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Synthesis and Characterization of Unusual S=1 Fe(0)-Silyl Complexes
Supported by Styrene Ligands

Alexis K. Bauer, Agamemnon E. Crumpton, and Michael L. Neidig*

Abstract: In this research we report unprecedented high-
spin (S = 1) Fe(0)-silyl complexes stabilized by simple
styrene ligands. Access to these novel complexes follows a
straightforward route through previously reported Fe(0)-
alkyl complexes paired with a range of aryl silanes to
promote the protonation of the alkyl substituent and sub-
sequent coordination of the silicon moiety. Spectroscopic
and structural analyses (SC-XRD, Evans Method, 80 K
57Fe Mössbauer) established their unique electronic and
structural configuration while DFT calculations further
probed electronic structure and bonding effects of the
styrene to Fe(0) centres, identifying essential electronic
stability. By uncovering the first high-spin (S = 1),
alkene stabilized Fe(0)-silyl complexes, this work offers
further fundamental insights into Fe–Si bonding that can
contribute to future insights into reactivity.

The pursuit of well-defined iron complexes featuring Fe─Si
bonds has attracted considerable attention since the early
1980s, motivated by the proposed roles of such species
in iron-catalyzed reactions including hydrosilylation, dehy-
drocoupling, allylic C–H silylation, transfer hydrogenation,
hydroboration (where the Fe─Si bond is in the role of
a pre-catalyst), dehydrogenative borylation of olefins, and
alkoxylation of silanes with alcohols.[1–14] Further interest was
motivated by the desire to develop fundamental understand-
ing of transition metal-main group bonded complexes, aimed
at elucidating the role of orbital interactions in relation to
complex stability and reactivity.[15,16]

Towards these goals, a variety of Fe─Si complexes have
been accessed through synthetic routes including oxidative
addition, salt metathesis, and σ -bond metathesis to coordinate
the silicon atom to the iron centre. The diversity of the sup-
porting ligands on Fe has remained predominately limited to
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strong field ligands, resulting in a further restriction of the spin
states of Fe-silyl species. For example, CO and Cp* (1,2,3,4,5-
pentamethylcyclopentadienyl) ligands (Figure 1a) have been
heavily favored in literature towards the formation of novel
Fe─Si bonds, resulting in the formation of multiple examples
of well-defined Fe(II)–Si complexes all with low-spin ground
states. Such complexes are typically formed via the use of
Na2Fe(CO)4 or NaFe(CO)2Cp* salts, though this remains an
unfavorable route of formation due to the required thermal or
photochemical desorption for further modification.[17–20] As
a result, phosphorous-containing pincer type complexes have
been developed, including pincers containing H–Si moieties
to promote Fe─Si bond formation through “chelate assisted”
oxidative addition to Fe(0) via cleavage of a protonated
silicon (Figure 1b).[21–23] Subsequent reduction of the low-
spin Fe(II)-silyl complexes has resulted in analogous low-spin
Fe(0)-silyl species through CO and N2 coordination.[15,24]

However, these complexes remain largely restricted for future
modifications due to the overwhelming stabilizing effect of the
pincer ligand. Another approach to Fe─Si bond formation has
involved select examples of N-heterocyclic silylene (NHSi)
supported low-spin Fe─Si complexes (Figure 1b), where the
lone pair of the low-oxidation state silicon(II) atom is capable
of stabilizing the electron rich Fe(0) centre.[25–30]
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Figure 1. Overview of Fe─Si bonds. a) Variations of Fe─Si bonds
supported by CO and Cp* ligands. b) Fe─Si bonds containing chelating
phosphine ligands. c) The synthetic scheme presented in this work.
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While the aforementioned examples represent an impres-
sive array of low-spin Fe-silyl and related complexes,
high-spin (S = 1) Fe(0)-silyl species remain fundamentally
underexplored. To the best of our knowledge, the closest
related example contains two η2–Si–H ligands, rather than
the tradition silyl substituent, and is proposed to adopt an
S = 1 ground state, though the use of a redox non-innocent
ligand creates ambiguity regarding the oxidation state of
the Fe centre.[31] More fundamentally, there are currently
no examples in literature of Fe─Si bonds supported only
by coordination of alkenes to the iron centre. This remains
a stark limitation in the field due to widespread proposals
of Si-Fe-alkene intermediates involved in reactions such as
hydrosilylation.[32] Moreover, the commonly proposed Chalk-
Harrod mechanism, which invokes η2-coordination to the iron
centre by the alkene (most often styrene type derivatives), has
lacked critical structural evidence.[10,32–40] Therefore, in addi-
tion to addressing both the lack of fundamental knowledge
regarding Fe─Si bond formation for high-spin complexes, we
were also intrigued to uncover a pathway towards Fe─Si
bonds with alkene stabilization at iron.

Recent studies have identified a class of high-spin Fe(0)-
NHC (N-heterocyclic carbene) complexes, stabilized by
simple styrene ligands.[41] We therefore hypothesized that we
could develop a similar synthetic strategy to form novel Fe─Si
bonds, relying upon styrene ligands to stabilize the complex.
In the current study, we present a general synthetic route to
previously inaccessible S = 1 Fe(0)-silyl complexes stabilized
by supporting styrenes. Mössbauer spectroscopy and DFT
calculations are used to characterize the species and gather
fundamental insight into Fe─Si bonding, along with the role
of alkene ligands.

Our group has previously reported that Fe(0)-alkene
complexes supported by styrene ligands, formed via reaction
of FeCl2 with EtMgBr in the presence of TMEDA (N,N,N′,N′-
tetramethylethylenediamine) and excess styrene,[42,43] can
be used as synthetic precursors to access S = 1 Fe(0)-
NHC complexes via ethyl protonation by NHC•HCl.[41]

Hence, we envisioned that reacting [Fe(0)(styrene)3Et]– with
silanes might provide a general synthetic route for the
formation of Fe(0)–Si bonds, potentially resulting in high-
spin Fe(0) products analogous to the aforementioned S = 1
Fe(0)-NHC complexes.[41] Our initial studies focused on
the reaction of isolated [Fe(styrene)3Et][MgBr(THF)5] (1)
with triphenylsilane (Figure 2a). The reaction of 1 with 4
equivalents of triphenylsilane at −10 °C in tetrahydrofuran
(THF) led to a color change of the solution from dark
orange-brown to bright orange within 5 min. Layering of the
reaction mixture with hexanes at −30 °C overnight lead to
the formation of room temperature stable orange crystalline
blocks identified by single crystal X-ray diffraction (SC-XRD)
as [Fe(0)(styrene)3SiPh3][MgBr(THF)5] (2) (Figure 2b).[44]

While Mössbauer spectroscopy indicated that 1 equiv. of
triphenylsilane was sufficient for formation of the Fe─Si
product, the use of excess silane was found to afford
the highest isolated crystalline yield (60%). Based on the
observed bond angles and bond lengths, 2 was determined
to contain a distorted C3v geometry (τ 4 = 0.97) similar to
the distorted configuration found in 1 (τ 4 = 0.98). While the
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Figure 2. Outline of synthetic route and crystal structures for 2 and 3. a)
Synthetic route of alkene-stabilized iron-silyl complexes. b) Crystal
structures of (B) 2, Fe(styrene)3SiPh3, and c) 3, Fe(styrene)3Si(p-tolyl)3.
The MgBr(THF)5 counterions and hydrogens are omitted for clarity and
thermal ellipsoids are at 50% probability. All bond lengths and angles
are averaged across each complex. Bond lengths and angles to Csty are
defined as the midpoint of the alkene.

Fe─Si bond in 2 was expectedly elongated compared to the
Fe-CEt bond length in 1 (2.384 Å and 2.069 Å respectively),
the overall structure and Fe-styrene bonding remain similar.
The solid-state, 80 K 57Fe Mössbauer spectrum of crystalline
2 is characterized by a major green species (95%) with isomer
shift of δ = 0.41 mm s−1 and a quadrupole splitting of |�EQ|
= 2.01 mm s−1 and a minor purple species (5%) identified by
the parameters δ = 0.44 mm s−1 and a quadrupole splitting
of |�EQ| = 0.62 mm s−1 (Figure 3a). The minor species
is most likely a product of degradation due to the highly
proton sensitive nature of these species. The 57Fe Mössbauer
parameters are similar to those reported for 1 and consistent
with a high-spin Fe(0) product. The S = 1 ground state of
2 was confirmed using Evans method NMR (µeff = 3.5(2)
µB). Note that S = 1 Fe(styrene)2SIMes was characterized by
µeff = 3.8(2) µB, providing further evidence for the magnetic
moment of 2 in support of a high-spin, alkene-stabilized Fe(0)
complex.[41] Both the lack of any resonance in the 29Si NMR
spectrum of 2 and the observed broadness of resonances in
the 1H NMR spectrum are further consistent with a S = 1,
Fe(0)-silyl species (See S4).

We next sought to expand the silanes that can be
utilized in this synthetic approach to access S = 1 Fe(0)-silyl
complexes, focusing on alternative triaryl-silanes. Reaction of
1 with tris(p-tolyl) silane using the same synthetic procedure
previously described for the synthesis of 2 resulted in an
orange powder precipitating from the solution within 15 min
of reacting at −10 °C, followed by filtering and washing
with hexanes. 3 was subsequently obtained in crystalline
form by reducing the concentration of the solution, followed
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Figure 3. Zero-field, 80 K 57Fe Mössbauer spectrum. a) complex 2
(green, 95%): δ = 0.41 mm s−1, |�EQ| = 2.01 mm s−1; minor species
(purple, 5%): δ = 0.44 mm s−1, |�EQ| = 0.62 mm s−1. b) complex 3: δ
= 0.38 mm s−1, |�EQ| = 1.89 mm s−1. c) complex 4: δ = 0.38 mm s−1,
|�EQ| = 1.97 mm s−1. d) complex 5 (orange, 93%): δ = 0.40 mm s−1,
|�EQ| = 2.28 mm s−1 minor blue (7%): δ = 0.41 mm s−1, |�EQ| =
0.76 mm s−1. Black dotted trace: raw data. Solid trace: best fit.
Parameters for complexes also listed in Table 1.

by the layering of both THF and hexanes and storage at
−30 °C overnight to produce bright orange crystals (63%
yield) identified by SC-XRD as [Fe(0)(styrene)3Si(p-tolyl)3]
[MgBr(THF)5] (τ 4 = 0.98) (3) (Figure 2c).[45] The 80 K
57Fe Mössbauer spectrum of 3 is characterized by parameters
of δ = 0.38 mm s−1 and |�EQ| = 1.89 mm s−1, in good
agreement with those observed previously for 2 (Figure 3b).
The S = 1 ground state of 3 was confirmed by Evans method
NMR (µeff = 3.9(2) µB). Tris(4-methoxyphenyl) and tris(4-

Table 1: Comparison of 80 K 57Fe Mössbauer parameters for 1–5 and
related complexes in literature.

Entry Complex

Total
Spin
(S)

Isomer shift
(δ) [mm s−1]

Quadrupole
splitting
(|�EQ|)
[mm s−1]

1 1[43] 1 0.37 1.37
2 2 1 0.41 2.01
3 3 1 0.38 1.89
4 4 1 0.38 1.97
5 5 1 0.40 2.28
6 Fe(styrene)2SIMes[41] 1 0.39 2.92
7 Cp*Fe(CO)2SiPh3[18] 0 0.04 1.80
8 (SiPiPr3)FeCO[15] 0 0.21 1.33
9 [SiNSi]Fe(PMe3)2[26] 0 0.24 1.66

tertbutylphenyl) silane analogues could also be synthesized
using the same general reaction of 1 with the corresponding
aryl silanes (4 and 5, respectively), demonstrating the broader
use of this synthetic procedure across a range of aryl silanes.
While 4 and 5 could not be crystallized despite extensive
efforts, they could be isolated as pure complexes based
on Mössbauer spectroscopy (yields between 72% and 62%
respectively) with Mössbauer parameters similar to 2 and 3.
4 has parameters of δ = 0.38 mm s−1 and |�EQ| = 1.97 mm
s−1 while 5 was identified as the major species (orange, 93%)
has parameters of δ = 0.40 mm s−1 and quadrupole splitting of
|�EQ| = 2.28 mm s−1 with a minor degradation species (blue,
5%, δ = 0.41 mm s−1 and |�EQ| = 0.76 mm s−1) (Figure 3c and
d). The similar isomer shifts across 2–5 is consistent with sim-
ilar Fe─Si bonding across this series of the silanes. Synthesis
attempts with non-aryl silanes resulted in Mössbauer spectra
containing several unidentifiable species, indicating the use of
aryl silanes may provide required steric stability to isolate the
high-spin Fe(0)-silyl complexes (Table 1).

Despite evaluation under various conditions, the isolated
complexes exhibited no discernible reactivity as a pre-catalyst
for hydrosilylation, however, the ability to access S = 1
Fe(0)-silyls provides a useful platform for comparison with
previously published low-spin Fe(0)-silicon complexes. The
Fe─Si bond lengths (e.g., 2.39(6) and 2.38(4) Å for 2 and 3,
respectively) are on the higher end of the crystallographically
published typical range for single Fe─Si bonds throughout
literature (2.20–2.35 Å). [17,24,33,44,46] For example, Pannell
and coworkers reported a Fe─Si bond length of 2.34 Å
in Fe(CO)2Cp(SiMe2SiPh3), with the silyl group acting as
a σ -donor towards the Fe.[17] Moreover, Fe─Si complexes
containing pincer ligands, such as those produced by Peters
and coworkers, contain Fe-Si bond lengths of approximately
2.25–2.30 Å, with the shortest example highlighting the back
bonding from the Fe centre to silicon. [15,24,44,46,47] A more
obvious difference lies in the comparison of Mössbauer
parameters, particularly the isomer shifts as a reflection of
s-electron density around the Fe centre. Of the alkene-
stabilized Fe(0) complexes (entries 1–6), the isomer shift
remains largely the same (0.37–0.41 mm s−1) while main-
taining the same oxidation and spin state with either Fe-CEt

or Fe-Si bonds. A Mössbauer spectrum comparison with
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Figure 4. Calculated molecular orbitals (β) for Fe(styrene)3Et (1, left) and Fe(styrene)3SiPh3 (2, right). Percentages of d-character (%) represent a
summation of d-character of the molecular orbital. Reported values and complete analysis of d-orbital contribution can be found in the SI. The
molecular orbitals in blue represent occupied orbitals whereas orange represents unoccupied orbitals. The dashed line exhibits the division between
the occupied and unoccupied states.

the four-coordinated Cp*Fe(CO)2SiPh3 exhibits the effect of
strong field ligands on the Fe nucleus with an isomer shift
of δ = 0.04 mm s−1 (entry 7).[17] Similarly, a Mössbauer
spectrum published by Peters and coworkers involving their
(SiPiPr3)FeCO pincer complex shows an isomer shift of δ

= 0.21 mm s−1, owing to the low-spin state of the complex
(entry 8).[15] The [SiNSi] pincer variant (SiNSi = bis(silylene)
pyridine) published by Driess and coworkers follows in a
similar trend to Peters and coworkers (δ = 0.24 mm s−1),
further establishing a precedent of Mössbauer parameters for
low-spin Fe─Si pincer complexes (entry 9).[26] Overall, the
isomer shift of low-spin Fe(0) is markedly lower than that
of the high-spin species, forming a distinct characteristic, and
developing a foundation for characterizing future high-spin
Fe(0) silyls.

Computational analysis was employed to gain further
insight into electronic structure and bonding in this unusual
class of S = 1 Fe(0)–Si bonded complexes. To begin,
the geometries of complexes 1–5 were optimized using
TPSSh/x2c-TZVPPall and the calculated bond lengths and
angles were found to be in good agreement with those
crystallographically determined. For 2, the Fe─Si bond was
calculated as 2.41 Å (2.39 Å experimental) and the CPh-Si-
Fe bond angle 115.25° (113.7° experimental). Further support
for the quality of the computational models originates from
the calculated Mössbauer parameters for 2, which gave good
agreement with experiment (wb97x/x2c-TZVPPall with iron
at CP(PPP): δ = 0.38 mm s−1 and |�EQ| = 1.97 mm s−1 (calc)
versus δ = 0.41 mm s−1 and |�EQ| = 2.01 mm s−1 (exp)).
Similar correspondence of calculated versus experimental
Mossbauer parameters were also found for complexes 3,
4, and 5 as expected due to their similar structures (see
Supporting Information), as well as complex 1 (δ = 0.35 mm
s−1 and |�EQ| = 1.18 mm s−1) and Fe(styrene)2SIMes (δ =
0.33 mm s−1 and |�EQ| = 2.48 mm s−1).

We then determined the Mayer natural bond order to
compare the Fe-CEt and Fe─Si bonding in complexes 1
and 2, respectively. [48,49] The Fe─Si bond order of 0.66

calculated for 2 indicates that the Fe-Si bond is stronger that
the analogous Fe-C bond in 1 (0.45) and Fe(styrene)2SIMes
(0.50) (See SI22 for computational details). This trend is
consistent with a more electropositive silicon as compared to
carbon, and therefore the silicon is able to engage in stronger
sigma donation to the Fe centre. In contrast, the Fe-styrene
bond order is quite weak for 1 (0.44) and therefore remains
similar for both 2 (0.42) and Fe(styrene)2SIMes (0.46). It
is interesting to note that complexes 1–5 adopt a distorted
C3v geometry, and DFT was utilized to further examine
the bonding and electronic structure in these complexes.
Analysis of the β -spin orbital contributions for 1 and 2
reveals a notable difference in the amount of d-character
present in their unoccupied d-type molecular orbitals; 2 shows
significantly greater d-character (42% and 47%) than 1 (29%
and 32%) (Figure 4). The significant difference in d-character
for the unoccupied antibonding orbitals is consistent with
the higher Mayer bond order of 2 for the Fe─Si interaction,
reflecting stronger σ -donation from silicon. The distorted
C3v environment promotes mixing among the metal centred
orbitals, consistent with the DFT derived orbital composi-
tions. Therefore, the reported values representing the total
d-orbital contribution to each active molecular orbital and
a complete analysis, including the corresponding alpha-spin
contributions can be found in the Supporting Information.
Overall, the DFT analysis supports a framework in which
silicon donates more strongly to the iron centre than carbon,
resulting in an increased Fe─Si bond order. Note that similar
calculations were also performed for Fe(styrene)2SIMes for
comparison to the Fe─Si and Fe-CEt moieties (see Supporting
Information) in order to document the unique bonding nature
of high-spin Fe(0) complexes.

We have disclosed the first example of low-valent, high-
spin (S = 1) Fe(0)-silyl complexes stabilized by styrene
ligands with a variety of aryl silanes. Extensive spectroscopic,
structural and computational analyses provide insights into
their unique bonding and electronic structures. This work
establishes an efficient and simplified synthetic pathway
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for the generation of novel high-spin Fe(0)-silyl complexes,
laying the foundation for further investigation of synthetic
pathways towards the formation of Fe─Si bonds. Overall, the
generation of unique high-spin Fe(0)-silyl complexes expands
the understanding of Fe-Si bond formations and provides
opportunities for future ventures in synthesis and reactivity
Fe-Si chemistry.
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