaussian94.2! For the
best combination of exchange and correlation functionals concern-
ing vibrational frequencies®” we used Becke's 1988 exchange func-
tional®!l in combination with the Perdew-Wang 91 gradient-cor-
rected correlation functional®? (BPW91). As basis sets we tested
the Los Alamos effective core potential (ECP) plus double zeta[33]
on iron, silicon and chlorine, whereas for the rest of the atoms (all
first-row elements) the Dunning/Huzinaga full double zeta basis
setl® was applied. All calculations were performed on DEC al-
phastations 500 [400 MHz]). Wavenumber calculations are only va-
lid at a stationary point,so in every calculation a full geometry
optimization had to be done first.
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