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Abstract

The compounds (h5-C5H5)(OC)2Fe–SiH2R with R�H (1) and CH3 (2) have been isolated in krypton or nitrogen matrices and
subsequently detected by Raman spectroscopy, followed by a detailed vibrational analysis. To study the photochemistry of the
iron silyl complexes 1 and 2, Raman spectra were also taken after UV irradiation. Resonance Raman spectroscopy enabled the
detection of newly generated species in low concentrations. Due to the observed differences in the spectra, a reaction mechanism
for the photochemical conversion of 1 and 2 in matrices is suggested. The experimental spectra of 1 are compared with the
vibrational data of density functional calculations. These calculations propose a CO-loss product with a (Fe, H, Si) three-centre
bond as a stable intermediate for the photochemical conversion of 1. Infrared measurements confirm the photochemical CO
elimination. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Silicon-transition metal complexes represent reactive
intermediates in a number of catalytic transformations
[1]. Since the preparation of the first stable example of
Cp(OC)2Fe–SiMe3 by Piper et al. in 1956 [2] silyl
derivatives of nearly all transition metals have been
synthesised [3]. In this context, SiH3-complexes are of
special interest, as they show high reactivity with re-
spect to insertion reactions into the Si–H–bond [4] and
are attractive starting materials for the synthesis of
metallo-silicides via MOCVD [5]. We have established a
simple access to SiH3-complexes of the chromium [6]

and iron [7] series and characterised these species exten-
sively by structural and spectroscopic analyses, espe-
cially by Raman spectroscopy and vibrational analysis
of the transition metal bonded silyl groups [6,8]. The
calculated force fields and potential energy distribution
demonstrated the complicated vibrational behaviour as
well as the metal-silicon bond strength and the influ-
ence of the remaining ligands. A complete normal
coordinate analysis (NCA) was carried out for
Cp(OC)2Fe–SiH3 (Cp�h5-C5H5), which includes the
whole Cp ligand [9,10].

This species and related complexes are photochemi-
cally active with respect to CO-elimination, a behaviour
that was used for modifying the transition metal frag-
ment by CO/PR3-exchange ([7]b). The principles of
photochemistry of monosilyl or disilanyl complexes
have been studied so far only for Cp(OC)2Fe-SiMe3
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Scheme 1.

and 10−8 mbar. Clear and glassy matrices were pre-
pared by using the ‘slow-spray-on’ technique [17]. The
sample material was heated in a ‘Knudsen cell’ at 32°C.
Afterwards, the gas was directly mixed with the matrix
gas (krypton or nitrogen) in a heated nozzel, from
where it was deposited on a highly polished gold plated
copper head at 18–20 K.

For Raman excitation, the 647.1 nm line of a kryp-
ton ion laser (Spectra Physics, model 2025) or the 514.5
nm line of an argon ion laser (Spectra, model 165) were
used. The laser beam was focussed on the matrix layer
in an 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 (Photometrics, Spectra 9000). A resolu-
tion of 3 cm−1 was chosen for all spectra. Data acqui-
sition and spectra analysis were performed by a
commercial software package (MAPS, Photometrics)
[18].

For IR absorption spectra, the matrix isolation ap-
paratus was modified by a sapphir target and the cryo
head was equiped with CsI windows. The measurments
were carried out with a FT-IR spectrometer (Bruker
IFS 120-HR) supplied with a Ge/KBr beamsplitter and
a HgCdTe detector. A spectral resolution of 3 cm−1

and 50 scans per measurement were chosen.
For the UV irradiation, either an argon ion laser

(Spectra, model BeamLok 2085), operating multiline
within a wavelength range of 333 to 364 nm and 1–3 W
laser power, or a krypton ion laser (Spectra, model
2025) in the 337–356 nm range and 100 mW laser
power were used.

2.3. UV/VIS spectra

For UV/VIS spectra, the compounds 1 and 2 were
disolved in dry benzene and handled under Ar atmo-
sphere. The solutions were measured in quartz cells
with a Perkin–Elmer Lambda 19 spectrometer.

2.4. Computational details of density functional
calculations

For the following investigations, density functional
(DF) methods were used, because of their moderate
demand on CPU time (scaling factor N2.2–3 with N
basis functions, instead of N4 for standard-HF-ab-ini-
tio-methods) and, as shown in the literature, because of

and Cp(OC)2Fe–Si2Me5, respectively, by isolating the
reactive intermediates in low-temperature frozen gas
matrices for spectroscopic characterisation [11,12]. As
demonstrated for the monosilyl complex, the primary
photolysis-product is the 16-electron species
[Cp(OC)Fe–SiMe3], which spontanously reacts with
free CO or other potential ligands (e.g. N2, PPh3) to
form the 18-electron complexes Cp(OC)(L)Fe–SiMe3

Scheme 1 [12].
In contrast, the decarbonylated intermediate of

Cp(OC)2Fe–Si2Me5 shows intramolecular oxidative ad-
dition of the Si–Si bond to the metal, yielding the
silyl(silylene)-iron complex [Cp(OC)Fe(�SiMe2)SiMe3]
Scheme 2 [12].

In this paper, we describe the use of Raman spec-
troscopy in combination with the matrix isolation tech-
nique for the analysis of the photochemistry of
Cp(OC)2Fe–SiH2R with R�H (1) and CH3 (2). In
contrast to the above-mentioned methyl-substituted
derivatives, 1 and 2 contain a hydrogen ligand that can
be easily transferred to the metal centre. This process
should lead to a silylene complex proposed as an inter-
mediate for several metal-catalyzed reactions of
organosilanes, but proved only by a few stable exam-
ples [13,14].

2. Experimental

2.1. Preparation

The silyl complexes were synthesised by standard
procedures [7,15].

2.2. Matrix isolation Raman and IR spectra

The matrix isolation apparatus [16] consisted of a
cryocooler (CTI-Cryogenics, model 22C) and a turbo-
pumping unit (Pfeiffer/Balzers, TPH 170). The latter
guarantees that the pressure was in the region of 10−7

Scheme 2.
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their capability to describe transition metal complexes
in good agreement with experimental data [19]. DF
calculations were performed on CRAY T90 computers
by means of DGAUSS 3.0 [20,21]. The DF theory is
based on the theorem of Hohenberg and Kohn [22],
which states that the groundstate energy E [r ] of a
system is an exact functional of the electron density r :

E [r ]=T [r ]+U [r ]+Exc[r ],

in which T is the kinetic energy of non-interacting
electrons, U the Coulomb potential, and Exc the ex-
change correlation energy. For the calculation of the
exchange correlation energy, the BP and BLYP func-
tionals were used. All calculations were performed us-
ing the DZVP [23,24] basis set. The electronic density
and the exchange correlation potential were fitted with
a triple-zeta A1 [23,24] set. The ground state structures
and the vibrational frequencies were determined by the
standard techniques implemented in DGAUSS.

3. Results and discussion

The photochemical studies in low temperature ma-
trices require a detailed analysis of the ferrio-silanes 1
and 2. Hence, the following discussion starts with a
Raman spectroscopic characterisation of the matrix
isolated complexes 1 and 2. The vibrational assign-
ments were established according to earlier studies
[9,10,25]. Density functional (DF) calculations of 1
support this investigation. The quality of the calculated
data will be shown by a comparison with the experi-
mental data. The following analysis of the irradiation
experiments of matrix isolated 1 and 2 includes DF
calculations of the reaction intermediate characterised
by vibrational data.

3.1. Raman spectra of matrix isolated 1 and 2

The compounds 1 and 2 were isolated in krypton or
nitrogen matrices at 18 K and analysed by Raman
spectroscopy with l0=647.1 and 514.5 nm excitation.
These wavelengths were chosen, because they are lo-
cated in the off-resonance region for both substances.
This can be seen for 2 in the absorption spectrum
shown in Fig. 1. Due to this, the spectra measured with
l0=647.1 and 514.5 nm are identical and show no
enhancement effect of particular Raman bands. Fur-
thermore, no differences between Kr or N2 matrices
were observed.

The high quality of the matrix layers enabled polar-
ised Raman measurements, which allowed the assign-
ment of symmetric vibrations. The spectra of 2 with
parallel and perpendicular polarisation are represented
in Fig. 2 (spectrum B and C, respectively). Band posi-
tions, relative intensities, depolarisation ratios, and pos-

Fig. 1. UV/VIS absorption spectrum of Cp(OC)2Fe–SiH2Me (2) in
benzene, with mark of the Raman excitation wavelength and the
spectral region (UV/ML=UV multiline) for the photochemical in-
vestigations.

sible assignments for 1 and 2 are listed in Table 1
together with the vibrational data of 1 from density
functional calculations, which will be discussed in Sec-
tion 3.2.

Due to the small differences of the molecular frame-
work, the Raman spectra of 1 (spectrum A in Fig. 2)
and 2 (spectrum B in Fig. 2) look very similar. The
spectra are dominated by the signals of the Cp ring
breathing mode at 1115 cm−1 as well as the (FeCp) and
(Fe–Si) stretching vibrations between 300 and 400 cm−1.
The antisymmetric and symmetric n(SiH) modes are
observed as a broad superimposed band around 2100
cm−1. Between 1950 and 2010 cm−1, the two (CO)

Fig. 2. Raman spectra of Cp(OC)2Fe–SiH3 (1) (spectrum A) and
Cp(OC)2Fe–SiH2Me (2) (B: parallel polarisation; C: perpendicular
polarisation) in N2 matrices at 18 K with l0= 514.5 nm.
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Table 1
Raman data (wavenumber ñ in cm−1) of matrix isolated 1 and 2 compared with DF calculations of 1

Cp(OC)2Fe–SiH2R
R�H (1) R�CH3 (2)

RamanAssignment Assignment of (Si–R) modesDGAUSS calculationsaRaman
N2-MatrixN2-Matrix BP/DZVP BLYP/DZVP

ññ ñ Dñ ñ Dñ

3132 m/pns(CH)3134 m +603205 +71 3194
3123 shb3127 shb 3192 +65 3183 +56" nas(CH)

+543192 +65 3181
+62" nas(CH) 3106 shb3110 shb 3183 +73 3172

3094 shb3093 shb +613178 +85 3171
2967 w nas(CH3)

ns(CH3)2909 m/p
+49 ns(SiH) 2098 m/p2113 s 2164 +51 2162

2088 shbnas(SiH)2104 shb +37"2145 +43 2141
2140 +36 2137 +33

2002 wns(CO)2009 w −342003 −6 1975
−21 nas(CO) 1951 w1960 m 1966 +6 1939

1435 wnas(CC)1434 w +61440 +6 1440
−3 nas(CC) 1416 w1417 w 1415 −2 1414

nas(CC)1379 1364
−6 nas(CC) 1364 w1364 w 1373 +9 1358

ds/ip(CH)1255 1266
1249 vw ds(CH3)
1115 vs/pCp ring breathing1115 vs −141114 −1 1101
1108 sh1108 sh
1087 vvw1073 sh

−11 das/ip(CH) 1063 w1063 w 1053 −10 1052
das/ip(CH)1048 1048

−6 das/ip(CH) 1019 vvw1017 vvw 1014 −3 1011
999 vvwdas/ip(CH)999 vvw −10994 −5 989

0 das/op(CH) 953 vw950 w 956 +6 950
das/op(CH)946
das(SiH2)936 942
das(SiH)936

933 vwdas(SiH2)935 vw −4926 −9 931
−13 ds(SiH3)905 vw 886 −19 892

881 vvw
das/op(CH) 849 vw/p852 vw 862 +10 854 +2
das/op(CH)846
das/op(CH)+das/ip(CCC)844

840 vwdas/op(CH)841 vw −3840 −1 838
das/op(CH)+das/ip(CCC)833 831
ds/op(CH)824 817

720 w/p
680 w/p n(Si−C)

−5 ds/ip(FeCO) 661 vw650 vw 663 +13 645
das/ip(FeCO) 646 vw/p627

608 wds/op(FeCO)615 sh 611 −4
dop(CCC)608 vw 605 −3

594 vwnas(FeC2)602
+19 dop(CCC)579 vvw 585 +6 598

d(FeSiH)+v(FeC2)592
574 vvw577 das/op(CCC)

d(FeSiH)567 vvw +1578 +11 568
t(SiH2)+t(FeC2)549 vw 528 521

528 m/pns(FeC2)523 m −16531 +8 507
nas(FeC2)513

480 vwt(SiH2)+nas(FeC2)502
−9 t(FeC2) 470 vw469 w 475 +6 460

439 vvw446 vvw
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Table 1 (Continued)

Cp(OC)2Fe–SiH2R
R�CH3 (2)R�H (1)

Assignment RamanRaman Assignment of (Si–R) modesDGAUSS calculationsa

N2-MatrixN2-Matrix BP/DZVP BLYP/DZVP

Dñ ññ ñ Dñ ñ

405 −4 376 −33 nas(CpFeSi) 405 w409 w
386 −11 356397 m −41 nas(FeCp) 396 m
367 −10 340377 vs −37 ns(FeCp) 375 vs/p
316 −6 294322 vs −28 ns(CpFeSi) 318 vs/p

216 vw 190 −26 181 −35 t(SiH3)
202 md(CpFeSi)+4159+5160155 m

148 +6 146142 sh +4 d(CpFeC) 147 sh
125 m 125 0 123 −2 d(C2FeSi)

110 +3 106 −1107 m d(CfeC)
99 95 t(FeC2)
64 71 t(FeCp)

a Dñ= ñ(calculation)−ñ(Raman observed).
b From band shape analysis.

stretching vibrations occur with relatively weak intensi-
ties. Spectrum B in Fig. 2 shows the characteristic
vibrations for the methylated silyl complex 2. The
signal at 2967 cm−1 can be assigned to the antisymmet-
ric, and the polarised band at 2909 cm−1 to the sym-
metric n(CH3) mode. The (CH3) deformation is seen as
a weak signal at 1249 cm−1. Two polarised bands can
be observed in the (Si–C) stretching region at 680 and
720 cm−1.

3.2. Density functional calculations of structural and
6ibrational data of 1

Comparing the data of the X-ray structure determi-
nation of (h5-C5Me5)(OC)2Fe–SiH3 ([7]b) with the cal-
culated parameters by DF methods for the
Cp-substituted analogue shows a very good correlation
of the different data sets (Table 2). While the angles fit
nearly exactly (D=0–6°), an elongated Fe–CO and a
shortened C–O bond length is observed, which al-
though it is in contrast to the expected values due to the
more electron-donating effect of the permethylated Cp-
ligand, lies within the known region of these bonds.

The results of vibrational calculations of 1, based on
DF methods using BP and BLYP functionals with the
DZVP basis set [23,24], are listed together with the
experimental wavenumbers in Table 1. The calculated
vibrations were visualised with the programm UniChem
[21]. The vibrations were assigned based on these visu-
alisations and not on a calculated potential energy
distribution (PED), which could not be carried out with
the program used. In an earlier normal coordinate
analysis of 1, a PED was calculated, which shows the
percentage of different internal coordinates on particu-
lar vibrations [9].

Most interestingly, the strongest deviations Dñ be-
tween calculated data and experimental values are ob-
served for modes with participation of hydrogen atoms.
This can be attributed to difficulties in describing a
hydrogen by a homogeneous electron density [20]. The
deviation is 50–90 cm−1 in the n(CH) region and
30–50 cm−1 in the n(SiH3) region. The best conformity
between calculation and experimental data is observed
for the n(CC) modes of the cyclopentadienyl ligand. In
most cases, the BP functional gives a much better
agreement with the experimental data than the BLYP
functional. For example, the deviation between calcu-
lated and experimental values of the n(CO) modes is
only 96 cm−1 for BP functional and approximately
−20 cm−1 for the BLYP functional. For the interest-
ing iron-ligand vibrations, the deviation between the BP
calculated wavenumbers from the experimental data
amount to a maximum of 20 cm−1. It is important to
mention that the good agreement between calculated

Table 2
Calculated structure parameters of 1 by DF methods compared with
x-ray data of (h5-C5Me5)(OC)2Fe–SiH3

Cp*(OC)2Fe–SiH3Cp(OC)2Fe–SiH3 (1)

BP/DZVP BLYP/DZVP X-ray data ([7]b)

Bond lengths (Å)
2.316 2.347 2.287Fe–Si
1.758/1.756Fe–CO 1.776/1.774 1.813/1.773

1.034/1.1271.176/1.1761.175/1.175C–O

Angles (°)
Si–Fe–C 85.9/85.1 86.5/85.8 92.5/89.4
Fe–C–O 177.8/179.0 177.5/178.6 177.5/178.3

94.6 95.4C–Fe–C 94.0
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Fig. 3. Description of the (CpFeSi) stretching vibrations of Cp(OC)2Fe–SiH3 (1) and their calculated values using the BP functional.

values and experimental wavenumbers was, in contrast
to former HF calculations [26], obtained without any
empirical corrections. The especially interesting (Fe–Si)
valence mode only differs about −6 cm−1 from the
experimental data. The visualisation of this vibration
shows a strong coupling with a symmetric (FeCp)
stretching. Hence, this motion should be better de-
scribed as a symmetric n(CpFeSi) mode (see Fig. 3).
The analogous antisymmetric vibration could be as-
signed to the weak signal at 409 cm−1. The vibrations
around 370 and 390 cm−1 are characterised by a higher
(CpFe) stretching participation and, because of this,
described as ns(CpFe) and nas(CpFe).

3.3. Photochemistry of matrix isolated 1, Raman
spectroscopic study and DF calculation

For the photochemical conversion of 1, a reaction
mechanism as shown in Scheme 3 is proposed. The
photochemical ejection of one CO molecule forms the
16-electron species [Cp(OC)FeSiH3] (II). The a-H rear-
rangement leads to an intramolecular stabilisation of
this intermediate. The reaction may stop with the for-
mation of III, an intermediate with a (Fe, H, Si) three-
centre bond or go further to the hydrido-silylene
complex IV.

The proposed photochemical intermediates II–IV
possess characteristic molecular units, which lead to
characteristic vibrational modes. Therefore, a clear
identification should be possible by means of Raman
and IR spectroscopy. Due to the observation of Haynes
et al. [12], the n(CO) mode of II and III should appear
at about 1925 cm−1 and of IV at about 1940 cm−1.
The higher [FeSi] bonding order in III and IV leads to
a shift of the n(FeSi) vibration to higher wavenumbers.
In comparison to the shift observed between an iron-
carbon single and an iron-carbon double bond (HFe–
CH3: 522 cm−1; Fe�CH2: 624 cm−1) [27], the
difference between the n(Fe–Si) and the n(Fe�Si) mode

should amount approximatly 100 cm−1. Complexes III
and IV will also show the n(SiH) modes at higher
wavenumbers in comparison to I and II. An additional
band should appear for the (FeH) stretching vibration.
A complete migration of the silyl hydrogen atom to the
iron centre in IV should be indicated by a signal at
about 1835 cm−1 corresponding to the n(FeH) of
Cp(OC)2FeH [28]. The bonding situation in III is com-
parable with the agostic coordination of a [Si–H] unit
like the h2 coordination of SiH4 in cis-Mo(h2-
SiH4)(CO)(Ph2PC2H4PPh2) ([29]a). Here the n(MoHSi)
mode was located at 1743 cm−1. The n(MoH) band
was found at about 1800 cm−1 in the IR spectra of
hydrido molybdenum complexes. Therefore, the signal
of III was expected at about 1770 cm−1. The vibrations
between the iron centre and the cyclopentadienyl or the
carbonyl ligand should also be affected. The Cp ring
modes are relatively insensitive to the remaining com-
plex fragment, and therefore, the Cp ring breathing can
be used as internal standard. Free CO molecules in the
matrix can be detected by their strong absorption in the
IR spectrum at approximately 2139 cm−1 [12].

The photochemical conversion of 1 was initiated by
irradiation of the matrix layer with an Ar ion laser as
described above. After the irradiation the color of the
layer changed from colorless to orange-red. The Raman
spectra of matrix isolated 1 in N2, which were detected
before and after 15 minutes UV irradiation with 300
mW laser power are shown in Figs. 4 and 5. The same
spectra are observed for krypton matrices, which ex-
clude the possible CO/N2 exchange in the nitrogen
environment [12]. UV irradiation of matrix isolated 1
leads to an additional signal at 2181 cm−1 in the
Raman spectra (see B and C in Fig. 4), which could be
assigned to the (SiH) mode of a photochemical interme-
diate. The wavenumber of this (SiH) mode lies in the
range observed for the terminal Si–H unit in the case
of [Cp2Zr(m-H)(SiHPh2)]22+ (2113 cm−1) containing in
addition an agostic Si–H bond ([29]b). The low signal
to noise ratio in the spectra, which were taken after UV
irradiation, can be attributed to the low laser power
during the measurement. The UV irradiation caused a
deterioration in the quality of the matrix layer. Due to
this, the subsequent Raman measurements were carried
out with a maximum laser power of only 5 mW. AScheme 3.
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Fig. 4. Raman spectra of Cp(OC)2Fe–SiH3 (1) isolated in N2 matrix
at 18 K A: before photolysis with l0 = 514.5 nm (P=50 mW), B:
after 15 min UV irradiation (with 300 mW of an Ar+ laser) with
l0=647.1 nm (P=5 mW), C: after 15 min UV irradiation (with 300
mW of an Ar+ laser) with l0=514.5 nm (P=2 mW) and IR spectra
of 1 isolated in Kr/N2 mixture at 18 K A%: before photolysis, B%: after
30 min UV irradiation (with 300 mW of an Ar+ laser), C%: after 160
min UV irradiation (with 300 mW of an Ar+ laser).

Fig. 5. Raman spectra of Cp(OC)2Fe–SiH3 (1) isolated in N2 matrix
at 18 K A: before photolysis with l0=514.5 nm (P=50 mW), B:
after 15 min UV irradiation (with 300 mW of an Ar+ laser) with
l0=647.1 nm (P=5 mW), and C: after 15 min UV irradiation (with
300 mW of an Ar+ laser) with l0=514.5 nm (P=2 mW).

comparison to spectrum A. An increase in the irradia-
tion time produced no further effects. The values of the
additional bands are marked in spectrum B and listed
in Table 4. The new signal at 356 cm−1, between the
strong ns(FeCp) and n(FeSi) band of the educt 1, could
be attributed to the ns(FeCp) of an intermediate. Be-
cause of the small shift, this assignment is more proba-
ble than an alternative assignment to a n(FeSi) mode of
III or IV. The signals of the n(FeSi) and ns(FeCp) mode
show a decrease in intensity compared to the consistent
intensity of the Cp ring breathing band. This observa-
tion indicates the reaction of 1 and the changed bond-
ing situation in the photochemically generated
intermediate.

The spectrum of the irradiated matrix layer is consid-
erably changed by measurements using l0=514.5 nm
excitation, since this wavelength is located in the ab-
sorption range of the newly generated species. This can
be deduced from the color of the layer, which changed
from colorless to red after the UV irradiation. The
relative strong signals below 1000 cm−1 in the Raman
spectrum C can be attributed to the resonance en-
hanced effects, which allow the detection of species in

higher laser power leads to a damage of the matrix
layer. IR experiments (see spectra A%–C% in Fig. 4) give
further information. After UV irradiation, an addi-
tional absorption could be observed at 2136 cm−1 in
spectra B% and C%. This indicates the formation of free
CO molecules in the matrix. A further signal could be
observed at 1909 cm−1. The n(CO) band of the pho-
tointermediate II and III are expected at lower
wavenumber than the nas(CO) of 1 [12]. Therefore, the
absorption at 1909 cm−1 could be assigned to the
n(CO) mode of a newly generated species. Neither the
IR nor the Raman spectra show an additional signal in
the n(FeH) region.

Fig. 5 shows Raman spectra in the range of 200–
1200 cm−1 before (spectrum A) and after UV irradia-
tion (spectra B and C). Spectrum B was measured with
l0=647.1 nm excitation and shows little differences in
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Table 3
Calculated structure parameters of Cp(OC)FeHSiH2 by DF methods

Cp(OC)FeHSiH2

BLYP/DZVPBP/DZVP

Bond lengths (Å)
Fe–Si 2.143 2.174
Fe–HSi 1.662 1.699

1.698 1.675FeH–Si
1.509/1.5031.511/1.505Si–H

Fe–CO 1.757 1.777
1.179C–O 1.178

Angles (°)
C–Fe–Si 91.9 92.7

94.293.3C–Fe–H
H–Fe–Si 51.1 49.4
Fe–H–Si 79.2 80.2

177.5Fe–C–O 177.6

The parameters of the structure, which were calcu-
lated with the BP and the BLYP functional, are listed
in Table 3. Both methods give equal changes in bond
lengths and angles between the educt and the photo-
product structure. The transition from a [FeSi] single to
a [FeSi] multiple bond leads to a shortening of 0.173 Å
in the bond length. In comparison to the terminal
hydrogen atoms, the bridging H atom is characterized
by a longer [SiH] bond distance. The [C–Fe–Si] angle
increases for the calculated photoproduct from 86 to
92°. The photoproduct possesses the same [FeC] and
[CO] bond distances as the educt.

Additionally, calculations of vibrational wavenum-
bers were made to assist the interpretation of the Ra-
man spectroscopic investigations. The calculated values
of the characteristic vibrations are listed in Table 4.
Experimental studies have shown, that the band posi-
tion of the Cp ring breathing mode is virtually indepen-
dent of the coordination sphere of the metal centre. The
Cp ring breathing mode shows a difference of about 6
cm−1 between the educt and product in both, the BP
and the BLYP calculations. Vibrations with participa-
tion of hydrogen atoms will not be discussed in detail,
due to their relatively large deviation from the experi-
mental data (Section 3.2). The (FeSi) stretching vibra-
tion of the product was calculated with the BP
functional at 459 cm−1 and with the BLYP at 431
cm−1. The values for the product are higher in
wavenumber than the calculated ns(CpFeSi) mode of
the educt 1 and lie in the expected range for [FeSi]
multiple bonds. The Raman measurements after UV
irradiation show a strongly enhanced signal at 428
cm−1 for the 514.5 nm excitation. Based on the calcula-
tions, this band can definitely be assigned to the n(FeSi)
mode of the newly generated III. The calculated value
for the ns(FeCp) mode in III lies at lower wavenumbers
than in the educt 1. This is in good agreement with our
expectations. The additional signal in the Raman spec-
tra at approximately 355 cm−1 can be assigned to this
mode. Further conformities are given in Table 4. Al-
though the structural changes between the educt and
the photoproduct are neglectable with regard to the
[FeCO] unit, the vibrational calculations show the ex-
pected increasing value of the n(FeC) mode in going
from the educt to product. The n(CO) mode of the
product III was calculated at approximately 1963 cm−1

by using the BP functional or 1940 cm−1 for the BLYP
functional. These values lie in the same region as the
calculated values for the symmetric n(CO) mode of the
educt and are of higher wavenumber than expected.
This depends on the deviation of the calculated struc-
ture from the structure in matrix. Therefore, the ob-
served IR absorption at 1909 cm−1 thoroughly
indicates the photochemical generation of III in the
matrix.

very low concentrations [30]. Spectrum C again shows a
decrease of the n(FeSi) band and a new signal at 354
cm−1. Additionally, a new strong band can be seen at
428 cm−1. This is the range, in which the (FeSi)
stretching mode of the new species III or IV, with
higher bond order between iron and silicon can be
expected. Further strong signals appear in the region of
the iron–carbonyl stretching and bending modes be-
tween 500 and 600 cm−1. Moreover, some weak signals
can be observed at 839, 742, and 661 cm−1 in the
d(SiH) region.

It should be further mentioned that 1 can react
photochemically to the diiron complex [CpFe(CO)2]2,
which can in turn react photochemically on to
[CpFe(CO)3FeCp] in the timeframe of a Raman mea-
surement when a wavelength of 514.5 nm is used.
[CpFe(CO)3FeCp] possess a characteristic resonance
Raman spectrum when excited with l0=514.5 nm
[31,32], which was not observed during the matrix
experiments above. Due to this, a reaction path of 1
reacting to [CpFe(CO)3FeCp] via [CpFe(CO)2]2 can be
excluded in matrix.

DF calculations clearly indicate a CO-loss photo-
product with a (Fe, H, Si) three-centre bond as shown
in Scheme 4.

Scheme 4.
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Table 4
Calculated vibrational data of Cp(OC)FeHSiH2 and Raman data of matrix isolated 1 and 2 after UV irradiation (wavenumber in cm−1)

Cp(OC)2FeSiH2CH3 (2)Cp(OC)2FeSiH3 (1)
after UV irradiationafter UV irradiation

N2 matrix Kr matrixDGAUSS calculations N2 matrixN2 matrix
l0=514 nml0=647 nml0=514 nmAssignment l0=647 nmBP/DZVP BLYP/DZVP

2182 mn(SiH) 2147 2149 2177 m 2159 w
2117 2118

n(CO) 1963 1940
ns(FeHSi) 1662 1607

1467 vw 1043 vw
1010 w/brd(SiH2) 949 960

840 vw 839 m 839 m 838 m
742 wr(FeHSi) 748 vw762 782
661 wv(SiH2) 664 648

622 sh 626 vw
618 w
603 s597 m603 sn(FeC) 599 w/br591 576

593 shd(FeCO) 580 556
572 s

568 s/br 511 sh/m 568 sd(FeCO)+d(HSiHFe) 540 525
440 shr(SiH2) 501 486
428 vs 439 sn(FeSi) 459 431

429 mt(SiH2) 416 401
388 shnas(FeCp) 389 366 387 sh
348 w348 m354 wns(FeCp) 356 vw340 335

313 sh
281 vw 281 w287 w

3.4. Photochemistry of matrix isolated 2

The compound 2 possesses two different substituents
coordinated to the silicon atom. Due to this situation,
besides the a-H-transfer in analogy to 1 (pathway A)
two further pathways can be discussed for the photo-
chemical conversion of 2, which are illustrated in sim-
plified form in Scheme 5.

Reaction pathway B involves oxidative addition of
the Si–C bond to the metal centre which should be less
probable than pathway A. Additionally, Haynes et al.
[12] could not observe an intramolecular stabilisation of
[Cp(CO)FeSiMe3] in matrix. Only the exchange of one
methyl group by a [SiMe3] function leads to an in-
tramolecular stabilisation of [Cp(OC)FeSiMe2SiMe3] by
an a-SiMe3 rearrangement. A further possibility for the
photochemistry of 2 is a b-H rearrangement shown in
pathway C. The spectroscopic identification of the in-
termediates IIIa and IVa are based on analogous con-
siderations, which were discussed for 1. A
differentiation between IIIa and IIIb or IVa and IVb
should be possible with the appearence of new signals
for the (FeH) or (FeC) modes, respectively. For IIIc
and IVc, wavenumber shifts in the n(CH) and (SiC)
modes are expected.

The Raman experiments of 2 were carried out
analogously to the investigations of 1. Fig. 6 shows the
n(SiH) and n(CO) region of the Raman spectra of 2
before (spectrum A) and after UV irradiation (spectrum
B and C). The new signal at 2159 cm−1 in spectrum B
and C can be attributed to the n(SiH) mode of a newly
generated photoproduct like IIIa or IVa. The Raman
spectra of the educts 1 and 2 possess a characteristic
wavenumber shift of the n(SiH) modes. The methylScheme 5.
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Fig. 6. Raman spectra of Cp(OC)2Fe–SiH2Me (2) A: in N2 matrix at
18 K before photolysis with l0=514.5 nm (P=50 mW), B: in Kr
matrix at 20 K after 60 min UV irradiation (with 50 mW of a Kr+

laser) with l0=647.1 nm (P=15 mW), and C: in N2 matrix at 18 K
after 15 min UV irradiation (with 300 mW of an Ar+ laser) with
l0=514.5 nm (P=3 mW).

a newly generated photoproduct. Further bands oc-
cured in the n(FeC) and d(FeCO) region between 550
and 620 cm−1. Two weaker signals were detected at
838 and 1010 cm−1. Furthermore, the strong decrease
in intensity of the n(FeSi) band indicates a change of
the iron silicon bonding behaviour, which also effects
the [FeCp] bond. The ns(FeCp) mode of the photointer-
mediate is observed at lower wavenumber (348 cm−1 in
spectrum B and C of Fig. 7) than for the educt 2.

The UV irradiation of matrix isolated 1 and 2 leads
to equivalent changes in the Raman spectra of both
complexes. Therefore, the a-H rearrangement of 2 is
more probable than the intramolecular stabilisation of
II via an a-methyl or a b-H shift shown in Scheme 5.

4. Conclusions

The combination of matrix isolation techniques with
Raman spectroscopy is a very attractive method for the
determination of Si–H units attached to metal centres,
concerning the bonding-mode in photochemically gen-

substitution of the silyl unit in 2 leads to a shift of
approximately −16 cm−1. The new Raman band at
2159 cm−1 in spectrum B and C (Fig. 6) also appeared
at lower wavenumber than for 1 (2181 cm−1 in Fig. 4
B and C). The similar shift of these signals is evidence
for a rearrangement equivalent to pathway A in Scheme
5. The detection of free CO molecules in the matrix
after the UV irradiation was possible by means of IR
experiments. Besides this, no further signals were ob-
servable in the n(CO) range, which can characterise a
newly generated photoproduct.

Fig. 7 shows the Raman spectra of matrix isolated 2
in the low wavenumber range before (spectrum A) and
after UV irradiation (spectrum B and C). Spectrum B,
which was taken after UV irradiation, with l0=647.1
nm, only shows a few additional bands besides the
characteristic Raman features of 2 (see spectrum A).
This can be explained with the equilibrium between the
photochemical generation of the 16-electron complex II
and a recombination to the starting compound I (2).
Spectrum B shows a decreasing intensity for the n(FeSi)
and ns(FeCp) bands of the educt 2 and a new signal at
348 cm−1, which can be attributed to the ns(FeCp)
mode of the new species. A comparison with Raman
spectra of the photoproduct of 1 in Fig. 5 B shows a
wavenumber shift of approximately−8 cm−1 for this
ns(FeCp) band. Further bands occur at 597 and 839
cm−1.

Analogous to the irradiation of 1, the orange-red
color of the matrix layer indicates the photochemical
reaction of 2. Therefore, the Raman excitation with
l0=514.5 nm leads to a resonance enhancement of
several spectral bands in spectrum C of Fig. 7. Spec-
trum C shows a strong doublet at about 430 cm−1,
which can be assigned to the (FeSi) stretching mode of

Fig. 7. Raman spectra of Cp(OC)2Fe–SiH2Me (2) A: in N2 matrix at
18 K before photolysis with l0=514.5 nm (P=50 mW), B: in Kr
matrix at 20 K after 60 min UV irradiation (with 50 mW of a Kr+

laser) with l0=647.1 nm (P=15 mW), and C: in N2 matrix at 18 K
after 15 min UV irradiation (with 300 mW of an Ar+ laser) with
l0=514.5 nm (P=3 mW).
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erated 16-electron intermediates. In this context it is of
high interest, which kind of stabilisation the photolysis
products of the iron complexes Cp(OC)2Fe–SiH2–SiH3

and Cp(OC)2Fe–CH2–SiH3, bearing a disilanyl or silyl-
methyl ligand, will undergo. This question will be the
motivation to perform further matrix isolation experi-
ments with these compounds.
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