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Abstract Thermolysis of cis-Fe(CO),(SiCl3), results in
the formation of the novel compound Fe,(CO)¢(1t5-SiCly)s3,
which was characterized by single crystal X-ray diffrac-
tion. Density functional theory calculations were carried
out to elucidate possible reaction steps leading to the for-
mation of Fe,(CO)(SiCl,);, including CO dissociation and
chlorine abstraction by a SiCl; radical generated from
homolytic Fe-Si bond cleavage involving a singlet—triplet
intersystem crossing.

Keywords Metal silyl complexes - Homolytic bond
cleavage - Bridging silylene ligand - DFT calculations

Introduction

Applications of transition metal silicides include direct
band-gap semiconductors as catalysts or in photonics [1]. An
interesting option for the synthesis of metal silicide films or
nanoparticles is thermolysis of metal silyl complexes as
molecular single-source precursors. For example, iron
silicide films were prepared by MOCVD processes from
cis-Fe(CO)4(SiCl3), (1). Based on photoelectron spectra and
theoretical calculations, Zybill et al. proposed intramolecu-
lar SiCl, elimination and concomitant formation of an iron
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silylene complex as initial mechanistic steps during the
generation of iron silicide [2, 3]. We recently reported that in
solution and in the presence of hexamethylphosphoric tria-
mide (HMPA), the ionic complex [SiCl3(HMPA);]*
[Fe(CO)4SiCl3] ™ is formed from 1 by heterolytic cleavage of
an iron—silicon bond [4]. In the present contribution, we re-
examine the gas-phase decomposition of 1 and re-calculate
the initial elementary reaction steps by DFT methods.

Results and discussion

The experiments by Zybill et al. [3] were carried out under
CVD conditions, i.e., the decomposition of 1 and formation
of iron silicides occurred at silicon or glass surfaces. A clear
dependence on the substrate surface was observed, as
p-FeSi, films were formed on a Si(100) surface and poly-
crystalline cubic FeSi on a Pyrex glass substrate. In an
attempt to prepare iron silicide nanoparticles, we carried out
thermolysis of 1 under different conditions. To this end,
solid 1 was sealed in a glass vial under argon and heated to
350 °C for 30 min. After cooling to room temperature, the
vial was opened, and FeCl, and yellow, needle-shaped
crystals of Fe,(CO)g(SiCl,)3 (2) were obtained as the only
solid compounds. A silicide phase or residual starting
compound was not observed. Although we did not analyze
the gaseous products, theoretical calculations (see below)
and photoelectron spectroscopy studies by Zybill et al. [2, 3]
suggest that CO and SiCly are also formed. Thus, the overall
reaction could be

5Fe(CO),(SiCl3),— FeCly + 2Fey(CO),(SiCla),+ 4SiCly
+38CO

Complex 2 crystallized in the highly symmetric space
group P63/m (Fig. 1). The iron atoms are octahedrally
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Fig. 1 ORTEDP plot of Fe,(CO)4(SiCl,)3 (2). Selected bond distances
(pm) and angles (deg): Fe(l)-Fe(1)* 272.6(8), Fe(1)-C(1) 181(1),
Fe(1)-Si(1) 229.7(4), Si(1)-CI(1) 204.2(6), Si(1)-Fe(1)-Si(1)*
72.805(4), Fe(1)-Si(1)-CI(1) 120.58(1) (Atoms marked with an
asterisk are symmetry-related)

coordinated with a facial arrangement of the carbonyl ligands
and three bridging dichlorosilylene ligands connecting the
two metal centers. In comparison to the known crystal
structure of Fe,(CO)g(ux-SiClMe)(u,-SiMe,), (Fe—Fe 270.5
(1) pm, average Fe—Si = 232.2(2) pm) [5], which has been
obtained in low yield by photochemical reaction of
Fe,(CO)s(SiMe,), with Fe(CO),(H)SiMe,C1 [6], the Fe-Fe
distance (272.6(8) pm) in 2 is only slightly longer, and the
Fe—Si distance (229.7(4) pm) slightly shorter. The structure of
2 is related to the prototypical Fe,(CO)y with the same point
group (Ds5;,). Replacement of the three silylene ligands by
three bridging carbonyl ligands results in a significantly
shorter Fe-Fe distance of 252.3(8) pm [7].

The IR spectrum of 2 shows two strong absorptions in
the carbonyl region at 2,022 and 2,001 cm™ ', Scaled fre-
quencies by a factor of 0.9945 [8] obtained from
calculations carried out as part of the computational study
reproduce the experimental results with high accuracy
(calculated values: 2,029 and 2,001 cm_l).

The different outcome of the thermolysis reaction,
compared to that reported by Zybill et al., prompted us to
re-calculate possible intermediates for this reaction. We
first investigated CO dissociation as a possible initial step
in the total reaction. The first bond dissociation energies for
cis-Fe(CO)4(SiCl3), (Table 1) are 125.2 kJ/mol for the CO
ligand trans to CO and 108.4 kJ/mol for the CO ligand
trans to SiCl;. We were also able to locate transition states
for CO ligand dissociation in both cases, TSpg and TS c,
leading to Fe(CO);(SiCls),: the energetic barriers amount
to 127.7 and 98.8 kJ/mol (Fig. 2, compound A in the cal-
culations corresponds to complex 1, B and C denote the
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Table 1 First bond dissociation energies and associated barrier
heights for Fe(CO),(SiCl3),

Bond De (kI mol™")  AGrs (kJ mol™")
Fe—COyans co 125.2 127.7 (heterolytic dissociation)
Fe—COyuns sicizs ~ 108.4 98.8 (heterolytic dissociation)
Fe-SiCl; 161.2 151.1 (homolytic dissociation)
TS ]
¢ 127.8 %,
120 r (148.6)
I AS
_ I ‘\
09 "y 98.9 '\
"' ' (121.6) ~ A,
_‘_3 50 l" ,' “ N B
£ ] bt 72.3
= 60 e 2] s (125D
z - . ”
< a0 " « ¢ @ (108.4)
1 = 1
Lr]
e >&je. ) O
20 4 o 72
fd
a_/ T b
¢ 0.0 - G
(0.0) o

Reaction coordinate

Fig. 2 Gibbs free-energy profile for CO ligand dissociation from A.
The numbers in parentheses are differences in uncorrected electronic
energies

products of CO dissociation cis or trans to SiCls). This
implies both thermodynamic and kinetic labilization of the
CO ligands trans to the SiCl; ligands, which is in excellent
agreement with the experimental observation that PPhs
exclusively substitutes the CO ligands trans to the SiRj in
complexes cis-Fe(CO)4(SiR3), [9, 10].

As previously reported, the Fe—Si bond in 1 is hetero-
lytically cleaved in solution in the presence of HMPA to
stabilize the cleaved SiCl;* [4]. Such a charge separation is
expected to be highly unfavorable in the gas phase, i.e., in
the absence of any stabilizing agent. As a matter of fact, a
stepwise lengthening of one of the Fe—Si bonds from the
calculated equilibrium distance of 245 pm in A (with
multiplicity 2S 4+ 1 = 1) leads to a continuous increase in
energy and an asymptotic approach to the energy of
[(CO)4FeSiCl;]~ and SiCl;™ at infinite separation (Fig. 3).
Consequently, the energy required for SiCl;* dissociation
(i.e., on the singlet surface) is very high (Fig. 3).

We were unable to locate a transition state for unimo-
lecular SiCl, elimination from neutral cis-Fe(CO)4(SiCls),.
This is due to an unfavorable interaction between a region
of the LUMO with s-character at the silicon atom of the
SiCl; group and an orbital of the HOMO with p_-character
on the chloride atom in closest proximity. Nevertheless,
Zybill et al. estimated an energy for SiCl, elimination by a
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Fig. 3 Pure electronic energy as a function of Fe-Si bond length for
both singlet and triplet states (S angular spin momentum)

constrained geometry optimization, which is as high as
197 kJ/mol [2, 3]. We re-evaluated this result at the present
level of theory and found that a constrained optimization
leads to a geometry that unsurprisingly is not a stationary
point on the potential energy surface. The vibrational mode
corresponding to the observed imaginary frequency is in
fact a rotation around one of the Fe-Si bonds.

In light of those findings, a different mechanism is pos-
tulated for the elimination of SiCl, during the thermolysis
of 1. Starting from A, we propose a homolytic Fe-Si bond
cleavage (Table 1), resulting in a SiCl; radical as a crucial
participant in further mechanistic steps. Chlorine abstrac-
tion by SiCl; radicals has already been the subject of a
computational study in a related context [11]. In contrast to
heterolytic Fe-Si bond cleavage on the singlet surface,
homolytic Fe-Si bond cleavage on the triplet surface
(multiplicity 2S + 1 = 3) is much more favorable, and we
were able to approximate the location of the corresponding
transition state as a crossing point between the singlet and
triplet state by an evaluation of the energy as a function of
one of the Fe—Si bond lengths (Fig. 3) [12]. Transition state
energies for dissociation reactions are summarized in

Fig. 4 Possible pathways for

Table 1. We do not consider Cl, or Cl radicals because only
SiCl, and CO were observed in photoelectron spectroscopy
studies of the thermolysis reaction of 1 [2, 3].

Two proposed mechanistic pathways leading to the
radical species [(CO);FeSiCl;SiCl,] (E) are shown in Fig. 4
(for a graphical representation of the structures, see Fig. 5).
Obviously, either CO dissociation or chlorine abstraction by
a SiClj; radical can initially take place. Different transition
states are possible for chlorine abstraction, differing only in
rotation about the Fe-Si bond. Only the transition states
(TS) with the lowest barrier are shown in the energy profile
in Fig. 5. The calculations led to the conclusion that CO
dissociation as a first step (TSsc) is less favorable and
associated with a barrier of 98.8 kJ/mol in comparison to
transition state TSpp leading to radical species (CO),4
FeSiCl;SiCl, (D). The second pathway, i.e., CO abstrac-
tion, is characterized by a low energy barrier of 36 kJ/mol
(energy of TSpg relative to D in Fig. 5). In summary, the
second pathway is more likely, and the overall reaction
leading from A to E is exergonic with —47.7 kJ/mol.

We envision that E is a direct precursor for compound 2
after further SiCl, elimination by recombination with itself,
now involving a triplet-singlet intersystem crossing
(Fig. 6).

In conclusion, the new dimeric iron complex 2 with
three bridging silylene ligands was isolated and unequiv-
ocally characterized by single crystal X-ray diffraction. An
alternative mechanistic rationale for SiCl; formation
during thermolysis of 1 is proposed based on DFT calcu-
lations. The proposed mechanism involves chlorine
abstraction by a SiCl; radical generated from homolytic
Fe-Si bond cleavage, involving a singlet-triplet intersystem
crossing. We have not investigated whether further ther-
molysis of 2 results in the formation of iron silicides.

Experimental

All manipulations were carried out under an atmosphere of
dry argon using Schlenk-line techniques or using a glove
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Fig. 6 Proposed recombination of E to Fe;(CO)x(SiCl)s

box. Infrared spectroscopy measurements were performed
on a Bruker Tensor 27 spectrometer (32 scans at a reso-
lution of 4 cm™") using a liquid cell with toluene as a
solvent. cis-Fe(CO)4(SiCl3), was prepared by a modified
procedure from the literature [13].
Computations were carried out at the BLYP/6-311G
(3df)//BLYP/m6-31G(d) level of theory with the pure
BLYP density functional [14, 15], employing the triple zeta
basis set 6-311 + G(2df) for single point calculations and
the double zeta basis set m6-31G(d) [16] in unconstrained
geometry optimizations, transition state searches, and
frequency calculations on all localized stationary points on
the potential energy surface. Electronic energies obtained
from single point calculations were corrected with unscaled
harmonic zero point energies and thermal corrections at
T = 298.15 K obtained at the lower level of theory, and are
therefore reported as Gibbs free energies. All calculations
were carried out with the Gaussian 03 program package

[17], and basis sets were retrieved from the EMSL Basis Set
Exchange Library [18].

Synthesis of Fe,(CO)s(SiCl5);z

A 20-cm® glass vial was charged with 0.20 g of cis-
Fe(CO)4(SiCl3), (0.46 mmol) and sealed under argon
atmosphere. The vial was heated in a furnace to 350 °C for
30 min with a heating rate of 2 °C/min. After cooling to
room temperature, FeCl, and yellow, needle-like crystals
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Single crystal X-ray diffraction experiments were per-
formed on a Bruker-AXS APEX diffractometer with a
CCD area detector and a crystal-to-detector distance of
5.5 cm using graphite-monochromated MoK, (Table 2)
radiation (4 = 71.073 pm) at 100 K. The data collection
covered a full sphere of the reciprocal space by recording
eight sets of exposures. Each exposure took 10 s and
covered 0.3° in w. The data were corrected for polarization

Table 2 Crystallographic and structural parameters of Fey(CO)g
(SiCly)s

Empirical formula

C4ClgFe,06Si3

M, 576.73

Crystal system Hexagonal
Space group P65/m

a (pm) 941.4 (1)

¢ (pm) 1,175.2(3)

V (10° pm®) 902.0(3)

VA 2

Heate (g cm ™) 2.123

p (mm™") 2714

Crystal size (mm>) 0.76 x 0.08 x 0.07
0 range (deg) 2.50-30.50
Reflections coll./unique 10,307/969
Data/parameters 969/40

GOF on F* 1.135
R [I>2a(D)] 0.013
wRy [1 > 20(])] 0.035
Largest diff. peak/hole (e A_3) 0.278/—-0.210
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and Lorentz effects, and an empirical absorption correction
(SADABS) was applied. The cell dimensions were refined
with all unique reflections. The structure was solved with
direct methods (SHELXS-97) [19]. Refinement to con-
vergence was carried out with the full-matrix least-squares
method based on F> (SHELXS-97) with anisotropic
structure parameters for all atoms.

CCDC 753054 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data
Center via http://www.ccdc.cam.ac.uk/data_request/cif.
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